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Abstract

Background Neuroimaging studies have reported gray matter changes in patients with idiopathic dystonia but with con-
siderable variations. Here, we aimed to investigate the convergence of dystonia-related gray matter changes across studies.
Methods The whole brain voxel-based morphometry studies comparing idiopathic dystonia and healthy controls were
systematically searched in the PubMed, Web of Science and Embase. Meta-analysis of gray matter changes was performed
using the anisotropic effect size-based signed differential mapping.

Results Twenty-eight studies comparing 701 idiopathic dystonia patients and 712 healthy controls were included in the
meta-analysis. Compared to healthy controls, idiopathic dystonia patients showed increased gray matter in bilateral precentral
and postcentral gyri, bilateral putamen and pallidum, right insula, and left supramarginal gyrus, while decreased gray matter
in bilateral temporal poles, bilateral supplementary motor areas, right angular gyrus, inferior parietal gyrus and precuneus,
left insula and inferior frontal gyrus. These findings remained robust in the jackknife sensitivity analysis, and no significant
heterogeneity was detected. Subgroup analyses of different phenotypes of dystonia were performed to further confirm the
above findings.

Conclusion The meta-analysis showed that consistent widespread gray matter abnormalities were shared in different subtypes

of idiopathic dystonia and were not restricted to the corticostriatal circuits.
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Introduction

Dystonia is a movement disorder characterized by sustained
or intermittent muscle contractions that give rise to twist-
ing movements and abnormal postures [2]. Dystonia shows
obvious clinical and etiological heterogeneities. The diverse
clinical features of dystonia could be reflected in the classi-
fications based on age of onset, body distributions, temporal
patterns and associated features. The pathophysiology of idi-
opathic dystonia remains unknown. Although dystonia was
traditionally regarded as a disorder of basal ganglia, micro-
structural and functional abnormalities outside the basal
ganglia have been visualized with the rapid development of
new neuroimaging techniques, improving the understand-
ing of neurological pathophysiology of idiopathic dystonia.
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Neuroimaging approaches have the potential to define
brain structural abnormalities in idiopathic dystonia. Com-
pared with the manual method of drawing regions of inter-
est (ROI) to measure the volume of the brain structures,
voxel-based morphometry (VBM) [3] offers an operator
independent comprehensive assessment of anatomical
differences throughout the brain. VBM is widely used in
neuropsychiatric disorders and neurological disorders.
VBM studies have explored the gray matter (GM) differ-
ences between patients with different types of dystonia
and healthy controls, which prompt further understand-
ing of the pathophysiology of idiopathic dystonia. Diverse
regions of GM changes differed from healthy controls were
reported. Garraux et al. reported increased GM volume in
the hand representation area of primary somatosensory
and primary motor cortices in patients with focal hand
dystonia [30]. In patients with cervical dystonia (CD),
one study found a significant increase of GM volume in
the right globus pallidus, bilateral orbitofrontal cortex,
right medial frontal gyrus, left supplementary motor area
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(SMA) and left cingulate gyrus [24]. While another study
in patients with CD reported decreased GM volume in
the left precentral gyrus, left SMA and right somatosen-
sory association cortex [53]. Alternately, there are some
studies found no significant difference between dystonia
patients and healthy controls [68, 69]. Thus, these studies
reported different, partly contradictory results. Differences
in design, imaging methodology, small sample sizes, sub-
types of dystonia and methodological differences across
studies may probably account in large part for these incon-
sistent and controversial findings. Therefore, it remains
unclear what pattern of GM alterations was shared in dif-
ferent subtypes of idiopathic dystonia.

To address this question, we applied meta-analysis of
published structural neuroimaging studies in patients with
different subtypes of idiopathic dystonia. Although there
was one meta-analysis study that included nine studies
comparing GM changes between 199 idiopathic focal
dystonia and 247 healthy controls in 2011 [72], it only
included studies of focal dystonia and a growing number
of studies in idiopathic dystonia have been published since
then. The primary aim of the current meta-analysis was to
identify consistent GM changes across different subtypes
of idiopathic dystonia. The anisotropic effect size-based
signed differential mapping (AES-SDM), a quantitative
voxel-based meta-analytic method based on well-estab-
lished statistics accounting for within- and between-study
variance, has been widely used in various neuropsychiatric
diseases [56] and was applied in the current study. The
second aim was to perform meta-regression analysis to
explore the potential associations between GM changes
and clinical features, namely age and disease duration in
idiopathic dystonia.

