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Significance

 Deep brain stimulation is an 
effective treatment option for 
dystonia. While the internal 
pallidum is the standard target, 
more recently, the subthalamic 
nucleus has been targeted. We 
analyze a multicenter cohort of 
isolated dystonia patients with 
subthalamic implantations. We 
identify two distinct networks 
associated with optimal 
improvements of limb dystonia 
and blepharospasm vs. axial types 
of dystonia. The first primarily 
involves the basal ganglia circuitry 
and the primary motor cortex, 
while the second maps onto 
thalamic motor nuclei and is 
associated with a phylogenetically 
older motor system involving the 
cingulo-opercular network. These 
findings may shape our 
understanding of dystonia and 
could guide deep brain 
stimulation targeting and 
programming in the future.
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Deep brain stimulation is an efficacious treatment for dystonia. While the internal 
pallidum serves as the primary target, recently, stimulation of the subthalamic nucleus 
(STN) has been investigated. However, optimal targeting within this structure and 
its surroundings have not been studied in depth. Indeed, historical targets that have 
been used for surgical treatment of dystonia are directly adjacent to the STN. Further, 
multiple types of dystonia exist, and outcomes are variable, suggesting that not all types 
would profit maximally from the same target. Therefore, a thorough investigation of 
neural substrates underlying stimulation effects on dystonia signs and symptoms is 
warranted. Here, we analyze a multicenter cohort of isolated dystonia patients with 
subthalamic implantations (N = 58) and relate their stimulation sites to improvements 
of appendicular and cervical symptoms as well as blepharospasm. Stimulation of the 
ventral oral posterior nucleus of thalamus and surrounding regions were associated with 
improvements in cervical dystonia, while stimulation of the dorsolateral STN was asso-
ciated with improvements in limb dystonia and blepharospasm. This dissociation was 
matched by structural connectivity analysis, where the cerebellothalamic, corticospinal, 
and pallidosubthalamic tracts were associated with improvements of cervical dystonia, 
while hyperdirect and subthalamopallidal pathways with alleviation of limb dystonia 
and blepharospasm. On the level of functional networks, improvements of limb dysto-
nia were associated with connectivity to the corresponding somatotopic regions in the 
primary motor cortex, while alleviation of cervical dystonia to the cingulo-opercular 
network. These findings shed light on the pathophysiology of dystonia and may guide 
DBS targeting and programming in the future.

deep brain stimulation | structural connectivity | sweet-spot analysis | cervical dystonia |  
limb dystonia

 Building upon decade-long experience of ablative surgeries ( 1 ), in 1999, the first cases of 
deep brain stimulation (DBS) in the internal pallidum (GPi) were published ( 2 ,  3 ). Soon 
after, the GPi became an established DBS target for various types of dystonia ( 4 ), including 
clinical phenotypes with cervical, orofacial, and limb manifestations ( 5   – 7 ). Yet, while 
generally established, the treatment outcome is variable ( 8 ,  9 ), with stimulation sometimes 
being limited by side-effects such as gait impairment ( 10 ,  11 ), dysarthria, ( 12 ) and brad-
ykinesia ( 13 ). More recently, the subthalamic nucleus (STN) has been investigated as an 
alternative target ( 14 ,  15 ) with clinical trials suggesting comparable efficacy ( 16 ,  17 ). 
Studies have extensively mapped optimal stimulation sites within the GPi ( 18 ,  19 ) and 
demonstrated that specific forms of dystonia may best respond to stimulation of specific 
circuits that may connect cortical, basal ganglia, thalamic, and cerebellar nodes ( 19 ). Such 
studies, however, have not been carried out based on stimulation data for the STN. 
Moreover, the STN occupies a unique anatomical location that is traversed by projections 
of various neural circuits and resides directly adjacent to multiple gray matter areas. Indeed, 
some of these structures, such as the fields of Forel ( 20 ) and various nuclei of the thalamus 
( 21 ) have been targeted using electrical stimulation and ablations for treatment of dystonia 
in the past. It could well be the case that by activating dorsal contacts on electrodes that 
had been implanted with the STN in mind, one would serendipitously modulate adjacent 
structures, such as the subthalamic area or caudal zona incerta, thalamic nuclei, or the 
white matter bundles traversing this region, such as ansa and fasciculus lenticulares, comb 
fibers or cerebellothalamic tract ( 22 ). We hypothesize that, while the complex anatomy 
of this region may be challenging to identify specific target sites, it may also provide a 
powerful opportunity, since multiple sites and networks could be reached with a single 
electrode. In fact, once this region has been mapped in more detail, it could become 
possible to engage different circuits affected by dystonia pathophysiology ( 23 ), potentially 
in simultaneous fashion, by coactivating different contacts along the same electrode.D
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 Here, we retrospectively investigate optimal targets, tracts, and 
networks based on a comparably large multicenter cohort with 
heterogeneous dystonic symptoms. We employ previously intro-
duced statistical tools for local mapping as well as structural and 
functional connectivity analyses ( 24 ). We focus on three clusters 
of dystonia signs and symptoms that were motivated by both clinical 
experience and literature findings from historical ( 21 ) as well as mod-
ern times ( 19 ,  25 ,  26 ). Namely, we cluster the available cohort into 
three partly overlapping subcohorts that presented with predominant 
baseline symptoms of cervical dystonia, appendicular/ limb dystonia 
(extremities), or blepharospasm (periocular region). By applying 
the multimodal neuroimaging analysis, we are able to investigate 
similarities and differences for optimal targeting in STN-DBS for 
these three phenotypes of dystonia on local, tract, and net-
work levels. 

