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Abstract

, Gillian M. Clark, Elizabeth G. Ellis, Andris Cerins, Juho Joutsa,

Background: Deep brain stimulation is a highly effective treatment of dystonia but is invasive
and associated with risks, such as intraoperative bleeding and infections. Previous research
has used non-invasive brain stimulation (NIBS) in an attempt to alleviate symptoms of
dystonia. The results of these studies, however, have been variable, leaving efficacy unclear.
Objectives: This study aimed to evaluate the effects of NIBS on symptoms of dystonia and
determine whether methodological characteristics are associated with variability in effect

size.

Methods: Web of Science, Embase, and MEDLINE Complete databases were searched for
articles using any type of NIBS as an intervention in dystonia patients, with changes in dystonia

symptoms the primary outcome of interest.

Results: Meta-analysis of 27 studies demonstrated a small effect size for NIBS in reducing
symptoms of dystonia (random-effects Hedges' g = 0.21, p = .002). Differences in the

type of NIBS, type of dystonia, and brain region stimulated had a significant effect on
dystonia symptoms. Meta-regression revealed that 10 sessions of active stimulation and
the application of concurrent motor training programs resulted in significantly larger mean

effect sizes.

Conclusion: NIBS has yielded small improvements to dystonic symptoms, but effect sizes
depended on methodological characteristics, with more sessions of stimulation producing a
larger response. Future research should further investigate the application of NIBS parallel
to motor training, in addition to providing a greater quantity of sessions, to help define optimal

parameters for NIBS protocols in dystonia.
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Introduction

Dystonia is a chronic neurological disorder char-
acterized by involuntary muscle contractions and
postures.! Dystonia can involve any body region
and is one of the most common movement disor-
ders, with prevalence estimates of approximately
16.43 cases per 100,000 people.? Dystonia can be
idiopathic or secondary to other brain patholo-
gies, such as focal brain lesions.

Invasive neuromodulation is highly effective in
the treatment of dystonias.? Deep brain stimula-
tion (DBS) to the globus pallidus interna (GP1) is
the most widely used neuromodulation treat-
ment for dystonia, and the subthalamic nucleus
has also shown success.>* The mechanism of
action for DBS in dystonia is not yet fully under-
stood, but it is considered to modulate the func-
tion of the sensorimotor network, regions of
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which are often functionally abnormal in dysto-
nia patients.>% Nevertheless, DBS is invasive and
only considered in more severe cases that do not
respond to botulinum toxin injections and oral
pharmacotherapy.”

As a result, non-invasive brain stimulation
(NIBS) has been suggested as a potential thera-
peutic treatment for dystonia symptoms due to
its ability to non-invasively modulate the func-
tioning of abnormal neural networks.8° NIBS
involves a set of technologies and techniques
with which to modulate the excitability of the
brain via transcranial stimulation!® and has
been effective in the treatment of other neuro-
logical and neuropsychiatric disorders, such as
depression,!! migraine,!? and obsessive-com-
pulsive disorder.13 Applied cortically, the major
NIBS techniques of repetitive transcranial mag-
netic stimulation (rTMS) and transcranial elec-
trical stimulation (tES) induce a plasticity-like
response and can upregulate or downregulate
neuronal activity at local and regional levels.14

Given that DBS in dystonia affects a large brain
network, it is likely that there are multiple nodes
that could be modulated via NIBS for therapeu-
tic benefit. Several studies have demonstrated
loss of inhibition, increased excitability, or
abnormal plasticity in dystonia, in cortical
regions associated with sensorimotor function
including the somatosensory cortex (S1), pri-
mary motor cortex (M1), dorsal premotor cor-
tex (dPM), and cerebellum.!>20 However,
NIBS to these cortical areas has returned varia-
ble results. While previous research has sug-
gested that rTMS and transcranial direct current
stimulation (tDCS) provide some relief from
symptoms of dystonia,?! other studies suggest
little to no effect on dystonia symptoms in com-
parison to sham stimulation.?2:23 Given these
conflicting results, it is not yet known whether
NIBS is effective in dystonia, nor whether spe-
cific NIBS methods or brain regions may
enhance therapeutic effects.

Therefore, the primary aim of this systematic
review and meta-analysis is to pool all studies
that have used NIBS in dystonia to comprehen-
sively evaluate the effect of NIBS methods on
dystonia symptoms. Secondly, we aim to better
understand which protocols may be most effec-
tive by examining methodological characteris-
tics, such as types of NIBS used or sessions of

stimulation, and whether these are associated
with variability in effect size.

Methods

Study selection

Systematic search. Searches of Embase and
MEDLINE Complete were conducted in 2020,
with updated searches, and a search of the Web
of Science database conducted up to February
2022, using a combination of synonyms of the
following terms: dystonia; transcranial magnetic
stimulation (TMS); theta-burst stimulation
(TBS); transcranial alternating current stimula-
tion (tACS); transcranial direct current stimula-
tion (tDCS); transcranial electrical stimulation
(tES); transcranial random noise stimulation
(tRNS); and non-invasive brain stimulation
(NIBS). Exact search syntax is provided in Sup-
plementary File 1. No publication status or year
limiters were applied; however, only studies
reported in English were considered. The refer-
ence lists of all included articles were searched
for studies missed in the initial search.

Inclusion and exclusion criteria. Studies were
screened using inclusion and exclusion criteria
based on the PICO (participants, intervention,
control, outcome) framework.2¢ Studies were
first selected for qualitative review (i.e. literature
review) based on the following criteria: (P) par-
ticipants who had a clinical diagnosis of dystonia
(any type), with a study sample size of 1 or more;
(I) NIBS (any type) used as an intervention
intended to reduce dystonia symptom severity;
(C) no comparison group or randomization nec-
essary; and (O) an outcome measure that assessed
changes in clinical symptoms of dystonia (e.g.
Burke-Fahn-Marsden Dystonia Rating Scale).

Studies were selected for quantitative review (i.e.
any statistical analysis) based on the following
criteria: (P) participants who had a clinical diag-
nosis of dystonia (any type), with a study sample
size of at least 3; (I) as above; (C) a comparison
group of dystonia controls who received sham
stimulation (parallel trials), or a design where
dystonia patients received both sham and real
stimulation (crossover trials); (O) as above.
Studies that examined dystonia participants who
were actively receiving DBS were excluded, as
DBS can influence the response to NIBS, even
where the DBS stimulator is switched off.?3:26
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Screening and data extraction. Literature search
results were exported to EndNote (version X9)
and Rayyan.?” Two reviewers independently
screened titles and abstracts obtained from the
literature search against the inclusion and exclu-
sion criteria. Full-text articles were then assessed
against inclusion criteria, with disagreements
resolved through discussion, and where neces-
sary by a third member of the study team (D.C.).

Following the screening and inclusion of full-
text articles, data were extracted from individual
studies into custom Microsoft Excel spread-
sheets, including participant demographics,
clinical information, trial characteristics, NIBS
protocols, and symptom scores. The primary
outcome was changes in dystonia symptoms,
post-intervention. In this review, we analyzed
dystonia symptoms measured by clinically vali-
dated rating scales (e.g. the Toronto Western
Spasmodic Torticollis Rating Scale [TWSTRS]);
subjective patient symptom scales created spe-
cifically for the empirical study; and changes in
motor performance in the affected limb post-
intervention. The potential influence of out-
come measures on effect sizes was later analyzed
using meta-regression.