Materials and methods
Searching method

Studies published from January 1990 to November 10th,
2021 were searched systematically and comprehensively in
the PubMed, Embase and Web of Science by two research-
ers respectively using the keywords (“dystonia” OR “focal
dystonia” OR “cervical dystonia” OR “blepharospasm” OR
“writer's cramp” OR “focal hand dystonia” OR “laryngeal
dystonia” OR “spasmodic dysphonia” OR “oromandibular
dystonia” OR “musician's dystonia” OR “craniocervical dys-
tonia” OR “meige’s syndrome” OR “segmental dystonia”
OR “generalized dystonia”) AND (“voxel*” OR “ VBM”
OR “morphometry”). The reference lists of included studies
and relevant articles were further searched to obtain poten-
tial studies.

Inclusion/exclusion criteria

The studies were considered for inclusion if they (1)
reported VBM (GM density or volume) comparison
between idiopathic dystonia patients and healthy control
subjects from an original study; (2) reported whole-brain
results of changes in three-dimensional coordinates (x, y,
z) (Talairach or Montreal Neurological Institute (MNI));
(3) used thresholds for significance corrected for multiple
comparisons or uncorrected with spatial extent thresh-
olds; and (4) published in English with peer review. In
such cases, the study with the largest group size and com-
prehensive information needed was selected if the data
of patient group overlapped with the inter-subgroups in
another study. The studies were excluded if the stereotactic
coordinates were not available even after contacting cor-
responding authors by emails. The study selection proce-
dures were summarized in Fig. 1.

Data extraction

Peak coordinates and their effect sizes (#-values, z scores,
or p-values) with significant differences between idi-
opathic dystonia and healthy controls in GM changes
were extracted in each study according to the SDM
tutorial. Two authors conducted the study selection and
extracted the data that needed to perform the meta-analysis
independently.

Quality assessment

The quality of each included study was assessed using a
15-point checklist (Table S1), which was developed based
on previous meta-analytic studies [33, 36] and focused on
both the clinical and demographic aspects of each study
samples and imaging-specific methodology used in the
studies.

Meta-analysis of VBM studies

A voxel-based meta-analytic approach was conducted
using SDM software package (www.sdmproject.com) to
analyze regional group differences in GM. The approach
has been described in detail previously [56, 57]. First,
a file containing samples sizes, peak coordinates, effect
sizes and clinical characteristics (e.g., mean age and dis-
ease duration of idiopathic dystonia patients) were cre-
ated. Then, a mean analysis was conducted to compare
the GM changes between idiopathic dystonia and healthy
controls. The default kernel size and statistical thresholds
(full width at half maximum (FWHM) =20 mm, p =0.005,
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Fig. 1 PRISMA flow diagram representing selection procedure in meta-analysis

peak height threshold = 1, extent threshold =10 voxels)
were used, which have been validated to optimize the sen-
sitivity and specificity and to produce a desirable balance
between Type I and II error rates.

Q statistics were calculated to assess the heterogeneity
between studies. Egger’s tests were carried out to detect
potential publication bias (p <0.05 indicates obvious pub-
lication bias), and funnel plots were established for visual
inspection. p <0.005 and an asymmetric plot were recog-
nized as significant. Jackknife sensitivity analysis was con-
ducted to assess the robustness of the main meta-analytical
output by removing one study at a time and repeating the
analysis. Age and disease duration were used as regressors
in the meta-regression to explore whether they were associ-
ated with GM changes in patients with idiopathic dystonia,
using a stringent threshold (p <0.005, extent threshold =10
voxels). Finally, subgroup analyses of several common phe-
notypes of dystonia, including blepharospasm (BSP), cervi-
cal dystonia (CD), focal hand dystonia (FHD), task-specific
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dystonia (TSD) and non-task-specific dystonia (NTSD),
were performed, separately. The subgroup analysis was not
conducted for generalized dystonia, as just one included
VBM study explored the patients with generalized dystonia
as a subgroup in the study.

