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Therapeutic Advances in 
Neurological Disorders

Introduction
Dystonia is a chronic neurological disorder char-
acterized by involuntary muscle contractions and 
postures.1 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.2 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.3 Deep brain stimula-
tion (DBS) to the globus pallidus interna (GPi) is 
the most widely used neuromodulation treat-
ment for dystonia, and the subthalamic nucleus 
has also shown success.3,4 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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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 
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which are often functionally abnormal in dysto-
nia patients.5,6 Nevertheless, DBS is invasive and 
only considered in more severe cases that do not 
respond to botulinum toxin injections and oral 
pharmacotherapy.7

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.8,9 NIBS 
involves a set of technologies and techniques 
with which to modulate the excitability of the 
brain via transcranial stimulation10 and has 
been effective in the treatment of other neuro-
logical and neuropsychiatric disorders, such as 
depression,11 migraine,12 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.15–20 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,21 other studies suggest 
little to no effect on dystonia symptoms in com-
parison to sham stimulation.22,23 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.24 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.25,26
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Screening and data extraction.  Literature search 
results were exported to EndNote (version X9) 
and Rayyan.27 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.29,30 If standard errors (SEs) 
or confidence intervals (CIs) were reported for 
mean scores, they were converted to SDs using 
the equations:

SD SE N SD

N

= =

−
( ) ( )*

*

for SEs  and for CIs

upper limit lower limit

:

3..92

where N is the total number of participants.31 
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.38 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.39

Between-study heterogeneity in effect sizes was 
quantified using the I2 statistic.40 As per Higgins 
et  al.40 the effect of heterogeneity was consid-
ered low, moderate, or high for I2 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’41 function was used for continu-
ous variables (mean age and gender ratio), and 
the ‘maanova’42 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.39

Evaluation of bias
The methodological quality of each study was 
assessed using the Cochrane Collaboration’s 
Risk of Bias (RoB) checklists.43 For parallel tri-
als, the revised Cochrane Risk of Bias tool for 
randomized trials (RoB 2)43 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.44 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 disease46,47 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,50 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 All 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 studies79,80 
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.85 The average number of 
active stimulation sessions was 9.86 (SD = 13.82), 
with a maximum of 75 sessions.75

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) or crossover 
(n = 15; where participants completed both 
sham and intervention conditions) group designs. 
One crossover group study82 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 outliers46,70 (Supplementary 
File 3). These studies were therefore removed from 
all subsequent analyses. Nevertheless, meta-analysis 
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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’ g = 0.21, 95% CI [0.08, 
0.35], p = .002 (Figure 2). Between-study 
heterogeneity was significant (I2 = 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, 
Q(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 
(Q(1) = 2.12, p = .13), although idiopathic 

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.
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Table 2.  Effect sizes for separate meta-analyses on categorical variables.

Variable n Hedges’ g 95% CI I2

NIBS type

  rTMS 9 0.36* [0.10, 0.61] 36.4%

  1 Hz 6 0.12 [–0.11, 0.35] 0%

  0.2 Hz 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 11 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 11 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 5 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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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.

Variable n Hedges’ g 95% CI I2

  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%

  CD 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.
I2 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.

Table 2.  (Continued)
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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, 
Q(1) = 4.43, p = .04. Overall mean effect sizes 
for both groups were significant: NIBS and motor 

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.

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.
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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: mean age 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 studies46,70 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 et al.58 was considered high risk of bias due 
to missing outcome data. Bradnam et  al.60 and 
Rossett-Llobet et  al.36 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 the boundaries of the funnel35,48 (Supplementary 
File 15). Egger’s test trended toward significance 
(t(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 studies46,70 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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Figure 6.  Risk of bias assessment for individual studies.
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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.18–20 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.86 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 M1. 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)89 and 
obsessive-compulsive disorder (29 sessions).90 
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,35,36 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.91 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.92–94 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.95 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 
palsy48,49 and two with Wilson’s disease.46,47 
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.96 However, a 
single session of rTMS induced a significant 
increase in connectivity in basal ganglia regions, 
specifically the bilateral thalamus and putamen.96 
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.49

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.
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