Effect size calculations

Due to the small sample sizes of the included
articles, a Hedges’ g28 effect size was calculated
to correct for potential overestimation of the
population standardized mean difference
(SMD). For all studies, Hedges’ g was calcu-
lated so that positive values indicated NIBS
improved dystonia symptoms, and negative val-
ues indicated NIBS worsened dystonia symp-
toms. Hedges’ g was calculated to compare the
change in dystonia symptoms from baseline
(either clinical or task-based) between the NIBS
and sham conditions. This effect size was calcu-
lated from pre- and post-stimulation mean
scores (or change from baseline scores) and stand-
ard deviations (SDs) for both NIBS and sham
groups, using Comprehensive Meta-Analysis
(CMA; version 3.3.070) software. In studies
where the means and SDs were reported in
graphs or images, Plot Digitizer (version 2.6.8;
http://plotdigitizer.sourceforge.net/)  software
was used to extract values. As noted in recent
reviews, the use of Plot Digitizer software to
extract data from figures and graphs has high
interrater reliability, and is more accurate than

traditional methods.2%30 If standard errors (SEs)
or confidence intervals (CIs) were reported for
mean scores, they were converted to SDs using
the equations:

SD = SE # \/ﬁ(for SEs) and (for CIs):SD =
limit — lower limit
\/ﬁ % upper
3.92

where N is the total number of participants.3!
All formulas for effect size calculations are pro-
vided in Supplementary File 2.

Pooling of effect sizes. For studies that used
more than one outcome measure to assess symp-
toms of dystonia (e.g. a task-based measure
along with a clinically validated rating scale),32-37
effect sizes and variances for each outcome were
averaged within studies, to obtain one overall
effect size for each study. All effect sizes were
then pooled using a random-effects model in
CMA software. Both study level and the overall
pooled effect size were considered significant if
p < .05.

Meta-analysis

All meta-analysis forest plots and sensitivity
analyses were conducted in Stata/SE (version
15.1). A leave-one-out sensitivity analysis was
performed to detect the presence of any outliers,
using the ‘metainf” command.?® In order to
obtain an effect size estimate for each level
within categorical variables, individual meta-
analyses were run separating studies by NIBS
type (e.g. tDCS, rTMS), brain region stimu-
lated, type of dystonia, and outcome measures:
clinically validated rating scales, unvalidated
rating scales (i.e. rating scales devised for the
study), and task-based outcomes (e.g. timed
handwriting tests). The meta-analysis for each
type of outcome measure was further separated
by type of dystonia, to obtain effect size esti-
mates for comparable outcome measures across
types of dystonia.

Separate meta-analyses were conducted for
each of the aforementioned variables (rather
than comparing levels of the variable with a
technique such as meta-regression) as there
were a high number of levels per variable (e.g.
high- and low-frequency rTMS, intermittent
and continuous TBS, and tDCS for the variable
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NIBS type) and few study effect sizes per level,
therefore insufficient statistical power to
utilize a number of these variables within a
meta-regression.>®

Between-study heterogeneity in effect sizes was
quantified using the I? statistic.4? As per Higgins
et al.*0 the effect of heterogeneity was consid-
ered low, moderate, or high for I? values of
25%, 50%, and 75%, respectively.

Meta-regression

Meta-regression analyses were conducted in
Stata/SE (version 15.1) to determine the influ-
ence of mean age, gender ratio, number of active
sessions of stimulation, etiology of dystonia, and
concurrent motor training on NIBS outcomes.
The ‘metareg’#! function was used for continu-
ous variables (mean age and gender ratio), and
the ‘maanova’#? function on the categorical vari-
ables (number of active sessions of stimulation,
dystonia etiology, and concurrent motor train-
ing). Prior to conducting the regression analysis,
data were checked visually for normality and col-
linearity using histograms and scatterplots.
Levels of independent variables were omitted
from the regression analysis if they did not com-
prise at least three studies, ensuring that there
were enough data for each level to provide a reli-
able regression estimate.3®

Evaluation of bias

The methodological quality of each study was
assessed using the Cochrane Collaboration’s
Risk of Bias (RoB) checklists.4? For parallel tri-
als, the revised Cochrane Risk of Bias tool for
randomized trials (RoB 2)%3 was used, while a
modified version of the RoB 2 for repeated
measures designs was utilized for crossover tri-
als. The RoB 2 checklist assesses studies on the
domain’s randomization, blinding of partici-
pants and personnel, outcome measurement and
assessor blinding, incomplete outcome data, and
selective outcome reporting. For crossover trials,
bias arising from period or carryover effects was
also assessed. Each domain was judged to be of
low, unclear, or high risk of bias, with, an overall
judgment given for each study, of low (low risk
of bias for all domains), unclear (some concerns
in at least one domain), or high (high risk of bias
in at least one domain) risk.43

The presence of publication bias across studies
was assessed using funnel plots where effect sizes
for each study were plotted against their SE.4* In
the absence of publication bias, symmetrical dis-
tribution of effect sizes around the overall effect
size is observed. The symmetry of the funnel
plot was assessed both visually and statistically
using Egger’s test.45

Results

Study selection

In total, 1753 records were identified across the
three databases. After duplicate removal, and
title and abstract screening, 195 full-text arti-
cles were assessed for eligibility. Fifty-one stud-
ies were included for qualitative synthesis, with
27 studies (12 parallel and 15 crossover trials)
meeting inclusion criteria for the meta-analysis
(Figure 1).

Study characteristics

A total 642 participants were included across 51
studies, with ages ranging from 7 to 79 years
(M = 46.24, SD = 12.29). Four studies
included patients with acquired dystonia, associ-
ated with Wilson’s disease?%4” or cerebral
palsy.48:49 Twenty-two studies included partici-
pants who were not on oral medications (e.g.
benzodiazepines), and 24 studies examined par-
ticipants who had their last botulinum toxin
injection more than 4 weeks prior to stimulation.
Low-frequency rTMS (1 Hz or 0.2 Hz; 26 stud-
ies) was the most utilized form of NIBS, fol-
lowed by tDCS (anodal or cathodal; 18 studies).
A single study applied tACS,3% and one applied
high-frequency (10 Hz) rTMS.46 Dystonia-
specific motor training, kinesiotherapy or bio-
feedback was employed concurrently with NIBS
in eight studies.32-33:35,36,51-54 A]] study designs,
participant demographics and characteristics are
provided in Table 1.

Qualitative literature review

Twenty-four studies met criteria for qualitative
literature review only, encompassing 84 partici-
pants with dystonia and 40 healthy control sub-
jects (Table 1 — see italicized author studies).
Overall, 21 of the 24 studies reported some reduc-
tion in dystonia symptoms after the application of
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Figure 1. PRISMA flowchart of search method and screening process.