Results

Twenty-eight studies, including 701 patients with idi-
opathic dystonia and 712 healthy controls, were included
in the meta-analysis. Among the included studies, six stud-
ies reported blepharospasm [15, 25, 35, 45, 64, 69], six
studies reported cervical dystonia [9, 20, 22, 28, 32, 53],
two studies reported spasmodic dysphonia [37, 62], one
study reported meige’s syndrome [40], one study reported
craniocervical dystonia [51], four studies reported focal
hand dystonia [18, 30, 44, 71], one study reported embou-
chure dystonia [43], seven studies reported a mixed types
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Table 1 Characteristics of included VBM studies in the meta-analysis

Study Type No. of subjects Age (years)  Disease dura-  Scanner (T) FWHM (mm) Threshold Quality scores
F tion (years)
Draganski et al. CD 10 (7) 442+11 3.8+2.8 1.5 8 p<0.05,cor- 14
[22] rected
HC 10 (7) 43.5+54
Garraux etal. ~ FHD 36 (15) 53+£9.7 13+7 3.0 8 p<0.05,cor- 15
[30] rected
HC 36 (15) 52+9.6
Etgen et al. BSP 16 (12) 67.4+4.3 6.5+4.9 1.5 12 p<0.05, 14
[25] uncorrected
HC 16 (12) 65.3+4.9
Delmaire et al. WC 30 (21) 49.7+12.9 7+£6.5 1.5 12 p<0.05, cor- 14
[18] rected
HC 30 (21) 48.0+13.6
Egger et al. DYT 31(11) 43.85+13.97 9.47+6.77 1.5 10 p<0.05,cor- 14
[24] rected
HC 31(11) 44.0+13.0
Obermann CD 9(7) 57.6+7.2 10+£6.8 1.5 12 p<0.05,cor- 15
et al. [50] rected
BSP 11(7) 52.6+10.6 55+43
HC 14 (9) 55.9
Draganski etal. [IS+M—] 15 (10) 49.7 12.3 1.5 6 p<0.05, cor- 14
[22] rected
[2S+M -] 14 (6) 49.7 8.1
HC 28 (12) 43
Martinoetal. ~ BSP 25 (17) 64.9+7.8 7.8+6.2 3.0 8 p<0.001, 15
[45] uncorrected
HC 24 (14) 63+7.2
Suzuki et al. BSP 32(22) 55.0+6.5 55+4.6 1.5 9 p<0.05,cor- 15
[64] rected
HC 48 (33) 544+10.3
Horovitzetal. BSP 14 (14) 59.9+6.1 321+£5.74 3.0 6.9 P<0.01, 15
[35] uncorrected
HC 14 (14) 58.5+5.6
Simonyan et al. SD 40 (25) 56.9+10.6 14.4 3.0 10 P<0.01,cor- 15
[62] rected
HC 40 (17) 52.5+10.5
Prell et al. [S3] CD 24 (18) 52 13.9 1.5 8 p<0.05,cor- 15
rected
HC 24 (18) 53
Yang et al. [69] BSP 18 (14) 55.54+842 3.83+3.93 3.0 8 p<0.05,cor- 15
rected
HC 18 (14) 57.27+8.93
Cerasa et al. DT 12 (6) 62.9+15 10.9+8.9 3.0 8 p<0.001, 14
[13] uncorrected
HC 23 (10) 64.4+7.1
Ramdhani et al. TSD 21 (16) 58.47 9.92+7.57 3.0 8 p<0.05,cor- 13
[58] rected
NTSD 24 (14) 53.75 13.35+10.63
HC 24 (12) 52.13
Delnoozetal. CD 23 (14) 57.3+£9.8 12.7+7.2 3.0 10 p<0.05, cor- 14
[20] rected
HC 22 (12) 54.5
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Table 1 (continued)