Materials and Methods

Patient Cohorts and Imaging. To identify anatomical substrates associated 
with optimal clinical outcomes, we aggregated a total of 78 patients across two 
independent centers (Shanghai N = 65, San Francisco N = 13) who underwent 
bilateral STN-DBS for treatment of isolated therapy-refractory dystonia, which is 
the largest STN-DBS dystonia dataset studied, to date. Clinical results of these 
cases have been published elsewhere (27–29). This study was conducted in 
accordance with ethical standards and approved by the Institutional Review 
Board of the Brigham and Women’s Hospital and Harvard Medical School, 
Boston, Massachusetts (protocol #2022P000736). Given the secondary use of 
research data, the study was exempted from obtaining informed consent. The 
STN targeting strategy was not dependent on clinical phenotype. Ages of onset, 
disease durations, and symptom distributions varied across subjects (see Fig. 1 
and SI Appendix, Table S1 and Dataset S1 for inclusion criteria and demographics). 
All patients were stimulated in the voltage-controlled mode using Medtronic 
(Minneapolis, MN), SceneRay (Suzhou, China), or PINS (Beijing, China) DBS sys-
tems employing four contact electrodes with either 0.5 or 1.5 mm spacing. Due 
to the significant difference in N, we refrained from comparative subanalyzes 
between cohorts and further addressed the entire dataset. Based on pathophys-
iological considerations from prior research (5, 19, 25, 30–34) and clinical expe-
rience, patients were grouped according to their baseline Burke-Fahn-Marsden 
Dystonia Rating Scale (BFMDRS) scores. Due to complex and heterogeneous man-
ifestations of dystonia, we deliberately avoided classifying patients exclusively, 
but assigned them to the groups in overlapping fashion. Fig. 1 graphically illus-
trates the grouping and summarizes inclusion criteria for each group. SI Appendix, 
Fig. S1 shows the covariance structure of improvements across motor symptoms. 
We then analyzed clinical improvements of cervical (neck), appendicular (arms 
and legs) as well as blepharospasm (eyes) items of the BFMDRS assessed after 
at least three months of DBS (5) (mean and SD: 15.6 ± 14.4, range: 3 to 84 mo). 
Refer to SI Appendix, Table S1 and Dataset S1 for details.

For every patient, electrode localizations and stimulation volumes were com-
puted using Lead-DBS v3.0 (24) described in detail elsewhere (22). Briefly, 
preoperative MRI and postoperative CT/MRI images were first coregistered and 
then nonlinearly warped to ICBM 2009b Nonlinear Asymmetric (“MNI”) space 
using advanced normalization tools (ANTs, https://stnava.github.io/ANTs/). 
Postoperative coregistrations were additionally corrected for brain shift due to 
possible pneumocephalus (35). The nonlinear warps were manually refined in 
the STN region using the WarpDrive tool (36) in case the automatic delineation 
of the nucleus was visibly off. Next, the electrode trajectories were reconstructed 
using either PaCER (37) or TRAC/CORE (38) algorithms for postoperative CT (N 
= 59) and MRI scans (N = 11), respectively (Figs. 2–4, panel A). Finally, based 
on clinical stimulation protocols and electrode localizations, distributions of 
the induced electric fields were computed using the SimBio/FieldTrip pipe-
line (https://www.mrt.uni-jena.de/simbio/; http://fieldtriptoolbox.org/) (39) to 
solve the static formulation of Maxwell’s equations using the Finite Element 
Method. The computational domain was discretized into four compartments 
with distinct electrical conductivities (metal: 108  S/m; insulation: 10−16  S/m; 
gray matter: 0.33 S/m; white matter: 0.14 S/m) according to the electrode 
reconstruction and the basal ganglia tissue distribution defined by the DISTAL 

atlas (40, 41). The spatial distribution of the electric field magnitude (further 
referred to as E-field) was subsequently used as the main underlying parameter 
for the stimulation effect.

Fig. 1.   Clinical characteristics and subdivision of patients into three overlapping 
subcohorts. (Upper Panel) Consort flowchart for inclusion criteria. Patients 
from two independent cohorts (Shanghai N = 65, San Francisco N = 13) were 
considered as a single dataset. The final dataset consisted of 58 subjects. (Lower 
Panel) Classification into dystonic groups based on corresponding baseline 
subscores. Note that the patients are assigned to groups in nonexclusive fashion.
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Analysis of Neural Correlates. Since DBS affects not only gray but also white 
matter and distributed brain networks (42–44), optimal DBS targets may best be 
defined in a form of a triad that consists of i) the specific location associated with 
optimal outcomes (sweet-spot), ii) the spatial trajectory of white matter tracts 
associated with optimal outcomes, and iii) the polysynaptic functional brain 
network associated with optimal outcomes (45). Therefore, we analyzed optimal 
target sites for each type of dystonia on a local, tract- and network level. To do so, 
we carried out DBS sweet-spot, fiber filtering, and network mapping analyses, 
respectively. These methods have been standardized in Lead-DBS (19, 22, 46–48). 

