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Dystonia is a debilitating disease with few treatment options. One effective option is
deep brain stimulation (DBS) to the internal pallidum. While cervical and generalized
forms of isolated dystonia have been targeted with a common approach to the posterior
third of the nucleus, large-scale investigations regarding optimal stimulation sites and
potential network effects have not been carried out. Here, we retrospectively studied
clinical results following DBS for cervical and generalized dystonia in a multicenter
cohort of 80 patients. We model DBS electrode placement based on pre- and postoper-
ative imaging and introduce an approach to map optimal stimulation sites to anatomi-
cal space. Second, we investigate which tracts account for optimal clinical
improvements, when modulated. Third, we investigate distributed stimulation effects
on a whole-brain functional connectome level. Our results show marked differences of
optimal stimulation sites that map to the somatotopic structure of the internal pal-
lidum. While modulation of the striatopallidofugal axis of the basal ganglia accounted
for optimal treatment of cervical dystonia, modulation of pallidothalamic bundles did
so in generalized dystonia. Finally, we show a common multisynaptic network substrate
for both phenotypes in the form of connectivity to the cerebellum and somatomotor
cortex. Our results suggest a brief divergence of optimal stimulation networks for cervi-
cal vs. generalized dystonia within the pallidothalamic loop that merge again on a
thalamo-cortical level and share a common whole-brain network.
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Deep brain stimulation (DBS) in patients with treatment-refractory idiopathic dystonia is
a well-established therapy with excellent short- and long-term clinical results (1–4). How-
ever, in the only controlled trial (1) and its open 5-y follow-up (2), as well as uncontrolled
trials with blinded observers (5), around 25% of patients had poor response, which was a
primary stimulus for the present work. Moreover, while targeting the internal pallidum
(globus pallidus internus, GPi) has been successful, there is still a gap in our understanding
of which specific sites within the nucleus lead to network modulation of 1) localized tracts
and 2) whole-brain functional networks. Finally, whether targeting could be refined for
cervical vs. generalized dystonia has not been investigated in large cohorts, so far.
Here, we revisit a particularly large multicenter cohort (6) with the aim to relate

treatment effects to connectional concepts and to investigate potential differences in
treatment response of cervical vs. generalized dystonia patients. We do so by introduc-
ing a sweetspot-mapping method that is based on electric fields rather than binarized
volumes of tissue activated, as well as the recently introduced DBS fiber-filtering (7, 8)
and DBS network-mapping (9, 10) approaches.
Hypotheses for this study were established based on two lines of reasoning. The first

involves somatotopic organization of the GPi with neurons responding to the orofacial,
forelimb, and hindlimb regions of the primary motor cortex located along the ventral-
to-dorsal axis in its posterolateral part (11–13). Hence, potentially, ventral stimulation
sites could be more specific for responders in cervical dystonia with generalized dysto-
nia optimally responding to a larger or more diffuse stimulation territory. Second, we
developed one hypothesis based on the microanatomy of the GPi, which involves that
two streams of fibers pass the GPi in largely orthogonal fashion to one another (14,
15). First, there is the extension of the striatopallidofugal system in form of Edinger’s
comb (connecting striatum and pallidum to the substantia nigra pars reticularis and
subthalmic nucleus, STN). Second, there are the pallidothalamic projections (in the
form of ansa and fasciculus lenticulares). We aimed to investigate differential effects by
leveraging group cohort data of stimulation sites. A more detailed anatomical discus-
sion that led to this hypothesis is given in SI Appendix and summarized in Fig. 1.

Significance

We studied deep brain stimulation
effects in two types of dystonia
and conclude that different
specific connections between the
pallidum and thalamus are
responsible for optimal treatment
effects. Since alternative
treatment options for dystonia
beyond deep brain stimulation are
scarce, our results will be crucial
to maximize treatment outcome
in this population of patients.