Study Type No. of subjects Age (years)  Disease dura-  Scanner (T) FWHM (mm) Threshold Quality scores
(F) tion (years)
Piccininetal. CCD 27 (18) 54.18+4.70 11.37+6.78 3.0 10 p<0.001, 15
[51] uncorrected
HC 54 (36) 54.0+11.47
Zeuner et al. wC 22 (12) 52+12.2 142+7.6 3.0 12 p<0.05,cor- 15
[71] rected
HC 28 (11) 51.8+7.4
Waugh et al. CD 17 (11) 52+23 NA 3.0 NA p<0.05, 14
[68] uncorrected
CDhc 17 (11) 51.8+24
SD 7(6) 53+29 NA
SDhc 7(6) 53+23
Filipetal. [28] CD 25 (15) 45.8+12.3 5.7+43 1.5 10 P<0.05,cor- 15
rected
HC 25 (15) 44.7+14.3
Kirke et al. [37] SD&SD/DTv 40 (28) 57.2+9.2 13.1+8.925 3.0 4 p<0.05,cor- 14
rected
HC 20 (16) 53.8+9.9
Burciu et al. [9] CD 16 (11) 576115 5.8+4.0 3.0 8 p<0.05,cor- 11
rected
HC 16 (11) 57.0+9.0
Mantel et al. WC 26 (11) 46.8+13.7 13.2+10.8 3.0 8 p<0.05, cor- 15
[44] rected
HC 27 (13) 49.3+13.9
Bianchi et al. TSFD 16 (8) 45.3+10.8 12.7+10.6 3.0 6 p<0.0l,cor- 14
[7] rected
HC 16 (7) 43.9+11.9
Mantel et al. ED 24 (3) 43.5+11.2 72+6.7 3.0 10 p<0.05,cor- 15
[43] rected
HC 24 (6) 427+11.9 NA 3.0
Chirumamilla ~ BSP 13 (8) 65+6 NA 3.0 8 p<0.001, cor- 15
etal. [15] rected
HC 13 (5) 57+3
Gracien et al. CD 17 (9) 51.0+8.9 NA 3.0 NA NA 12
[32]
HC 29 (15) 50.5+10.4
Liuetal. [40] MS 46 (35) 57.00+8.86 4.57+2.23 3.0 8 p<0.001, cor- 15
rected
HC 64 (39) 52.71+6.26

FWHM full-width-at-half-maximum, CD cervical dystonia, FHD focal hand dystonia, BSP blepharospasm, DYT dystonia (including generalized
dystonia cervical dystonia focal hand dystonia), [/S+ M —] DYT1 negative dystonics with family history, [2S5+ M -] DYT1 negative dyston-
ics without family history, DT dystonic tremor, 7SD task-specific dystonias, NTSD non-task-specific dystonias, CCD craniocervical dystonia,
WC writer’s cramp, SD spasmodic dysphonia, DTv dystonic tremor of voice, TSFD Task-specific focal dystonias, ED embouchure dystonia, MS

meige syndrome, HC healthy control, NA not available

of dystonia [7, 13, 21, 24, 50, 58, 68]. The demographic
and clinical characteristics of the included studies were
summarized in Table 1. Quality assessment of each study
was done and scores were shown in Table 1. All the stud-
ies included in this study got relatively high scores in the
quality assessment.
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Regional differences in gray matter changes

Compared with healthy controls, patients with idiopathic
dystonia showed increased GM in bilateral precentral and
postcentral gyri, bilateral putamen and pallidum, right
insula, and left supramarginal gyrus, while decreased GM
in bilateral temporal poles and bilateral SMAs, right angular