In brief, these approaches involve mass-univariate correlation analyzes based on 
the voxel-wise [sweet-spot (19, 48)] and fiber-wise [fiber filtering (19, 22, 47)] 
E-field metric as well as fMRI-based correlation maps [network mapping (19, 
47)]. For the fiber filtering analysis, relevant streamlines were identified from 
tracts implemented in the Basal Ganglia Pathway Atlas (49). Created by experi-
enced neuroanatomists in semimanual fashion, this atlas precisely describes the 
majority of tracts directly affected by stimulation in the STN region. For network 
mapping, correlation maps were obtained based on an N = 1,000 normative 
resting state functional connectome (50, 51), seeded from each E-field to calculate 

Fig. 2.   Appendicular dystonia. (A) Electrode reconstructions for 
patients included in the appendicular group. Note that proximal 
electrode contacts and stimulation volumes covered the ventral 
thalamus due to a comparably large contact spacing in the 
implanted electrodes. (B) Distribution of stimulation volumes, 
defined by electric fields thresholded at the magnitude of 0.2 
V/mm. The peak intensity resides in the white matter region 
dorsolateral to the STN. (C) Structural connectivity statistically 
associated (P < 0.05) with appendicular improvement under DBS. 
Stimulation of the subthalamopallidal (indirect) pathway and the 
hyperdirect projections from the lower and upper extremity 
regions of the primary motor cortex (HDP-M1) positively 
correlated with clinical improvements, while the opposite was 
observed for the AL. (D) Voxel-wise correlation map of the 
electric field magnitude with stimulation outcome. The sweet-
spot, thresholded for significance, localized to the dorsolateral 
aspect of STN, while the sour-spot predominantly resided in the 
ventral oral anterior nucleus of thalamus. (E) Clinical scores and 
their association with the fiber filtering and sweet-spot scores, 
quantified by spatial correlations between E-field distributions 
and sweet-spots/tractograms; Fisher Z-transformation was 
applied to the sweet-spot scores. To indicate robustness of the 
association, leave-one-out cross-validation is reported. For 10-
fold cross-validations, see SI Appendix, Fig. S6. Models were also 
subjected to permutation tests: R = 0.69, P < 0.001 and R = 0.79, P 
< 0.001 for the sweet-spot and fiber filtering models, respectively.
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respective connectivity maps (52). Note that all analyses employed Spearman’s 
correlations due to the nonnormal distributions of both E-fields and clinical scores 
(for the latter, see Figs. 2–4, panel E). The workflow of the applied methodology is 
described in SI Appendix. Since clinical improvements were evaluated for bilat-
eral stimulations, we followed previous retrospective studies on dystonia and 
assumed that the mirrored stimulation would produce the same clinical effect 
on the scores pulled across the hemibodies (18, 19). This allowed us to mirror 
the stimulation sites across the two hemispheres when defining the models.

Such analyses are conducted in a highly multidimensional (voxel or fiber) 
space that is prone to overfitting. Therefore, to evaluate robustness of generated 
models, we subjected them to leave-one-out (LOO) and 10-fold cross-validations. 
Here, in each iteration, a part of the data were held-out, and the model was recal-
culated only based on the remaining subjects. Scores for the held-out patients 
were computed based on this model, and the procedure was repeated across all 
folds/patients. The obtained scores were then correlated with the observed clinical 
improvement. For the 10-fold cross-validation, we repeated the procedure 10 

Fig. 3.   Cervical dystonia. (A) Electrode reconstructions for patients 
included in the cervical group. Note that proximal electrode 
contacts and stimulation volumes covered the ventral thalamus 
due to a comparably large contact spacing in the implanted 
electrodes. (B) Distribution of stimulation volumes, defined by 
electric fields thresholded at the magnitude of 0.2 V/mm. The 
peak intensity resides in the white matter region dorsolateral 
to the STN. (C) Structural connectivity statistically associated  
(P < 0.05) with cervical improvement under DBS. Stimulation of 
the cerebellothalamic (dDRT) and corticospinal tracts (CST), as 
well as subthalamic afferents from the globus pallidus externus 
(indirect) positively correlated with clinical improvements, while 
the opposite was observed for the hyperdirect pathway from the 
primary motor cortex (HDP-M1). (D) Voxel-wise correlation map 
of the electric field magnitude with stimulation outcome. The 
sweet-spot, thresholded for significance, primarily localized to 
the ventral oral posterior nucleus of thalamus, while the sour-
spot was identified in the central STN. (E) Clinical scores and 
their association with the fiber filtering and sweet-spot scores, 
quantified by spatial correlations between E-field distributions 
and sweet-spots/tractograms; Fisher Z-transformation was 
applied to the sweet-spot scores. To indicate robustness of the 
association, leave-one-out cross-validation is reported. For 10-
fold cross-validations, see SI Appendix, Fig. S6. Models were also 
subjected to permutation tests: R = 0.50, P = 0.055 and R = 0.62, P 
< 0.05 for the sweet-spot and fiber filtering models, respectively.
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times (i.e., 100 models were generated in total) to ensure robustness for differ-
ent configurations of folds (in the LOO case, naturally, only one configuration 
is possible). To quantify the possibility of a type I error, we also subjected mod-
els to permutation-based testing. Clinical improvement scores were permuted 
across patients 1,000 times to create a null distribution of models, to which the 
unpermuted model was compared. The null hypothesis was then rejected with 
a probability estimated by performance of the original model (quantified by the 
correlation coefficient) against the permuted models (alpha = 0.05). Along the 