Author contributions: A.H. designed research; A.H. and
S.E. performed research; A.H. and S.O. contributed
new reagents/analytic tools; A.H., M.M.R., S.E., N.L.,
B.A.-F., S.O., and I.H. analyzed data; and A.H., M.M.R.,
S.E., N.L., B.A.-F., F.L., J. Roothans, S.O., I.H., S.P.,
J. Runge, F.W., K.W., R.C.N., M.W., G.-H.S., P.M., W.P.,
W.E., A.-K.H., C.M., J.K.K., G.D., J.V., and A.A.K. wrote the
paper.

Competing interest statement: A.H. reports lecture
fees fom Medtronic and Boston Scientific outside the
submitted work. A.-K.H. reports lecture fees from
Medtronic, travel grants from Boston Scientific and
Abbott, and personal fees from Aleva, all outside the
submitted work. J.K.K. is a consultant to Medtronic and
Boston Scientific. A.A.K. reports personal fees from
Medtronic, Boston Scientific, and Abbott and
Stadapharm, all outside the submitted work.

This article is a PNAS Direct Submission.

Copyright © 2022 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).
1A.H., M.M.R., and S.E. contributed equally to this work.
2To whom correspondence may be addressed. Email:
andreas.horn@charite.de.

This article contains supporting information online at
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2114985119/-/DCSupplemental.

Published March 31, 2022.

PNAS 2022 Vol. 119 No. 14 e2114985119 https://doi.org/10.1073/pnas.2114985119 1 of 11

RESEARCH ARTICLE | MEDICAL SCIENCES

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2114985119/-/DCSupplemental
https://orcid.org/0000-0002-0695-6025
https://orcid.org/0000-0003-3315-3591
https://orcid.org/0000-0002-9306-8332
https://orcid.org/0000-0002-0108-5494
https://orcid.org/0000-0002-4176-9196
https://orcid.org/0000-0002-4134-9060
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:andreas.horn@charite.de
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2114985119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2114985119/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2114985119&domain=pdf&date_stamp=2022-03-31


From this concept, we derived two competing hypotheses
that are illustrated in Fig. 1C. We registered all DBS electrodes
and stimulation volumes to a common space model of the basal
ganglia in which the anatomical fiber projections were informed
by a recently published and highly accurate pathway atlas of
the basal ganglia (17). We hypothesized that three testable sce-
narios could be present in the data. First, the stimulation vol-
umes of top-responding patients in our sample could be
arranged in a way that would not allow any anatomical conclu-
sions (i.e., in a random fashion throughout the cohort). This
would favor a null hypothesis according to which our data
would not be able to differentiate between the two fiber sys-
tems. Alternatively, stimulation volumes from top-responding
patients could be arranged in a radial way along the fibers of
the striatopallidofugal system, or in an orthogonal way along
the pallidothalamic system. In case one of those scenarios
would hold true, our data could associate one of the two fiber
systems with optimal clinical outcomes.
Here, we aimed to address this question using the DBS

fiber-filtering method to isolate tracts that are predominantly
associated with top-responding patients in cervical vs. general-
ized dystonia. The method was introduced in rudimentary
form in 2019 (7) and has been subsequently refined (8, 18).
We complemented the approach by a sweetspot-mapping algo-
rithm that directly works on electric fields instead of binarized
stimulation volumes. Here, the aim was to map optimal stimu-
lation sites to somatotopic regions within the GPi (Methods).
Finally, to complement results with a “broad-lens view” that
would include polysynaptic networks, we applied the DBS
network-mapping approach to identify whole-brain functional
networks that accounted for optimal treatment response (9).