Journal of Neurology (2022) 269:2862-2873 2867
Table 2 Clusters of gray matter increases in patients with idiopathic dystonia compared with healthy controls
Regions No. of voxels MNI coordinates (x, y,z) SDM-Zscore p-value Egger’s test (p) Clusters’ breakdown Jackknife
sensitivity
analysis
Areal 1528 42,— 14,52 2.535 <0.01 0.511 Right precentral gyrus 28/28
Right postcentral gyrus 28/28
Area2 1368 40,— 14,4 2.184 <0.01 0.951 Right insula 28/28
Right putamen and pallidum  28/28
Area3 939 — 46,— 24,46 2.095 <0.01 0.606 Left postcentral gyrus 28/28
Left precentral gyrus 28/28
Aread 185 —-104,-2 1.833 <0.01 0.853 Left putamen and pallidum  28/28
Area5 62 — 58,— 40,28 1.479 0.001 0.199 Left supramarginal gyrus 27/28
Table 3 Clusters of gray matter decreases in patients with idiopathic dystonia compared with healthy controls
Regions No. of voxels MNI coordinates (x, y,z7) SDM-Z score p-value Egger’s test (p) Clusters’ breakdown Jackknife
sensitivity
analysis
Areal 916 36,16,— 24 - 1.966 <0.01 0.016 Right temporal pole 27128
Area2 686 -36,12,— 10 -1.972 <0.01 0.057 Left insula 27/28
Left temporal pole 27128
Area3 182 32,— 56,50 —1.795 <0.01 0.059 Right angular gyrus, Right 27128
inferior parietal gyrus
Area4 39 2,— 18,50 — 1.466 0.003 0.647 Right supplementary motor area 24/28
Left supplementary motor area ~ 24/28
Area5 31 14,— 56,64 —1.427 0.003 0.042 Right precuneus 27/28
Area6 26 —52,26,18 —1.484 0.003 0.708 Left inferior frontal gyrus 28/28

MNI Montreal Neurological Institute, SDM seed-based d mapping

gyrus, inferior parietal gyrus and precuneus, left insula and
left inferior frontal gyrus (Tables 2 and 3, Figs. 2 and 3).

Analysis of sensitivity, heterogeneity
and publication bias

The jackknife sensitivity analyses revealed that the above-
mentioned regional differences were highly robust in idi-
opathic dystonia (Tables 2 and 3). Heterogeneity analyses
using Q statistics indicated that there was no variability
between studies. The funnel plots showed no obvious asym-
metric of all significant brain regions (Figs. S1-S11). The
quantitative assessment measured by Egger’s tests revealed
publication bias in 2 areas (Table 3).

Meta-regression analysis

Increased GM in the left precentral and postcentral gyrus
were positively associated with both age at scanning time
and disease duration in patients with idiopathic dystonia.
While GM reductions of right precuneus and left infe-
rior frontal gyrus were negatively associated with age at

scanning time. GM reduction in left inferior frontal gyrus
was also negatively associated with disease duration.

Subgroup analyses

The results of subgroup meta-analyses were presented in
the Supplementary Material.

The subgroup analyses of studies reporting GM volume
changes between groups included 23 datasets comprising
593 idiopathic dystonia patients and 594 HC (Table S12
and S13 and Figs. S22 and S23), and the results were
broadly consistent with the findings when all 28 stud-
ies included. The subgroup analyses for all subtypes of
dystonia shared clusters of changes with the main results
including precentral and postcentral gyri, bilateral stria-
tum, right inferior parietal gyrus and left temporal pole
(Tables S2-S11, Figs. S12-S21). In addition, we noted
decreased GM in cerebellum in the subgroup analyses of
patients with CD, FHD and TSD, respectively (Tables S3,
S7 and S9, Figs. S13, S17 and S19).
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Fig.2 Regions of gray matter increase in patients with idiopathic dystonia compared with healthy controls. Increased GM in bilateral precentral
and postcentral gyrus, bilateral putamen and pallidum, right insula, and left supramarginal gyrus

Discussion

The current meta-analysis revealed consistent widespread
GM alterations between idiopathic dystonia and healthy
subjects. Patients with idiopathic dystonia had increased
GM in bilateral precentral and postcentral gyri and bilateral
lentiform nuclei, right insula and left supramarginal gyrus,
while decreased GM in bilateral temporal poles and bilat-
eral SMAGs, left insula and left inferior frontal gyrus, right

@ Springer

angular gyrus, inferior parietal gyrus and precuneus. Our
meta-analysis demonstrated that not only GM alterations in
sensorimotor cortex-basal ganglia circuits but widespread
regions outside were involved in the different subtypes of
idiopathic dystonia, which support that dystonia was a net-
work disorder and may provide neuroanatomical basis for
the nonmotor symptoms of dystonia.