NIBS; however, many did not report whether this
was statistically significant. Two studies?%:80
applied rTMS to patients with lower limb dysto-
nia, and one study applied rTMS in a patient with
left-side multifocal dystonia, which affected the
upper and lower limbs.?5 The average number of
active stimulationsessionswas 9.86 (SD = 13.82),
with a maximum of 75 sessions.”®

Meta-analysis

Meta-analysis was performed on 27 studies, total-
ing 413 participants with dystonia (hand dysto-
nias, inclusive of task-specific focal hand dystonia
[FHD], musician’s dystonia and writer’s cramp,
19 studies; cervical dystonia, 5 studies; blepha-
rospasm, 2 studies; arm dystonia, 1 study).
Included studies were either parallel (n = 12;

where participants were randomly assigned to
sham or intervention groups) oOr crossover
(n = 15; where participants completed both
sham and intervention conditions) group designs.
One crossover group study®? only provided post-
stimulation data, and thus was treated as a paral-
lel group design. Participant mean age was 43.76
years (SD = 14.14). The mean number of ses-
sions of stimulation was 4.86 (SD = 3.01), inclu-
sive of sham stimulation sessions in crossover
trials. Of the 27 studies, 16 showed a reduction in
dystonia symptoms after the application of NIBS.

Prior to conducting the meta-analysis, a leave-one-
out sensitivity analysis was performed, demonstrat-
ing the presence of two outliers*%:7° (Supplementary
File 3). These studies were therefore removed from
all subsequent analyses. Nevertheless, meta-analysis
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%
Study Dystonia Region NIBS  Protocol ES (95% Cl) Weight
Benninger (2011) WG M1 tDCS  Cathodal -+~ : -0.38 (-1.47,0.71)  1.40
Bhanpuri (2015a) HD M1 tDCS  Anodal —_—— ' -0.41(-0.90,0.08) 4.50
Bhanpuri (2015b) HD M1 tDCS  Cathodal —_— 0.10(-0.34,054) 503
Bologna (2016a) cb CRB  TBS CcTBS —0—: -0.05 (-0.39,0.30) 6.17
Bologna (2016b) HD CRB TBS cTBS +: -0.11 (-0.46,0.24)  6.12
Borich (2009) TSFHD PMC TMS  1Hz -4 0.32 (-0.96, 1.61) 1.05
Bradnam (2015) TSFHD CRB  tDCS Anodal+Cathodal —0——:— -0.15(-059,0.29) 5.0
Bradnam (2016) cb CRB TBS iTBS ——I—’— 0.74 (-0.23, 1.71) 17
Buttkus (2010) MD M1 tDCS  Cathodal ——0— 0.22(-0.62,1.06) 215
Buttkus (2011) MD M1 1DCS  Anodal+Cathodal —_——— 0.32(-0.10,0.73) 533
Furuya (2014) MD M1 tDCS  Anodal+Cathodal -1 0.31(-0.12,0.75)  5.05
Havrankova (2010) WG S1 rMMS  1Hz ——— 0.23(-0.15,0.62) 568
Huang (2012) we PMC  TBS cTBS — -+ 0.03(-0.88,0.94)  1.90
Kimberley (2013) TSFHD PMC MMS  1Hz l: 0.28(-0.74,1.31)  1.56
Koch (2014) cp CRB  TBS cTBS —_—— 0.18(-0.70,1.06)  2.00
Linssen (2015) we CRB  TBS cTBS —_—— 0.04(-0.81,088) 212
Lozeron (2017) HD s1 TMS  1Hz —-0-—:- -0.09 (-0.44,0.26) 6.20
Murase (2005) weC PMC TMS  0.2Hz ';—._ 0.63 (0.19, 1.08) 4.92
Odorfer (2019) cD CRB T8S cTBS —— 0.16 (-0.17,0.50)  6.42
Pirio Richardsen (2015)  CD PMC MMS  0.2Hz ——— 0.55 (0.09, 1.00) 4.86
Rossett-Liobet (2014) MD M1 tDCS  Cathodal : + 215(1.01,330)  1.30
Rossett-Llobet (2015) MD M1 tDCS  Cathodal :—0— 0.82(0.04,1.60) 244
Sadnicka (2014) wC M1 tDCS  Cathodal —_—— 0.16(-0.23,055)  5.63
Siebner (1999) WG M1 MMMS  1Hz —— 0.66 (-0.12, 1.45)  2.39
Siebner (2003) HD PMC  rTMS 1Hz —4»—;— -0.02 (-1.00,0.96) 1.68
Wagle Shukla (2018) BEB ACC TMS  0.2Hz : -+ 1.37(0.18,2.55)  1.22
‘Young (2014) HD M1 tDCS  Cathodal —t—tp—— 0.36 (0.01,0.71) 6.17
Overall <> 0.21 (0.08, 0.35) 100.00
1
INOTE: Weights are from random effects analysis :
| I I | | |
-2 -1 0 1 2 3 4

Symptom increase

Symptom decrease

Figure 2. Forest plot of the random-effects meta-analysis, demonstrating a small, significant effect for NIBS
in decreasing dystonia symptoms. Where protocol states ‘Anodal + Cathodal’, participants received both
anodal and cathodal tDCS. Separate effect sizes were calculated for each protocol and then combined into

one overall study effect size.
ES, effect size.

conducted with these studies included was still
significant (Supplementary File 4).

Overall meta-analysis demonstrated a small effect
size favoring active stimulation over sham stimu-
lation for a reduction in dystonia symptoms, ran-
dom-effects Hedges’ ¢ = 0.21, 95% CI [0.08,
0.35], p = .002 (Figure 2). Between-study
heterogeneity was significant (I? = 45.04%,
p = .012); therefore, meta-regressions were
conducted to find moderators of the effect.

Meta-analyses were then run separating studies
by selected variables (Table 2). These analyses
demonstrate significance for rTMS overall
(p = .002), 0.2 Hz rTMS (p < .001), cathodal
tDCS (p = .04), brain regions anterior cingulate
cortex (ACC; p = .02), M1 (p = .03) and dPM
(p = .001), and blepharospasm (p = .02), task-
specific FHD (p = .002), musician’s dystonia
(p = .01), and writer’s cramp (p = .007). All

forest plots are available in the Supplementary
Materials.

Meta-regression

Meta-regression conducted on the number of
active sessions of stimulation demonstrated a sig-
nificant difference between the three groups,
0(2) = 10.97, p = .004. Pairwise comparisons
revealed 10 sessions of active stimulation resulted
in significantly larger mean effect sizes for NIBS
reducing dystonia symptoms (one session
g = 0.2,p = .01, five sessions g = 0.04, p = .77,
10 sessions g = 0.92, p < .001; Figure 3). Two
and three sessions of stimulation were removed as
they did not meet the number of studies to be
included in the analysis (n = 3).

There were no significant differences between idio-
pathic and acquired dystonia study effect sizes
Q1) =2.12, p=.13), although idiopathic
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Table 2. Effect sizes for separate meta-analyses on categorical variables.