Methods

Patient Cohorts and Imaging. Eighty DBS patients from five different centers
were retrospectively included in this study after meticulous inspection of imag-
ing quality (25 patients were excluded due to poor imaging quality after visual
inspection). Six of 22 tested patients with generalized dystonia were DYT1+;

1 was DYT25+. Patients with cervical dystonia and 12 patients with generalized
dystonia did not undergo genetic testing. All patients underwent DBS surgery
for either cervical (n = 46) or generalized (n = 34) dystonia and received two
quadripolar DBS electrodes (either model 3389 or 3387; Medtronic). The surgi-
cal procedure was similar in all centers, and has been described previously (19).
The neurostimulation parameters were programmed according to best clinical
practice by the local DBS neurologist, based on clinical response testing.
All video sequences were rated retrospectively by the same movement disorder
neurologist (M.M.R.), using either the Toronto Western Spasmodic Torticollis
Rating Scale (TWSTRS) in subjects with cervical dystonia or the
Burke–Fahn–Marsden Dystonia Rating Scale (BFMDRS) in patients with general-
ized or segmental dystonia (in the following referred to as generalized dystonia).
Results were normalized by calculating the percentage change of the TWSTRS
and the BFMDRS. In subjects with cervical dystonia, the TWSTRS motor score
improvement without using the duration factor (item Ib) was assigned to both
hemispheres equally; this modified motor score was chosen because the total
TWSTRS motor score is too strongly weighted by the duration factor with respect
to the improvement of dystonic postures (19). In subjects with generalized or
segmental dystonia, the global improvement in BFMDRS was associated with
the stimulation of both hemispheres. All patients received preoperative MRI and
neuropsychological testing to exclude structural or severe psychiatric comorbid-
ities. After surgery, patients received postoperative MRI or CT imaging to confirm
electrode placement. All patients signed an informed consent form for the
recording and storage of all personal data (e.g., video sequences) and the study
was conducted in accordance with the Declaration of Helsinki and approved by
the Institutional Review Board of the University Hospital of W€urzburg (registry
number 150/15).

DBS Electrode Localizations and E-Field Modeling. DBS electrodes were
localized using the advanced processing pipeline (20) in Lead-DBS [https://www.
lead-dbs.org/ (21); RRID:SCR_002915]. In short, postoperative CT or MRI were
linearly coregistered to preoperative MRI using advanced normalization tools
[https://stnava.github.io/ANTs/ (22)]. Coregistrations were inspected and refined
if needed. A brain-shift correction step was applied as implemented in Lead-
DBS. All preoperative volumes were used to estimate a precise multispectral nor-
malization to ICBM 2009b NLIN asymmetric (MNI) space (23) applying the
advanced normalization tools SyN Diffeomorphic Mapping (24) using the preset
“effective: low variance default + subcortical refinement” in Lead-DBS. This
approach was top-performer to segment the GPi with precision comparable to
manual expert segmentations in a recent comparative study (25), which was

Fig. 1. Functional-anatomical model leading to the core hypothesis for the present study. (A) Basal-ganglia model in context of a reinforcement-learning
context. The left side shows the main axis of the basal ganglia (actor) with a three-layer model in which both striatum and subthalamic nucleus form entry
nodes and GPi and substantia nigra pars reticularis (SNr) serve as output ganglia, feeding information back (via the thalamus) to the cortex and passing it
on to brainstem centers (BS). Dopaminergic input serves as one of multiple critics to reinforce successful motor behavior. Adapted from ref. 16. (B) Transla-
tion of the model to the anatomical domain based on information shown in SI Appendix, Fig. S1. The striatopallidofugal system and pallidothalamic fibers
serve as the main axis (actor) and receive feedback from dopaminergic centers, especially the substantia nigra pars compacta (SNc). Pallidal receptive fields
reside in a 90° angle to the striatopallidofugal fiber system, pallidothalamic output tracts traverse the main axis in equally orthogonal fashion. (C) Hypothesis
generation for the present study based on anatomical considerations. Two scenarios are possible (shown as cut-out box from B). (Upper) Active contacts
(pink) of top-responding patients are located along the direction of striatopallidonigral fibers. In this case, our results would reveal activation of these fibers
to best account for clinical outcome. (Lower) Instead, active contacts (cyan) could also be located along pallidothalamic tracts (ansa lenticularis; a.l. and
fasciculus lenticularis; f.l.). In this case, our results would reveal activation of these fibers to best account for clinical outcomes.
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further replicated by a different group (26). Normalization warp-fields were fur-
ther manually adapted using the respective module in Lead-DBS (27), as well as
a reiteration of the approach, termed “WarpDrive” (28). DBS contacts were auto-
matically prereconstructed using the phantom-validated and fully-automated
PaCER method (29) or the TRAC/CORE approach (21) and manually refined if
needed. Atlas segmentations in this report are defined by the DISTAL atlas (30).
Group visualizations were performed using the Lead group toolbox (31).