The current meta-analysis identified that dystonia had
consistent increased GM in bilateral lentiform nuclei and
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Fig.3 Regions of gray matter decrease in patients with idiopathic dystonia compared with healthy controls. Decreased GM in bilateral temporal
pole, right angular gyrus, inferior parietal gyrus and precuneus, left insula, bilateral supplementary motor area and left inferior frontal gyrus
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precentral cortices. Both structural and functional abnor-
malities in lentiform nuclei and sensorimotor cortices were
also found in dystonia using diffusion tensor imaging and
functional MRI techniques [11, 26, 41, 59]. Lentiform nuclei
were involved in both the direct striato-pallidal pathway
supporting cortically generated movement, and the indirect
pathway via lateral globus pallidus which inhibits thalamo-
cortical excitation of premotor cortical areas. Alterations of
both pathways may result in dystonia. A previous review of
clinical reports found that dystonia was the most frequent
movement disorder in patients with focal lesions of the basal
ganglia, especially lesions confined to the lentiform nucleus
which accounted for majority (92%) of these dystonia cases
[6]. Dystonia was also reported in the patient after infarc-
tion of SMA, a region involved in motor preparation and
execution [49]. The inferior frontal gyri are involved in the
prevention of unwanted movement by “calling out” or com-
pensating for motor areas responsible for the final motor
output [23]. Increased activation in inferior frontal gyri were
reported both in genetic and idiopathic dystonia as com-
pensatory to sensorimotor loop dysfunction [29, 54]. GM
reductions found in the left inferior frontal gyrus and bilat-
eral SMAs were consistent with previous finding of inhibi-
tory control loss in patients with dystonia [54], which may
lead to a lack of movement restriction. The meta-regression
revealed GM change of the left inferior frontal gyrus was
negatively associated with disease duration and age. Stud-
ies revealed that pathophysiological deficits in idiopathic
dystonia mainly include reduced inhibition at many levels
of the motor system including striatum and motor cortex,
and increased plasticity [38, 55]. The findings that abnor-
mal cholinergic transmission and altered dopamine recep-
tors signaling in striatum identified by DYT1 mouse and
human, may indicated that loss of mutual control between
striatal acetylcholine and dopamine and the subsequent neu-
rochemical imbalance are responsible for the impairment of
corticostriatal synaptic plasticity [46, 52, 66].

The GM changes of bilateral postcentral gyri and left
supramarginal gyrus were found in current analysis, which
were supported by functional neuroimaging studies revealed
altered connectivity within the sensorimotor regions in dys-
tonia [39, 42]. Studies in dystonia found that sensorimotor
integration was defective, and abnormal central processing
of sensory input may contribute to the increased motor corti-
cal excitability in dystonia [1, 16]. Besides abnormality of
sensory-motor integration, deficits of sensory system also
occur in patients with idiopathic dystonia. Sensory symp-
toms such as burning sensation, grittiness or dryness of the
eyes and photophobia in blepharospasm, pain in cervical
dystonia and upper limb dystonia, and sensory deficits such
as difficulty in discriminating sensory stimuli in both spatial
and temporal domains were reported. Sensory dysfunctions
including abnormal proprioceptive, nociceptive and tactile
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information processing have also been reported in patents
with dystonia [63, 67]. In addition, sensory trick, a well-
recognized clinical feature in dystonia, demonstrates that the
sensory inputs may modulate dystonic symptoms. Studies in
patients with dystonia using somatosensory evoked poten-
tials and magnetoencephalography showed a disorganization
of somatotopic representations and a lack of intracortical
inhibition in sensory cortex in dystonia [47, 65]. Although
the neuroanatomical correlates of sensory abnormalities
for dystonia may include cortical and subcortical areas, the
consistent GM alterations found in the meta-analysis empha-
sized the involvement of primary sensory cortex in dystonia.