Variable n Hedges’' g 95% CI 2
NIBS type
rTMS 9 0.36* [0.10, 0.61] 36.4%
THz 6 0.12 [-0.11, 0.35] 0%
0.2Hz 3 0.64* [0.36, 0.95] 0%
TBS 7 0.04 [-0.14, 0.23] 0%
iTBS 1 0.74 [-0.23, 1.71] =
cTBS 6 0.02 [-0.17, 0.24] 0%
tDCS " 0.22 [-0.03, 0.47] 59.8%*
Cathodal 7 0.38* [0.02, 0.74] 59.4%*
Anodal 1 -0.41 [-0.90, 0.08] -
Anodal + Cathodal 3 0.17 [-0.13, 0.47] 31.5%*

Brain region

ACC 1 1.37* [0.19, 2.55] -

CRB 7 0.02 [-0.16, 0.19] 0%

M1 " 0.29* [0.04, 0.55] 57.3%*
dPM 6 0.46* [0.19,0.73] 0%

S1 2 0.06 [-0.25, 0.38] 32.8%

Dystonia type

BEB 1 1.37* [0.19, 2.55] -

CD S 0.22 [-0.03, 0.47] 25.2%
HD 6 -0.01 [-0.23, 0.21] 35.5%
Task-specific FHD 15 0.32* [0.11, 0.52] 35.3%
MD 5 0.60* [0.13, 1.07] 61.9%*
wc 7 0.28* [0.08, 0.49] 0%

Outcome type

Validated scale 13 0.17 [-0.05, 0.38] 54.8%*

BEB 1 1.37* [0.19, 2.55] -

cD 5 0.29* [0.09, 0.49] 0%

HD 3 -0.28* [-0.52, -0.04] 0%

MD 1 0.34 [-0.51,1.18] =

wc 3 0.18 [-0.30, 0.66] 58.8%
(Continued]
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Table 2. (Continued)
Variable n Hedges’ g 95% CI 2
Unvalidated scale 2 1.06 [-1.05, 3.17] 87.3%*
HD 1 0 [-0.99, 0.99] -
MD 1 2.16* [1.01, 3.30] =
Task-based measure 20 0.13 [-0.01, 0.26] 29.5%
CcD 1 -0.19 [-0.5, 0.16] =
HD 5 0.03 [-0.20, 0.26] 43%
MD 4 0.35 [-0.01, 0.26] 0%
TSFHD 3 -0.05 [-0.43, 0.34] 0%
wc 7 0.23 [-0.03, 0.50] 31.4%
Overall 27 0.21* [0.08, 0.35] 42.3%*

BEB, blepharospasm; CD, cervical dystonia; CRB, cerebellum; HD, hand dystonia; MD, musician’s dystonia; TSFHD,

task-specific focal hand dystonia; WC, writer’s cramp.

I? statistics were not calculated for several variables due to there only being one study. Three studies that assessed task-specific
FHD could not be separated further into musician’s dystonia and writer’s cramp, as the studies included both participants.

*Significance at the p < .05 level

1.5

0.5

Mean Effect Size

*k

*k

ke

-0.5

1 session

5 sessions

10 sessions

Figure 3. Meta-regression and pairwise comparisons conducted on the number of active sessions of
stimulation. Significant differences were found between 1 and 10 sessions, and 5 and 10 sessions of

stimulation.
**Significance at the p < .05 level.
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Figure 4. Meta-regression conducted on dystonia etiology. No significant differences were found between
idiopathic and acquired dystonia; however, idiopathic dystonia effect sizes were significant.

**Significance at the p < .05 level.
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NIBS + Training

Figure 5. Meta-regression conducted on NIBS with and without concurrent motor training. No significant
difference was found between NIBS and training and NIBS only; however, individual effects were significant.

**Significance at the p < .05 level.

dystonia studies displayed a significant mean effect
(g = 0.26, p < .001), whereas acquired studies did
not (g = 0.02, p = .89; Figure 4). The lack of signifi-
cant difference in pairwise comparisons is likely due
to the small number of acquired dystonia studies.

Effect sizes for studies which utilized motor train-
ing concurrently with NIBS were significantly
larger than studies which applied NIBS alone,
O(1) = 4.43, p = .04. Overall mean effect sizes
for both groups were significant: NIBS and motor
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Figure 6. Risk of bias assessment for individual studies.
Green boxes (+) = low risk of bias; orange boxes (?) = unclear risk of bias; red boxes (-] = high risk of bias.

training g = 0.55, p = .001 and NIBS alone
g = 0.15, p = .03 (Figure 5).

Meta-regressions on mean age and gender ratio of
participants were not significant: meanage b = 0.002,
SE = 0.005, p = .66 and gender ratio b = —0.03,
SE = 0.03, p = .28 (Supplementary Files 11 and
12). In addition, these moderators showed no signifi-
cant effect when the outlier studies*%7? were included
(Supplementary Files 13 and 14).

Evaluation of bias

Methodological quality of studies, as assessed by
the RoB2, is presented in Figure 6. An overall judg-
ment of high risk of bias was given where studies
had a high risk of bias in at least one domain. Three
studies were considered to be at high risk of bias.
Borich ez al.>® was considered high risk of bias due
to missing outcome data. Bradnam er al% and
Rossett-Llobet er al.3° indicated that participant
allocation to sham or active NIBS group was not
concealed and thus were judged at high risk of bias
for the domain of random sequence generation.
Most studies were judged to be at an unclear risk of
bias in the domain of random sequence generation
due to a lack of reporting how participants were
randomized, and whether the allocation sequence
was concealed. Furthermore, the domain of selec-
tive outcome reporting was judged to be at an
unclear risk of bias for most studies, due to insuffi-
cient information available to permit a judgment of
low risk (e.g. trial protocols).43> Overall, the litera-
ture was characterized by an unclear risk of bias.

The funnel plot analysis revealed two studies out-
side theboundaries of the funnel3>-4® (Supplementary
File 15). Egger’s test trended toward significance
(z(26) = 1.95, p = .06). While this is indicative of
symmetry within the funnel plot, suggesting that
publication bias may not have affected this meta-
analysis, results should be interpreted with caution
given that outlier studies*6:70 were not included in
this analysis.

Discussion

The primary aim of this systematic review and
meta-analysis was to evaluate the efficacy of NIBS
on dystonia symptoms. Overall meta-analysis of
27 studies demonstrated a small, yet significant
effect for NIBS decreasing symptoms of dystonia.
Further meta-analyses were then conducted sepa-
rating studies by the different types of NIBS, dys-
tonias, brain regions stimulated, and outcome
measures. These analyses showed significantly
reduced dystonia symptoms for 0.2 Hz rTMS
and cathodal tDCS, blepharospasm and task-spe-
cific FHD (including writer’s and musician’s dys-
tonias individually), and the ACC, M1, and dPM.
Finally, meta-regression analyses suggested that
10 sessions of active stimulation, or NIBS applied
concurrently with motor training had a significant
effect on study effect size.

Brain region stimulated and type of NIBS
Studies stimulating the M1, dPM, and ACC
demonstrated significantly reduced dystonia
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symptoms. However, the ACC effect was only
contributed to by one study; therefore, this result
should be interpreted with caution. Furthermore,
two inhibitory protocols were found increase the
effect of NIBS — specifically, 0.2 Hz rTMS and
cathodal tDCS. The fact that stimulation of the
M1 and dPM and the use of inhibitory NIBS pro-
tocols significantly predicted an effect of NIBS on
dystonia symptoms is in line with prior research,
demonstrating increased excitability in sensori-
motor areas including the motor, premotor, and
somatosensory cortices in dystonia.!8-20 This can
be seen through the excessive contraction of both
agonist and antagonist muscles in dystonia, lead-
ing to unwanted muscle spasms and motor over-
flow.87 Thus, the application of inhibitory NIBS
protocols to these cortical areas may downregu-
late cortical and network activity, leading to a
reduction in symptoms.