same lines, we evaluated a similarity of sweet-spot maps comparing their cor-
relation coefficient with correlations between the maps of permuted models.

Results

 Out of 78 patients, two subjects were excluded due to a diagnosis 
of echinocytosis or pantothenate kinase-associated neurodegen-
eration, respectively. Six subjects were further excluded due to 

Fig. 4.   Blepharospasm. (A) Electrode reconstructions for 
patients included in the blepharospasm group. Note that 
proximal electrode contacts and stimulation volumes covered the 
ventral thalamus due to a comparably large contact spacing in 
the implanted electrodes. (B) Distribution of stimulation volumes, 
defined by electric fields thresholded at the magnitude of 0.2 
V/mm. The peak intensity resided in the white matter region 
dorsolateral to the STN. (C) Structural connectivity statistically 
associated (P < 0.05) with blepharospasm improvement under 
DBS. Stimulation of the subthalamopallidal tract (indirect), as 
well as the hyperdirect pathway from the primary motor cortex 
(HDP-M1) positively correlated with clinical improvements. 
(D) Voxel-wise correlation map of the electric field magnitude 
with stimulation outcome. The sweet-spot primarily localized 
to the STN proper, while the sour-spot resided in the capsule 
and, partially, in the ventral oral nuclei of the thalamus. (E) 
Clinical scores and their association with the fiber filtering and 
sweet-spot scores, quantified by spatial correlations between 
E-field distributions and sweet-spots/tractograms; Fisher Z-
transformation was applied to the sweet-spot scores. To indicate 
the robustness of the association, leave-one-out cross-validation 
is reported. For 10-fold cross-validations, see SI Appendix, Fig. S6. 
Models were also subjected to permutation tests: R = 0.73, P < 
0.001 and R = 0.60, P <0.01 for the sweet-spot and fiber filtering 
models, respectively.
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missing or low-quality imaging data. For four subjects, only early 
(less than three months) follow-ups were available. Eight subjects 
had low baseline scores in all of the considered groups and were 
a priori excluded to avoid bias when analyzing percent improve-
ments. Specifically, the bimodal baseline distributions (reflecting 
the difference in dystonia types) and underinformativeness of 
percent improvements (due to the low baseline) motivated the 
application of the minimal baseline thresholds. Additionally, to 
analyze whether these thresholds had qualitative effects, we con-
ducted sweet-spot analyzes using a −1 to +1 range of the thresholds 
(4 to 6 points for limb, 2 to 4 points for cervical and blepharo-
spasm groups), which did not qualitatively alter results (SI Appendix, 
Figs. S2−S4 ). The consort flowchart in  Fig. 1  summarizes these 
exclusions.

 A total of 58 subjects were retained (29 female, mean age at 
surgery 40.2 ± 20.1 y, disease duration 6.6 ± 7.6 y, follow-up 
assessment 1.3 ± 1.2 y after surgery), who were nonexclusively 
assigned to the appendicular (N  = 27), cervical (N  = 30), and 
blepharospasm (N  = 21) groups. For demographics and clinical 
results, see  Fig. 1  and SI Appendix, Table S1 , for individual scores 
and demographic data for all patients see Dataset S1 . Four 
patients qualified for inclusion in all three groups, eight into 
both cervical and appendicular groups and four into cervical and 
blepharospasm groups. Across subjects, considerable variability 
in outcomes was observed in the total BFMDRS percent 
improvement (67.7 ± 28.4%) and body region-specific percent 
improvement (appendicular 73.7 ± 32.1%, cervical 64.4 ± 
34.9%). Notably, the variance in clinical outcomes was compa-
rably smaller in the blepharospasm group with patients showing 
a high response (82.3 ± 13.1%). Neither duration of the disease 
nor age at surgery significantly correlated with clinical outcomes 
for any of the considered groups, see SI Appendix, Fig. S5 . 
Electrodes were localized to the region of the subthalamic 
nucleus in all patients as can be seen in panel A  of  Figs. 2 – 4 . 
Across the three groups, the distribution of E-fields, binarized 
at 0.2 V/mm, clearly revealed the highest overlap in the region 
dorsolateral to the STN, see panel B  in  Figs. 2 – 4 . In other words, 
even though the STN was the surgical target in these patients 
and electrodes were localized in the STN or in close proximity 
to the STN, in many patients, chronic stimulation was carried 
out by activating proximal contacts that resided in dorsally adja-
cent brain structures. 