Electric fields (E-fields) were estimated in native space based on the long-
term DBS settings applied using an adaptation of the SimBio/FieldTrip pipeline
(32), as implemented in Lead-DBS (20). Briefly, using the finite element
method, the static formulation of the Laplace equation was solved on a discre-
tized domain represented by a tetrahedral four-compartment mesh (composed
of gray and white matter, metal, and insulating electrode parts). Electric fields
were transformed to MNI space using the same refined normalization warpfields
described above. Since no lateralized effects were expected (6), for all subse-
quent analyses, E-fields were nonlinearly flipped to the other hemisphere in
order to overlay 2 × 80 = 160 E-fields across the whole cohort. Fourteen of the
80 patients had bipolar stimulation settings on at least one hemisphere. Electric
fields for bipolar settings were calculated in the same fashion.

Modeling Considerations. Estimated after Pakkenberg and Gundersen (33),
each cubic millimeter of the cortex is filled with ∼170,000 neurons, each with
an average number of ∼10,000 inputs and outputs. According to numbers
aggregated by Bergman (34), the GPi is less densely populated, with only
∼1,000 neurons per cubic millimeter. For axonal numbers, following Zalesky
and Fornito (35), each fiber bundle in a standard neuroimaging analysis repre-
sents 103 to 105 tightly packed axons. Many DBS studies aimed at modeling dis-
cretized and realistic axonal cable models in the past (36–38). However, given
these sheer numbers of axons involved, here we chose to assume probabilistic
axonal populations in each brain voxel and represented by each fiber tract,
instead of modeling representative single axons. Such populations will have
more diffuse firing properties that could encode numeric variables, rather than
following an all-or-nothing firing property that would be assumed for single
axons (39). While single axons fire in an all-or-nothing fashion, activations of

larger axonal populations within a voxel may be better represented by a proba-
bilistic fashion, which is dependent on the applied voltage (40–42). In other
words, on a population level, the “degree” of activation will be stronger under
higher voltages applied or when closer to the electrodes. Crucially, there is a
large amount of uncertainty about the exact relationship between voltage and
axonal firing that needs patient-specific calibration, even when applying more
realistic biophysical models (37). Since this relationship is unclear, we applied
Spearman’s rank correlations in our sweetspot and fiber-filtering models. We
believe that this simple model could have a crucial advantage, since it would
show maximal values (R ! 1.0) for any type of function that is monotonically
increasing. In other words, the concept could be robust toward the exact relation-
ship (be it linear, cubic, or logistic) between amplitude and modulation.

DBS Sweetspot Mapping.
Model in Fig. 2A. Using E-fields calculated in each patient, and the aforemen-
tioned considerations in mind, a unique approach to define optimal stimulation
sites was applied (Fig. 2A), which was inspired by the DBS network-mapping
approach introduced earlier (also, see below and ref. 9). E-fields represent the
first derivative of the estimated voltage applied to voxels in space and their vec-
tor magnitudes are thus stronger in the proximity of active electrode contacts,
with a rapid decay over distance. For each voxel covered by the group of E-fields
across the cohort in MNI space, E-field vector magnitudes across patients were
Spearman rank-correlated with clinical improvements. Since not all voxels were
covered by the same amount of E-fields, the area of interest was restricted to vox-
els that were at least covered by 30% of E-fields with a vector magnitude above
150 V/m, which is around a typical value that has been assumed to activate
axons (43). The resulting sweetspot maps would peak at voxels in which stronger
E-fields were associated with better treatment responses. The map would have
negative values for voxels with the opposite relationship.