The insula subserves a wide variety of functions rang-
ing from sensorimotor and affective processing, autonomic
information to high-level cognition [4]. In the current meta-
analysis, GM alterations in insula were detected in idiopathic
dystonia, in line with the abnormal functional activity in
insula revealed by neuroimaging studies in dystonia [4].
Cortical thickness and functional activity of insula were cor-
related with symptom severity in patients with spasmodic
dysphonia [62]. The reorganized structural segregation of
insular-subregions identified in spasmodic dysphonia was
found to be associated with the different aspects of senso-
rimotor and cognitive control of speech production [5]. As
the insula has an integrative role in linking information from
diverse functional systems, we hypothesize that the insula
may be involved in the pathophysiology of both motor and
nonmotor symptoms of idiopathic dystonia, which needs fur-
ther study. We also noticed the asymmetric deficits of insula
found in the current meta-analysis. One possible reason for
the asymmetry finding may be the asymmetric functions of
insula itself, such as the insula asymmetry was associated
with lateralized of gesture and language, and different forms
of empathy [8, 27]; another one may be the clinical hetero-
geneity of included patients and different insular subregions
may be involved; lastly, the spatial reorganization of insula
and asymmetry of insula-sensorimotor circuit may occur in
disease conditions [5, 31].

GM reductions in bilateral temporal poles, right precu-
neus, inferior parietal gyrus and angular gyrus were also
detected in the current meta-analysis. The temporal pole is
a complex structure with high-order brain functions includ-
ing multimodal sensory integration, autobiographic memory,
motion and social cognition and semantic memory [34]. Pre-
cuneus is a critical structure involved in the visuospatial sys-
tem and plays a central role in highly integrated tasks includ-
ing visuospatial imagery and cognitive functions including
episodic memory, self-related information processing and
consciousness [12]. Decreased GM within these regions may
relate to visuospatial and cognitive dysfunction reported
in patients with idiopathic dystonia [14, 19]. The parietal
cortex provides a sensorimotor interface for the control of
higher-order and multimodal integration processes, which
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are necessary to inform and guide movement execution
[61]. While the GM atrophy in right inferior parietal gyrus
may be associated with dysfunction of supramodal spatial
processing and perception of sound movements [10]. The
right angular gyrus is associated with movement awareness
and involved in the inhibition of the inappropriate response
across a variety of go/no-go tasks [48]. GM reduction in
right angular gyrus in current analysis is in line with a previ-
ous study [17], which used interleaved transcranial magnetic
stimulation (TMS)/fMRI when subjects performed right-
hand tasks successively in executive, imagery or rest mode,
and detected reduction of cortical activation in right angular
gyrus, indicating that the awareness for movement execution
was decreased after TMS in CD patients. The right angular
gyrus also has a role in semantic processing, word read-
ing and comprehension, number processing, default mode
network, memory retrieval, attention and spatial cognition,
reasoning and social cognition [60]. Whether GM alteration
within this region is associated with cognition dysfunction in
patients with dystonia needs further investigations.

Some limitations exist in the current meta-analysis. First,
unpublished international studies, studies not published in
English, and studies that the stereotactic coordinates were
not available even after we contacted the authors were
excluded. Second, the heterogeneity of the methodolo-
gies of the included studies, such as various preprocessing
protocols, smoothing kernels, and statistical thresholding
methods could not be totally ruled out. Third, the current
meta-analysis was based on the pooling of stereotactic coor-
dinates with significant differences rather than on raw data
from the included studies, which may lower the accuracy of
the results. Fourth, the gray matter volume or density was
not specified in the results as we included studies explor-
ing either gray matter volume or density as previous studies
did[70, 72], although most (23/28) of the included studies
reported gray matter volume changes. The subgroup analy-
ses of the 23 studies reporting gray matter volume changes
between idiopathic dystonia patients and healthy controls
were conducted, and the results were largely remained when
compared with those when 28 studies included.

Conclusions

In conclusion, the current meta-analysis revealed shared
abnormal gray matter pattern in different types of idiopathic
dystonia, which includes sensorimotor-basal ganglia circuits
and regions that may associated with nonmotor symptoms.
These findings may prompt the understanding of key patho-
physiology of idiopathic dystonia.
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