Appendicular Dystonia. For the appendicular group, the “sweet-spot” 
resided in the dorsolateral part of the STN, while the “sour-spot”, 
corresponding to suboptimal improvement, resided predominantly 
in the ventral oral anterior nucleus (V.o.a.) of thalamus bordering 
the internal capsule (Figs.  2D and 5). These results were robust 
when subjected to leave-one-out cross-validation (LOO: R = 0.68, 
P < 0.001, Fig. 2 E—III), 10-fold cross-validation (SI Appendix, 
Fig. S6), and permutation-based analysis (R = 0.69, P < 0.001). 
Notably, the sweet-spot corresponded to the terminating region of 
the hyperdirect pathway originating from the primary motor cortex 
(M1, Fig. 2C), whose stimulation was also associated with symptom 
improvements (LOO: R = 0.66, P < 0.001, Fig. 2 E—II; perm. 
test: R = 0.79, P < 0.001; for 10-fold see SI Appendix, Fig. S6). On 
the other hand, fibers associated with suboptimal improvements 
belonged to the ansa lenticularis (AL), which accordingly also 
traversed the sour-spot in V.o.a. Finally, on a polysynaptic network 
level, the functional connectivity analysis demonstrated a correlation 
of improvements with stronger connectivity to the precentral gyrus 
(Fig. 6). When repeating this analysis focusing on upper and lower 
limb items separately, mappings matched the ‘effector sites’ (i.e., 
arm and leg regions; Fig. 6C).

Cervical Dystonia. In contrast to the appendicular group, 
improvement of cervical dystonia primarily mapped to the ventral 
oral posterior nucleus (V.o.p.) of the thalamus, which has been 
described by Hassler as cerebellar receiving (53), and by Jones 
as pallidal receiving (54, 55) (Figs. 3D and 5; LOO: R = 0.43, 
P < 0.05, Fig.  3 E—III; perm. test: R = 0.50, P = 0.055; for 
10-fold see SI Appendix, Fig. S6). Curiously, the sour-spot was 
identified in the central STN. DBS fiber filtering revealed a greater 
improvement with stimulation of the cerebellothalamic pathway 
(Fig. 3C), as well as the CST and a portion of the subthalamic 
afferents originating from the globus pallidus externus (LOO:  
R = 0.43, P < 0.05, Fig. 3 E—II; perm. test: R = 0.62, P < 0.05; 
for 10-fold see SI Appendix, Fig. S6). On the level of polysynaptic 
functional networks, higher improvements were associated with 
stronger connectivity to the cingulo-opercular network (56) 
(Fig.  6), but not the primary motor cortex, as in the case of 
appendicular dystonia. A secondary analysis, which repeated the 
same steps for a more inclusive axial improvement (comprising 
cervical, truncal, and oral improvements), revealed highly similar 
results, see SI Appendix, Fig. S7.

Blepharospasm. For blepharospasm signs, a generally strong 
response to DBS treatment was observed, see Fig. 4 E—I. The 
overall pattern of structures implied in symptom modulation was 
similar to the appendicular group (Figs. 4D and 5, permutation-
based similarity R = 0.58, P < 0.001). Namely, sweet-spot mapping 
identified greater improvement of symptoms in the dorsolateral 
STN (LOO: R = 0.57, P < 0.01, Fig. 4 E—III; perm. test: R = 0.73, 
P < 0.001; for 10-fold see SI Appendix, Fig. S6), which also matched 
the termination site for the positively correlated fibers (Fig. 4C) 
of the hyperdirect pathway originating in M1 and the motor 
subthalamopallidal tract (LOO: R = 0.64, P < 0.001, Fig. 4 E—II; 
perm. test: R = 0.60, P <0.01; for 10-fold see SI Appendix, Fig. S6). 
Relatively suboptimal results mapped to the internal capsule and 
partially to the V.o.a nucleus of the thalamus. For association of 
blepharospasm improvement with the sweet-spot and fibers of 
the appendicular group and vice versa, see SI Appendix, Fig. S8.

Discussion

 The following conclusions may be drawn from this study. First, 
on a localized target level, different forms of dystonia seemed to 
best respond when modulating different stimulation sites, such as 
the subthalamic nucleus proper (appendicular dystonia and 
blepharospasm) or motor nuclei of the thalamus (axial forms of 
dystonia such as cervical or truncal dystonia). Second, on a tract 
level, stimulation of the STN circuitry was associated with 
improvements in appendicular dystonia, while cerebellothalamic 
fibers with axial dystonia. Third, on a polysynaptic network level, 
the former mapped to somatotopically plausible regions of the 
precentral motor homunculus, while the latter mapped to the 
agranular prefrontal cortex, which includes the cingulate motor 
area. 