Type of dystonia

When separating meta-analysis by type of dysto-
nia, NIBS significantly reduced symptoms in
blepharospasm and task-specific FHD, inclusive of
musician’s dystonia and writer’s cramp. However,
the effect for blepharospasm should be interpreted
with caution, as only one study was included in
this analysis.8¢ While task-specific FHDs signifi-
cantly benefited from the application of NIBS,
hand dystonia did not reach significance. Hand
dystonia NIBS targets were spread over several
brain regions, including the cerebellum and senso-
rimotor areas. Furthermore, both inhibitory and
excitatory NIBS protocols were used, with cTBS,
anodal and cathodal tDCS, and 1 Hz rTMS all
trialed. The variability in protocol and targets in
hand dystonia, along with the lack of contributing
studies, is likely to have contributed to the non-
significant finding. Conversely, task-specific FHD
studies mainly targeted the M1 and dPM, with the
most common NIBS protocol cathodal tDCS (or
anodal and cathodal protocols combined in the
same study) to the MI1. Future trials in task-
specific FHD should consider utilizing inhibitory
protocols targeting the M1 and dPM to maximize
the therapeutic effects of NIBS in this cohort.

Number of NIBS sessions

Studies ranged from a single session of NIBS to
several sessions over multiple weeks. Twenty-two
of the 25 studies included in the qualitative review
applied multiple sessions of stimulation, all

reporting a reduction in dystonia symptoms upon
competition of the NIBS sessions — however, sta-
tistical significance for many studies was not
reported. Meta-regression analysis demonstrated
that 10 sessions of active stimulation was more
effective for improving dystonia symptoms than
one or five sessions of stimulation. The finding of
10 sessions of active stimulation having a larger
mean effect than one session is consistent with
previous research that suggests consecutive ses-
sions of NIBS, such as rTMS, are more effective
in inducing longer-lasting plastic changes within
cortical regions such as the M1.88 It is also con-
sistent with clinical protocols for NIBS treat-
ments in neuropsychiatric disorders where rTMS
is applied over a number of sessions, for example,
depression (30 sessions over 4-6 weeks)8® and
obsessive-compulsive disorder (29 sessions).%0
Nonetheless, optimal parameters for both NIBS
protocols and session quantity and timing for dys-
tonia are yet to be established. Future clinical tri-
als should include at least 10 sessions of NIBS to
increase therapeutic efficacy, and further examine
cumulative effects of NIBS paradigms within dys-
tonia patients.

Concurrent NIBS and motor training

There was a significant difference in effect sizes
between studies which implemented concurrent
NIBS and motor training and those where only
NIBS was applied, with studies which applied
concurrent NIBS and motor training having a
larger overall effect on dystonia symptoms. All
studies included in the meta-regression which
implemented concurrent NIBS and motor train-
ing did so in musician’s dystonia patients, using
tDCS to the M1. Studies utilized motor training
programs such as sensory-motor retuning,3>3¢ a
type of therapy commonly used in musician’s dys-
tonia that facilitates proprioceptive changes in the
affected limb, and helps to modify abnormal cor-
tical organization of sensory areas.®! Research in
stroke patients indicates that utilizing tDCS over
the sensorimotor areas in conjunction with motor
training can improve motor function and produce
functional changes in sensorimotor areas beyond
that of training alone.%2-°¢ The use of tDCS may
assist with improvement of motor functioning by
modulating cortical excitability and increasing
plasticity within the targeted cortical area, allow-
ing for optimal conditions in which to consolidate
the effects of motor training or therapy.®> Thus,
future research should further examine the
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promising therapeutic effects of combined tDCS
and motor training programs, such as sensory-
motor retuning, in other types of dystonia beyond
musician’s dystonia.

Idiopathic versus acquired dystonia
Meta-regression demonstrated that, although
there was no significant difference between idio-
pathic and acquired dystonia study effect sizes,
idiopathic dystonia studies had a significant mean
effect. Of the studies that utilized acquired dysto-
nia patients in the overall meta-analysis, two
studies recruited participants with cerebral
palsy*®%° and two with Wilson’s disease.6:47
Given that the basal ganglia are thought to be
involved in dystonia as part of the sensorimotor
network, the atrophy or lesioning of this brain
region, as is often seen in cerebral palsy and
Wilson’s disease patients, may result in different
NIBS outcomes for those with acquired dystonia
in comparison to those with idiopathic dystonia.
Previous research in idiopathic writer’s cramp
patients has demonstrated reduced functional
connectivity in comparison to healthy controls, in
areas such as the bilateral thalamus, putamen,
and globus pallidus, and left dPM.% However, a
single session of rTMS induced a significant
increase in connectivity in basal ganglia regions,
specifically the bilateral thalamus and putamen.®°
This suggests that although NIBS is applied to
the cortex, effects extend to the basal ganglia and
other subcortical structures, highlighting the need
for an unaltered pathway between basal ganglia
and stimulated cortex in dystonia patients to opti-
mize NIBS outcomes.4®

Limitations

A limitation of this meta-analysis was only review-
ing dystonia outcomes at the first time-point of
assessment after the NIBS intervention. Several
studies examined the effects of the NIBS at mul-
tiple timepoints (e.g. mid-intervention or 4 weeks
post-intervention), and thus only estimating the
effect of NIBS at the immediate end point of the
intervention may have led to an overestimation of
the true intervention effect, and may not accu-
rately inform how effective the use of NIBS on
symptoms of dystonia is long term.

A moderate level of between-study heterogeneity
was found in this meta-analysis. While secondary
analyses were conducted to find moderators of

the effect, other methodological differences
between studies may have contributed to the sig-
nificant level of heterogeneity — for example, the
number of pulses applied in rTMS protocols.
The overall methodological quality of the evi-
dence was mixed, with Figure 6 demonstrating
the uncertainty in whether randomization and
selective outcome reporting influenced individ-
ual study results, and thus overall effect size.
Notably, the inability to judge the domain of
selective outcome reporting as low risk may sug-
gest that the study-level effect sizes were, to a
degree, overestimated. Although Egger’s test was
non-significant, suggesting that the research field
may not suffer from publication bias, meta-anal-
ysis results should be considered bearing in mind
the standard of reporting.

Conclusion

The present systematic review and meta-analysis
found a small effect size in favor of NIBS reduc-
ing symptoms of dystonia. The use of ‘inhibitory’
NIBS protocols (i.e. 0.2 Hz rTMS and cathodal
tDCS), stimulation of the M1 and dPM, proto-
cols employing a greater number of sessions, and
concurrent motor training protocols demon-
strated the highest treatment effects for NIBS in
dystonia. Future research should apply 10 ses-
sions or more of NIBS and further investigate the
use of motor training concurrently with NIBS, to
yield the high-quality evidence needed to trans-
late this promising therapeutic technique to clini-
cal use.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Author contributions

Jordan Morrison-Ham: Conceptualization;
Data curation; Formal analysis; Investigation;
Methodology; Project administration; Validation;
Visualization; Writing — original draft; Writing —
review & editing.

Gillian M. Clark: Formal analysis; Methodology;
Software; Supervision; Validation; Writing —
review & editing.

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan

J Morrison-Ham, GM Clark et al.

Elizabeth G. Ellis: Formal analysis; Investi-
gation; Writing — review & editing.

Andris Cerins: Formal analysis; Investigation;
Writing — review & editing.

Juho Joutsa: Conceptualization; Methodology;
Project administration; Writing — review &
editing.

Peter G. Enticott: Conceptualization; Methodo-
logy; Project administration; Supervision; Writing
— review & editing.

Daniel T. Corp: Conceptualization; Formal
analysis; Methodology; Project administration;

Resources; Supervision; Writing — review &
editing.

Acknowledgements

None.

Funding

The authors disclosed receipt of the following
financial support for the research, authorship,
and/or publication of this article: JMH and AC
are funded by an Australian Government
Research Training Program Scholarship. EGE is
funded by a Deakin University Postgraduate
Research Scholarship. JJ is funded by the
Instrumentarium Research Foundation, the
Finnish Foundation for Alcohol Studies,
University of Turku (private donation, Sigrid
Juselius Foundation) and Turku University
Hospital (ERVA funds) and has received a lec-
turer honorarium from Lundbeck. PGE is funded
by a Future Fellowship from the Australian
Research Council (grant no. FT160100077).

Competing interests

The authors declared no potential conflicts of
interest with respect to the research, authorship,
and/or publication of this article.

Availability of data and materials

All extracted and analyzed data and analytic code is
available from the corresponding author on request.

ORCID iD
Jordan Morrison-Ham
0002-4491-3499

https://orcid.org/0000-

Supplemental material
Supplemental material for this article is available
online.

References
1. Tarsy D and Simon DK. Dystonia. N Engl ¥ Med
2006; 355: 818-829.

2. Steeves TD, Day L, Dykeman J, ez al. The
prevalence of primary dystonia: a systematic
review and meta-analysis. Mov Disord 2012; 27:
1789-1796.

3. Albanese A, Romito LM and Calandrella D.
Therapeutic advances in dystonia. Mov Disord
2015; 30: 1547-1556.

4. WuYS, Ni LH, 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; 129: e409—e416.

5. Okromelidze L, Tsuboi T, Eisinger RS, ez al.
Functional and structural connectivity patterns
associated with clinical outcomes in deep brain
stimulation of the globus pallidus internus for
generalized dystonia. AYNR Am J Neuroradiol
2020; 41: 508-514.

6. Breakefield XO, Blood AJ, Li Y, et al. The
pathophysiological basis of dystonias. Nat Rev
Neurosci 2008; 9: 222-234.

7. Albanese A, Asmus F, Bhatia KP, er al. EFNS
guidelines on diagnosis and treatment of primary
dystonias. Eur ¥ Neurol 2011; 18: 5-18.

8. Koch G, Porcacchia P, Ponzo V, et al. Effects of
two weeks of cerebellar theta burst stimulation in
cervical dystonia patients. Brain Stimul 2014; 7:
564-572.

9. Bradnam LV, McDonnell MN and Ridding
MUC. Cerebellar intermittent theta-burst
stimulation and motor control training in
individuals with cervical dystonia. Brain Sciences
20165 6: 56.

10. Boes AD, Kelly MS, Trapp NT, er al.
Noninvasive brain stimulation: challenges
and opportunities for a new clinical specialty.
F Neuropsychiarry Clin Neurosci 2018; 30:
173-179.

11. Mutz ], Vipulananthan V, Carter B, ez al.
Comparative efficacy and acceptability of non-
surgical brain stimulation for the acute treatment
of major depressive episodes in adults: systematic
review and network meta-analysis. BM¥ 2019;
364:11079.

12. Feng Y, Zhang B, Zhang ], et al. Effects of
non-invasive brain stimulation on headache
intensity and frequency of headache attacks in
patients with migraine: a systematic review and
meta-analysis. Headache 2019; 59: 1436-1447.

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan
https://orcid.org/0000-0002-4491-3499
https://orcid.org/0000-0002-4491-3499

THERAPEUTIC ADVANCES in
Neurological Disorders

Volume 15

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Carmi L, Alyagon U, Barnea-Ygael N, ez al.
Clinical and electrophysiological outcomes

of deep TMS over the medial prefrontal and
anterior cingulate cortices in OCD patients. Brain
Stimul 2018; 11: 158-165.

Klomjai W, Katz R and Lackmy-Vallée A. Basic
principles of transcranial magnetic stimulation
(TMS) and repetitive TMS (rTMS). Ann Phys
Rehabil Med 2015; 58: 208-213.

Tamura Y, Ueki Y, Lin P, ez al. Disordered
plasticity in the primary somatosensory cortex
in focal hand dystonia. Brain 2009; 132(Pt3):
749-755.

Quartarone A and Hallett M. Emerging concepts
in the physiological basis of dystonia. Mov Disord
2013; 28: 958-967.

Porcacchia P, Alvarez de Toledo P, Rodriguez-
Baena A, er al. Abnormal cerebellar connectivity
and plasticity in isolated cervical dystonia. PLoS
ONE 2019; 14: e0211367.

Delnooz CC, Helmich RC, Medendorp WP,

et al. Writer’s cramp: increased dorsal premotor
activity during intended writing. Hum Brain
Mapp 2013; 34: 613-625.

Corp DT, Joutsa J, Darby RR, ez al. Network
localization of cervical dystonia based on causal
brain lesions. Brain 2019; 142: 1660-1674.

Beck S, Richardson SP, Shamim EA, ez al.
Short intracortical and surround inhibition are
selectively reduced during movement initiation
in focal hand dystonia. ¥ Neurosci 2008; 28:
10363-10369.

Cho HJ and Hallett M. Non-invasive brain
stimulation for treatment of focal hand dystonia:
update and future direction. ¥ Mov Disord 2016;
9: 55-62.

Sadnicka A, Hamada M, Bhatia KP, ez al.
Cerebellar stimulation fails to modulate motor
cortex plasticity in writing dystonia. Mov Disord
20145 29: 1304-1307.

Benninger DH, Lomarev M, Lopez G, et al.
Transcranial direct current stimulation for the
treatment of focal hand dystonia. Mov Disord
2011; 26: 1698-1702.

Liberati A, Altman DG, Tetzlaff ], et al. The
PRISMA statement for reporting systematic
reviews and meta-analyses of studies that evaluate
healthcare interventions: explanation and
elaboration. BM¥ 2009; 339: b2700.

Kithn AA, Trottenberg T, Kupsch A, et al.
Pseudo-bilateral hand motor responses evoked by
transcranial magnetic stimulation in patients with

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

deep brain stimulators. Clin Neurophysiol 2002;
113: 341-345.

Hidding U, Baumer T, Siebner HR, er al. MEP
latency shift after implantation of deep brain
stimulation systems in the subthalamic nucleus in
patients with advanced Parkinson’s disease. Mov
Disord 2006; 21: 1471-1476.

Ouzzani M, Hammady H, Fedorowicz Z, er al.
Rayyan-a web and mobile app for systematic
reviews. Syst Rev 20165 5: 210.

Hedges GV and Olkin 1. Stazistical methods for
meta-analysis. Orlando, FL: Academic Press,
1985.

Aydin O and Yassikaya MY. Validity and
reliability analysis of the PlotDigitizer software
program for data extraction from single-case
graphs. Perspect Behav Sci 20223 45: 239-257.

Jelicic Kadic A, Vucic K, Dosenovic S, ez al.
Extracting data from figures with software was
faster, with higher interrater reliability than
manual extraction. ¥ Clin Epidemiol 20165 74:
119-123.

Higgins JPT, Thomas J, Chandler ], ez al.
Cochrane Handbook for Systematic Review of
Interventions. Cochrane 2021

Buttkus F, Baur V, Jabusch HC, er al. Single-
session tDCS-supported retraining does not
improve fine motor control in musician’s
dystonia. Restor Neurol Neurosct 20115 29: 85-90.