Symptom-Specific Network Modulation in Dystonia. Mappings 
of DBS effects across the three groups of dystonic symptoms may 
be insightful to understand the pathophysiology of dystonia, 
but also informative for clinical care. Both local mapping and 
structural connectivity analyses showed that modulation of the 
STN circuitry was beneficial for appendicular symptoms and 
blepharospasm, while improvement of axial (cervical) symptoms 
was observed for stimulation in the thalamic region. Prior literature 
findings may help to understand this dichotomy. While the basal 
ganglia have been considered a primary source of the dystonic D
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pathophysiology (57–59), there is also evidence that demonstrates 
the involvement of the thalamus, brainstem, and cerebellum (32, 
59, 60). Crucially, stimulation in and around the STN allows 
a direct engagement of the aforementioned brain regions via 
structural connectivity. For example, apart from the basal ganglia 
circuitry, STN-DBS may recruit thalamic afferents, such as 
pallidothalamic and cerebellothalamic tracts (61–63). Moreover, 
the differential mapping of dystonic phenotypes has in part 
been reported in prior studies. Namely, secondary limb dystonia 
has been linked to incidental basal ganglia lesions (25, 33). For 
secondary blepharospasm, a preferential lesion localization was not 
observed (25, 64). However, both pallidal and subthalamic targets 
were shown to be effective in Meige syndrome (65, 66), and for 
the latter, better outcomes were associated with stimulation in the 
dorsolateral STN (67), matching our findings. Secondary cervical 
dystonia has been associated with brainstem and cerebellar lesions 
(25, 31, 34) and management of cervical symptoms has been 
linked to surgical lesioning of pallidothalamic tracts in Forel’s field 
H1 (68) and stimulation of this region (20). Similarly, optimal 
stimulation sites dorsal to the STN, including the zona incerta 
and Forel’s field H2, have been reported in a recent STN-DBS 
study for cervical dystonia (69). Moreover, and in agreement with 

our results, the cervical phenotype has been linked to abnormal 
functional connectivity in the executive control and primary visual 
networks (70), whose activity was modulated during sensory tricks 
(71). In seeming contrast to our results, secondary hand dystonia 
has been observed after thalamic lesions (25, 72–74), while its 
surgical lesioning was shown to be effective for treatment of 
writer’s cramp and musician dystonia (75–77). However, as the 
thalamus receives both cerebellar and basal ganglia projections, 
it is unclear whether these lesions would rather fall into the basal 
ganglia, cerebellar, or mixed circuitry.

 The structural connectivity analysis for cervical dystonia empha-
sizes cerebellothalamic projections. The role of the cerebellum is 
not surprising, when considering dystonia as a disorder that 
involves sensory components ( 23 ). Furthermore, abnormal cere-
bellar activation in fMRI was previously reported in patients with 
cervical dystonia ( 78 ). It is important, however, to emphasize the 
anatomical complexity of the region that we identify as the optimal 
stimulation site for this manifestation. The intricate trajectory of 
white matter tracts in the fields of Forel and zona incerta might not 
be comprehensively accounted for in our analysis. For example, in 
the employed normative pathway atlas ( 49 ), the pallidothalamic 
tracts traverse V.o.a. and terminate in the nucleus lateropolaris 

Fig. 5.   Sweet-spot mappings in the three types of dystonia. 
The sweet- and sour-spots are computed by correlating 
distributions of electric fields with clinical outcomes across 
patients, coronal view. Note a partial inversion of the map 
for the cervical group, with the optimal stimulation site 
located in the thalamic and dorsal white matter region. A 
permutation-based similarity testing indicated a significant 
positive correlation of the appendicular and blepharospasm 
maps (R = 0.58, P < 0.001), and their nonsignificant negative 
correlation with the cervical map (R = −0.09, P = 0.77 and R 
= −0.37, P = 0.11, respectively).
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thalami (Lpo), as delineated by the DISTAL Atlas ( 40 ,  41 ). On 
the other hand, pallidal projections were also reported for the 
V.o.p. region ( 55 ,  79 ), which overlaps with the optimal stimula-
tion site found in our study. Furthermore, prior literature reports 
the involvement of the pallidothalamic tracts in the modulation 
of cervical symptoms ( 68 ,  80     – 83 ). Hence, an exclusive association 
of the therapeutic effect with either cerebellothalamic or palli-
dothalamic projections remains disputable. Regardless of this 
ambiguity, the present results as well as previous studies emphasize 
the role of the white matter region superior to the STN for alle-
viation of axial and cervical symptoms.  

Insights Into Polysynaptic Motor Networks. By broadly grouping 
forms into appendicular vs. axial dystonia, our results mapped 
to two distinct networks that were either centered around the 
precentral homunculus or the agranular prefrontal cortex that 
involves cingulate motor areas (CMA). To interpret these results, 
a brief treatise that sets these findings into context with the 
phylogenetic development of the motor system appears helpful, 
which we attempt, in the following.