Furuya S, Nitsche MA, Paulus W, ez al.
Surmounting retraining limits in Musicians’
dystonia by transcranial stimulation. Ann Neurol
2014; 75: 700-707.

Pirio Richardson S, Tinaz S and Chen R.
Repetitive transcranial magnetic stimulation in
cervical dystonia: effect of site and repetition in
a randomized pilot trial. PLoS ONE 2015; 10:
e0124937.

Rosset-Llobet J, Fabregas-Molas S and Pascual-
Leone A. Transcranial direct current stimulation
improves neurorehabilitation of task-specific
dystonia: a pilot study. Med Probl Perform Art
2014; 29: 16-18.

Rosset-Llobet J, Fabregas-Molas S and Pascual-
Leone A. Effect of transcranial direct current
stimulation on neurorehabilitation of task-specific
dystonia: a double-blind, randomized clinical
trial. Med Probl Perform Art 2015; 30: 178-184.

Siebner HR, Tormos JM, Ceballos-Baumann
AO, et al. Low-frequency repetitive transcranial
magnetic stimulation of the motor cortex in
writer’s cramp. Neurology 1999; 52: 529-537

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan

J Morrison-Ham, GM Clark et al.

38. Steichen T. METAINF: stata module to evaluate
nfluence of a single study in meta-analysis
estimation [STATA command]. Statistical
Software Components S419201. Chestnut Hill,
MA: Boston College Department of Economics,
2001.

39. Corp DT, Bereznicki HGK, Clark GM, et al.
Large-scale analysis of interindividual variability
in theta-burst stimulation data: results from the
‘big TMS data collaboration’. Brain Stimul 2020;
13: 1476-1488.

40. Higgins JPT, Thompson SG, Deeks ], ez al.
Measuring inconsistency in meta-analyses. BM¥
2003; 327: 557-560.

41. Harbord R and Higgins JPT. METAREG: stata
module to perform meta-analysis regression [STATA
command]. Statistical Software Components
S446201. Chestnut Hill, MA: Boston College
Department of Economics, 2009.

42. Wilson DB. META_ANALYSIS: stata module
to perform subgroup and regression-type fixed- and
random-effects meta-analyses [STATA command].
Statistical Software Components S458994.
Chestnut Hill, MA: Boston College Department
of Economics, 2009.

43. Sterne JAC, Savovic J, Page M], er al. RoB
2: a revised tool for assessing risk of bias in
randomised trials. BM¥ 2019; 366: 14898.

44. Borenstein M, Hedges LV, Higgins JPT, ez al.
Introduction to meta-analysis. West Sussex: John
Wiley & Sons, Ltd, 2009.

45. Egger M, Smith GD, Schneider M, et al. Bias in
meta-analysis detected by a simple, graphical test.
BMY 1997; 315: 629-634.

46. Hao W, Wei T, Yang W, ez al. Effects of high-
frequency repetitive transcranial magnetic
stimulation on upper limb dystonia in patients
with Wilson’s disease: a randomized controlled
trial. Front Neurol 2021; 12: 783365.

47. Lozeron P, Poujois A, Meppiel E, ez al. Inhibitory
rTMS applied on somatosensory cortex in
Wilson’s disease patients with hand dystonia.

J Neural Transm (Vienna) 2017; 124:
1161-1170.

48. Bhanpuri NH, Bertucco M, Young S]J, et al.
Multiday transcranial direct current stimulation
causes clinically insignificant changes in
childhood dystonia: a pilot study. ¥ Child Neurol
2015; 30: 1604-1615.

49. Young SJ, Bertucco M and Sanger TD. Cathodal
transcranial direct current stimulation in children
with dystonia: a sham-controlled study. ¥ Child
Neurol 2014; 29: 232-239.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Angelakis E, Liouta E, Andreadis N, ez al.
Transcranial alternating current stimulation
reduces symptoms in intractable idiopathic
cervical dystonia: a case study. Neurosci Lett 2013;
533: 39-43.

Buttkus F, Baur V, Jabusch H-C, ez al. Retraining
and transcranial direct current stimulation in
musician’s dystonia — a case report. Mov Disord
2010; 25: 1758-1760.

de Oliveira Souza C, Goulardins J, Coelho
DB, ez al. Non-invasive brain stimulation and
kinesiotherapy for treatment of focal dystonia:
instrumental analysis of three cases. ¥ Clin
Neurosci 20205 76: 208-210.

Kimberley TJ, Schmidt RL, Chen M, et al.
Mixed effectiveness of rTMS and retraining in
the treatment of focal hand dystonia. Front Hum
Neurosci 20155 9: 385.

Okada Y, Shibamoto C, Osumi Y, er al.
Transcranial direct current stimulation
combined with action observation and
electromyographic biofeedback training in a
patient with writer’s cramp. ¥ Mov Disord 2018;
11: 82-86.

Allam N, Brasil-Neto JP, Brandéao P, er al.
Relief of primary cervical dystonia symptoms
by low frequency transcranial magnetic
stimulation of the premotor cortex: case
report. Arq Neuropsiquiatr 2007; 65(3A):
697-699.

Betti S, Spoto A, Castiello U, ez al. Testing
r'TMS-induced neuroplasticity: a single case
study of focal hand dystonia. Neural Plast 2018;
2018: 6464896.

Bologna M, Paparella G, Fabbrini A, ez al.
Effects of cerebellar theta-burst stimulation on
arm and neck movement kinematics in patients
with focal dystonia. Clin Neurophysiol 20165 127:
3472-3479.

Borich M, Arora S and Kimberley T7J. Lasting
effects of repeated rTMS application in focal
hand dystonia. Restor Neurol Neurosci 2009; 27:
55-65.

Bradnam LV, Frasca J and Kimberley TJ. Direct
current stimulation of primary motor cortex and
cerebellum and botulinum toxin a injections in a
person with cervical dystonia. Brain Stimul 2014;
7:909-911.

Bradnam LV, Graetz L], McDonnell MN, ez al.
Anodal transcranial direct current stimulation to
the cerebellum improves handwriting and cyclic
drawing kinematics in focal hand dystonia. Front
Hum Neurosci 20155 9: 286.

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan

THERAPEUTIC ADVANCES in
Neurological Disorders

Volume 15

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Buttkus F, Weidenmuiiller M, Schneider S, et al.
Failure of cathodal direct current stimulation
to improve fine motor control in musician’s
dystonia. Mov Disord 2010; 25: 389-394.

Conte A, Rocchi L, Ferrazzano G, et al. Primary
somatosensory cortical plasticity and tactile
temporal discrimination in focal hand dystonia.
Clin Neurophysiol 20145 125: 537-543.

Furukawa T, Kanke H and Masakado Y. Effects
of low-frequency repetitive transcranial magnetic
stimulation on focal hand dystonia: a case report.
Tokai ¥ Exp Clin Med 20215 46: 44-50.

Havrankova P, Jech R, Walker ND, ez al.
Repetitive TMS of the somatosensory cortex
improves writer’s cramp and enhances cortical
activity. Neuro Endocrinol Lert 20105 31: 73-86.

Huang YZ, Rothwell JC, Lu CS, er al.
Restoration of motor inhibition through an
abnormal premotor-motor connection in
dystonia. Mov Disord 2010; 25: 696-703.

Huang Y-Z, Lu C-S, Rothwell JC, er al.
Modulation of the disturbed motor network in
dystonia by multisession suppression of premotor
cortex. PLoS ONE 2012; 7: e4757.