 Phylogenetically, the “pyramidal” motor system of the precen-
tral motor homunculus developed later and on top of an older 
“extrapyramidal” motor system that consisted of ventromedial and 
dorsolateral brainstem pathways projecting via rubrospinal, 
reticulo-/tecto-/vestibulospinal pathways to the ventro- and dor-
somedial intermediate zones of the spinal cord ( 84 ,  85 ). As late 
as the lineage of primates, within the pyramidal motor system and 
CST, a corticomotoneural system (CM) evolved, which allowed 
cortical layer V motor neurons direct access to spinal motor neu-
rons, bypassing tectal and other brainstem relays ( 85 ). The CST 
and even more so, the CM system are predominantly used for fine 
motor control, such as skilled hand and digit movements required 

for tool use in primates ( 85 ). At the same time, the phylogeneti-
cally older motor systems that synapse in midbrain and brainstem 
regions during their descending course [groups “A and B” in the 
influential categorization by Hans Kuypers ( 84 )] are involved in 
more “axial” motor control, such as postural control of the head, 
neck, and trunk, as well as proximal limb movements ( 85 ).

 While cortical projections to the newer system predominantly 
reside in M1, the ones projecting to the “older” system also 
include strong projections from regions in the agranular prefron-
tal cortex, which includes the CMA ( 86 ). The agranular PFC was 
among the earliest cortical regions to develop in early mammals 
and is considered the prototype of “motor” cortex ( 87 ). Indeed, 
the fMRI map involved in axial symptom improvements of dys-
tonia bears strong resemblance with the agranular cortex as well 
as with functional connectivity seeded from extrapyramidal 
motor regions such as the red nucleus ( Fig. 6D  ). Recently, this 
functional network has been termed “cingulo-opercular network” 
(CON) and was investigated using precision functional mapping 
based on fMRI ( 26 ,  56 ,  88 ). Corresponding to anatomical knowl-
edge, the CON, which has also been referred to as the “action 
mode network” ( 56 ), seems to be involved in cognitive, observa-
tional, and somatomotor domains, with the latter being function-
ally expressed centrally, precisely where anatomical textbook 
knowledge locates the CMA ( 87 ). As M1, this region contains a 
population of layer V gigantopyramidal neurons which project 
to the intermediate zone of the spinal cord ( 87 ), i.e., is part of 
Kuypers’ group A system responsible for head, neck, trunk, and 
proximal limb movements ( 3 ). It is reciprocally connected with 
primary motor cortex ( 87 ) and functionally connected to phy-
logenetically older parts of M1, which have recently been 
described as the somatocognitive action network (SCAN) ( 26 ). 
This latter network has similarly been associated with coarse and 

Fig. 6.   Functional connectivity patterns associated with improvements in the three types of dystonia. (A) Maps of symptomatic improvement-associated 
functional connectivity across groups thresholded at the uncorrected significance level P < 0.05. (B) Surface projections of maps for appendicular (Top) 
and cervical (Bottom) improvement. While the appendicular improvement mapped onto a network that included peaks in the primary motor cortex, the 
cervical improvement map overlapped with the phylogenetically older motor system within the agranular prefrontal cortex and the cingulate motor area. 
Functionally, this network resembles the cingulo-opercular network (56) and connectivity profiles seeded from extrapyramidal motor areas such as the 
red nucleus (see panel D). (C) Contrast map of leg versus arm improvement (difference of z-scored symptomatic improvement maps) projected onto the 
primary motor cortex. This map peaked at the leg area (for lower limb improvements) and the hand knob (for upper limb improvements). The homuncular 
regions are adapted from ref. 26 (licensed under CC-BY 4.0). (D) Cingulo-opercular network (56) and functional connectivity map of the red nucleus bear 
resemblance to the cervical improvement map (black outlines and see panel B).D
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stereotypical axial body movements ( 26 ) and should be seen as 
standing in contrast to the aforementioned homuncular parts of 
M1 that are involved in fine motor control of distal limbs. Both 
CON (specifically, its cingulate motor domains) and SCAN (in 
M1) could be seen as collaborating partners in a phylogenetically 
older motor network that is involved in broader, axial body and 
proximal limb movements ( 26 ). Indeed, functional connectivity 
of DBS electrodes to both CON and SCAN networks have 
recently been implied with treatment success in other motor dis-
orders such as Parkinson’s Disease ( 89 ) and Tourette’s Syndrome 
( 90 ). Parkinsonian symptoms as well as tics are similarly not 
(always) characterized by fine and dedicated distal limb move-
ments but rather by broad and general bodily motor symptoms, 
or stereotypical movements, respectively.

 Seen in this light, our results are in agreement with the literature 
and the evolutionary development of the motor system. In broader 
strokes, they could be summarized as follows: a first, potentially 
older motor system is embedded within the agranular prefrontal 
cortex, projects to midbrain and brainstem motor centers and is 
responsible for axial movements. Our results suggest that modu-
lating this system would improve axial forms of dystonia such as 
cervical and truncal phenotypes. A second, “newer” motor system 
is embedded in the homuncular regions of M1 and, in part, 
directly projects to spinal cord motor neurons and is involved in 
distal limb movements such as grasping or single-digit control. 
Our results suggest that modulating this system would improve 
appendicular forms of dystonia.  