Kimberley TJ, Borich MR, Arora S, ez al.
Multiple sessions of low-frequency repetitive
transcranial magnetic stimulation in focal hand
dystonia: clinical and physiological effects. Reszor
Neurol Neurosci 20135 31: 533-542.

Kimberley TJ, Borich MR, Schmidt RL, ez al.
Focal hand dystonia: individualized intervention
with repeated application of repetitive transcranial
magnetic stimulation. Arch Phys Med Rehabil
2015; 96(4Suppl.): S122-S128.

Kranz G, Shamim EA, Lin PT, et al.
Blepharospasm and the modulation of cortical
excitability in primary and secondary motor areas.
Neurology 2009; 73: 2031-2036.

Kranz G, Shamim EA, Lin PT, er al.
Transcranial magnetic brain stimulation
modulates blepharospasm: a randomized
controlled study. Neurology 2010; 75: 1465-1471.

Lefaucheur JP, Fénelon G, Ménard-Lefaucheur
1, et al. Low-frequency repetitive TMS of
premotor cortex can reduce painful axial spasms
in generalized secondary dystonia: a pilot study
of three patients. Neurophysiol Clin 2004; 34:
141-145.

Linssen MW, van Gaalen J, Munneke MAM,
et al. A single session of cerebellar theta burst
stimulation does not alter writing performance in
writer’s cramp. Brain 2015; 138: ¢355—e355.

73.

74.

75.

76.

717.

78.

79.

80.

81.

82.

83.

Marceglia S, Mrakic-Sposta S, Fumagalli M, ez al.
Cathodal transcranial direct current stimulation
improves focal hand dystonia in musicians: a two-
case study. Front Neurosci 2017; 11: 508.

Murase N, Rothwell JC, Kaji R, ez al.
Subthreshold low-frequency repetitive
transcranial magnetic stimulation over the
premotor cortex modulates writer’s cramp. Brain
2005; 128(Pt.1): 104-115.

Naro A, Billeri L, Portaro S, er al. Lasting effects
of low-frequency repetitive transcranial magnetic
stimulation in writer’s cramp: a case report. Front
Hum Neurosci 20195 13: 314-314.

Odorfer TM, Homola GA, Reich MM, et al.
Increased finger-tapping related cerebellar
activation in cervical dystonia, enhanced

by transcranial stimulation: an indicator of
compensation? Front Neurol 2019; 10: 231-231.

Prudente CN, Chen M, Stipancic KL, ez al.
Effects of low-frequency repetitive transcranial
magnetic stimulation in adductor laryngeal
dystonia: a safety, feasibility, and pilot study. Exp
Brain Res 2022; 240: 561-574.

Salatino A, Boccia G, Dardanello D, ez al. Acute
and cumulative effects of rTMS on behavioural
and EMG parameters in focal hand dystonia.
Heliyon 2019; 5: e02770-e02770.

Sharma K, Cucca A, Lee A, et al. Transcranial
magnetic stimulation therapy for focal leg
dystonia: a case report. ¥ Clin Mov Disord 2019;
6: 1.

Shin HW, Youn YC and Hallett M. Focal leg
dystonia associated with cerebellar infarction
and application of low-frequency cerebellar
transcranial magnetic stimulation: evidence of
topographically specific cerebellar contribution
to dystonia development. Cerebellum 2019; 18:
1147-1150.

Shin HW and Hallett M. Low-frequency
transcranial magnetic stimulation of the left
dorsal premotor cortex in patients with cervical
dystonia. Parkinsonism Relat Disord 2020; 76:
13-15.

Siebner HR, Filipovic SR, Rowe ]B, ez al.
Patients with focal arm dystonia have increased
sensitivity to slow-frequency repetitive TMS of
the dorsal premotor cortex. Brain 2003;
126(Pt. 12): 2710-2725.

Trebossen V, Bouaziz N, Benadhira R, ez al.
Transcranial direct current stimulation for
patients with benign essential blepharospasm: a
case report. Neurol Sct 2017; 38: 201-202.

20

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan

J Morrison-Ham, GM Clark et al.

84.

85.

86.

87.

88.

89.

90.

Veugen LC, Hoffland BS, Stegeman DF, ez al.
Inhibition of the dorsal premotor cortex does
not repair surround inhibition in writer’s cramp
patients. Exp Brain Res 2013; 225: 85-92.

Vucurovic K, Emeriau S, Coulon JM, ez al.
Functional brain neuroimaging-guided
repetitive transcranial magnetic stimulation in
neurodevelopmental disorders: the case of a
schizencephaly-related spastic dystonia. ¥ Neurol
Sci 20175 378: 167-169.

Wagle Shukla A, Legacy J, Deeb W, er al.
Combined effects of rTMS and botulinum toxin
therapy in benign essential blepharospasm. Mov
Disord 2017; 32: 808.

Phukan J, Albanese A, Gasser T, et al. Primary
dystonia and dystonia-plus syndromes: clinical
characteristics, diagnosis, and pathogenesis.
Lancet Neurol 2011; 10: 1074-1085.

Bédumer T, Lange R, Liepert J, ez al. Repeated
premotor rTMS leads to cumulative plastic
changes of motor cortex excitability in humans.
Neuroimage 2003; 20: 550-560.

McClintock SM, Reti IM, Carpenter LL,

et al. Consensus recommendations for the
clinical application of repetitive transcranial
magnetic stimulation (rTMS) in the treatment
of depression. ¥ Clin Psychiatry 2018; 79:
16cs10905.

Roth Y, Tendler A, Arikan MK, et al. Real-world
efficacy of deep TMS for obsessive-compulsive

91.

92.

93.

94.

95.

96.

disorder: post-marketing data collected from
twenty-two clinical sites. ¥ Psychiatr Res 2021;
137: 667-672.

Candia V, Rosset-Llobet J, Elbert T, er al.
Changing the brain through therapy for
musicians’ hand dystonia. Ann N Y Acad Sci
2005; 1060: 335-342.

Alisar DC, Ozen S and Sozay S. Effects of
bihemispheric transcranial direct current stimulation
on upper extremity function in stroke patients: a
randomized double-blind sham-controlled study. ¥
Stroke Cerebrovasc Dis 20205 29: 104454.

Lindenberg R, Renga V, Zhu LL, er al.
Bihemispheric brain stimulation facilitates motor
recovery in chronic stroke patients. Neurology
2010; 75: 2176-2184.

Nair DG, Renga V, Lindenberg R, ez al.
Optimizing recovery potential through
simultaneous occupational therapy and non-
invasive brain-stimulation using tDCS. Restor
Neurol Neurosci 20115 29: 411-420.

Bolognini N, Pascual-Leone A and Fregni F.
Using non-invasive brain stimulation to augment
motor training-induced plasticity. ¥ Neuroeng
Rehabil 2009; 6: 8.

Bharath RD, Biswal BB, Bhaskar MV, ez al.
Repetitive transcranial magnetic stimulation
induced modulations of resting state motor
connectivity in writer’s cramp. Eur ¥ Neurol 2015;
22:796-805, e53—e54.

Visit SAGE journals online
journals.sagepub.com/
home/tan

®SAGE journals

journals.sagepub.com/home/tan

21


https://journals.sagepub.com/home/tan
https://journals.sagepub.com/home/tan
https://journals.sagepub.com/home/tan