Clinical Implications. At first glance, seemingly inverted optimal 
stimulation sites for appendicular dystonia/blepharospasm and 
cervical dystonia might imply a limited performance of subthalamic 
DBS for generalized manifestations, where both symptom domains 
are present at the same time. However, this is generally not the case 
(9, 16) (though see ref. 91), and in our dataset, multiple subjects 
assigned to both cervical and appendicular groups demonstrated 
a good response in both components (N = 8/12 above 50% 
improvement, also see Fig. 7 for the representative cases). Indeed, 
the general electrode trajectory of subthalamic DBS coincides with 
both optimal target sites that we describe, and both sweet-spots 
and networks could be engaged to various degrees depending on 
the symptom profile of any given patient. Since precise surgical 
targeting of V.o.p. is challenging, employment of directional leads 
with an extended contact array could be considered. According 
to the local and structural mapping of symptom improvements, 
patients with predominantly cervical/axial dystonia would have 
better outcomes when stimulated at proximal contacts (V.o.p. 
and adjacent white matter), while appendicular and periocular 
manifestations would respond better when activating distal 
contacts (within the STN).

Limitations

 The following limitations should be recognized when interpreting 
our results. First, the study has been conducted on a retrospective 
dataset composed of two cohorts, with a total of 58 subjects and 
three groups of dystonia subtypes ranging from 21 to 30 subjects. 
Importantly, results could not be validated on an additional held-
out test set due to the scarce availability of dystonia datasets with 
STN implantations. Independent retrospective validation or, ide-
ally, prospective trials would be required to confirm our findings. 
At the same time, robust cross-validation results indicate the 
potential for the findings to generalize to unseen data. Second, 
severity of symptoms and their localization are interpreted in the 

Fig. 7.   Three representative cases with dystonia involving multiple body 
regions. Proximity of active contacts (highlighted in purple) to the sweet-
spots (blue—appendicular, orange—cervical) reflects the improvement in 
the corresponding symptoms. (A) The first patient had improvement in 
both cervical and appendicular symptom clusters. Their two active contacts 
mapped to both sweet-spots. (B and C) The second and third patients had 
strong improvements only in one of the clusters, matching the sweet-spots 
that were stimulated. Note that the presumably optimal trajectory would 
coincide with the commonly employed trajectory for DBS in Parkinson’s 
disease.
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context of BFMDRS scores, available for both cohorts, while 
Toronto Western Spasmodic Torticollis Rating Scale (not available 
for most subjects) could provide additional detail on the cervical 
component. The BFMDRS scale does not explicitly evaluate hand 
dystonia, so this subtype (within appendicular dystonia) could 
not be investigated. Speech and swallowing components could 
not be comprehensively addressed due to the low number of 
patients experiencing this symptom at baseline (N  = 12 with base-
line ≥ 3 points).

 Third, the acquired patient imaging was of heterogeneous 
modality and quality. This inherently affects electrode localization 
accuracy, despite our advanced image processing that includes 
multispectral nonlinear warping, manual refinement ( 36 ), brain 
shift correction ( 35 ) and phantom-validated trajectory reconstruc-
tion ( 37 ). This limitation also applies to our group-level analysis 
of electric fields conducted in the common template space based 
on nonlinear warps of patient scans. Furthermore, for structural 
and functional connectivity analyses, normative connectomes were 
employed that do not reflect pathological brain alterations in dys-
tonic patients. Despite using a highly refined anatomical pathway 
atlas ( 49 ), some tracts or their collaterals might be missing, 
obstructing unequivocal interpretation of the results.

 Finally, the DBS effect on the neural tissue was quantified by 
continuous values of the extracellular electric field magnitude. We 
deliberately opted for this metric to incorporate a probabilistic 
impact of the stimulation in our mass-univariate rank-correlation 
analyses [for more detailed model considerations, see ref.  19 ]. For 
more accurate elaboration on white matter recruitment, pathway 
activation modeling can be employed ( 92 ), which, however, requires 
various assumptions on the axonal morphology and volume con-
ductor complexity.  

Conclusions

 The potential of subthalamic stimulation for treatment of dysto-
nia has been demonstrated previously ( 15 ,  16 ,  66 ), and our study 
now provides neuroimaging evidence underlying improvement 
and consistency of optimal stimulation sites. Our results demon-
strated differential mapping of neural substrates mediating stim-
ulation effects on dystonic symptoms that occur in limbs and 
eyes vs. cervical/axial presentations. For the former symptoms, 
effective stimulation directly engaged the subthalamic circuitry, 
including hyperdirect and indirect pathways. Furthermore, better 
response for limb dystonia was associated with higher functional 
connectivity to the corresponding regions in the primary motor 
cortex. At the same time, improvements of cervical symptoms 
were associated with more dorsal stimulation of thalamic nuclei 
and passing fibers, including the cerebellothalamic pathway, with 
the functional connectivity to the cingulo-opercular network and 

cingulate motor regions. Importantly, a precisely placed STN-
DBS electrode may engage both of these substrates simultane-
ously, potentially facilitating alleviation of distributed symptoms. 
Our results provide a starting point for more deliberate targeting 
and programming of subthalamic stimulation for different types 
of dystonia.    

Data, Materials, and Software Availability. All anonymized data and code 
necessary to reproduce the findings of the study are available at OSF (93) and 
Github (94) repositories, respectively.
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