Estimates. Mutliplying each voxel of a single E-field with the resulting sweet-
spot map and calculating the sum across voxels led to estimates of how a spe-
cific E-field would perform (i.e., estimates of clinical improvements following
DBS). If the E-field peaked at similar locations as the sweetspot map, a high

Fig. 2. Overview of the three methods applied. (A) DBS sweetspot mapping. Based on DBS electrode localizations carried out with Lead-DBS, E-fields were
estimated using a finite element approach based on the long-term stimulation parameters applied in each patient. E-fields were then warped into MNI
space. For each voxel, the E-field vector magnitudes and clinical improvements were rank-correlated, leading to a map with positive and negative associa-
tions (sweet and sour spots). (B) DBS fiber filtering. Again, E-fields were pooled in standard space and the group was set into relationship with all of 26,800
tracts forming a predefined set of normative pathways (17). Sum E-field magnitudes along each tract were aggregated for each patient and again rank-
correlated with clinical improvements, attributing positive vs. negative weights to each tract (sweet and sour tracts). (C) DBS network mapping. Seeding
blood-oxygen level-dependent signals from each E-field in a database of 1,000 healthy brains led to functional connectivity maps that were averaged to
form a functional connectivity “fingerprint” for each patient. Voxels in these were correlated with clinical improvements to create an R-map model of optimal
network connectivity.
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estimate would result. If it would peak at a valley of the map, low or even nega-
tive estimates would result.

DBS Fiber Filtering.
Model in Fig. 2B. For a finite set of 28,600 subcortical fibertracts represented
within the Basal Ganglia Pathway Atlas (17) and each E-field in each patient, a
value of probabilistic impact on the tract was calculated by summing the E-field
magnitude vectors along the tract. This led to a matrix of 28,600 × 160 dimen-
sion, each entry denoting the sum “impact” of each E-field on each tract. Again,
the exact relationship between E-field magnitude and activations of axonal popu-
lations is dependent on multiple of factors unknown in the individual patient
(axonal shape, diameters, myelinization, degrees of arborization of both den-
dritic and axonal terminals, numbers of nodes of Ranvier, conductivity of axonal,
interstitial vs. myelin components, degree of microstructural anisotropy, hetero-
geneity and dispersivity of tissue conductivity, specific properties of the encapsu-
lation layer, capacitive properties, and so forth). Hence, again, Spearman’s rank
correlations were chosen that would account for any type of monotonically
increasing function. This led to a model of 28,600 correlation coefficients (one
for each tract), showing positive values for tract populations maximally
“impacted” by electrodes in top responding patients and negative values for the
ones preferentially modulated in poor responding patients. While a second, sim-
ilarly detailed pathway atlas, which includes comb fibers and accurate depictions
of ansa and fasciculus lenticulares in part traversing through the pallidum, is not
available to the best of our knowledge, we repeated the analysis based on a con-
firmatory dataset of subcortical bundles reconstructed based on diffusion tractog-
raphy (44).
Estimates. In a similar fashion, single E-fields were probed based on the esti-
mated tract model. If their “peaks” resided on positively weighted tracts and
their “valleys” on negatively (or less positively) weighted tracts, they received a
high-score estimate. Again, the exact (linear or nonlinear) relationship remains
elusive; so, we applied Spearman’s rank correlations a third time.

DBS Network Mapping.
Model in Fig. 2C. In a last approach, we calculated whole-brain functional
connectivity estimates seeding from E-fields based on a library of resting-state
functional MRI (rs-fMRI) scans acquired in 1,000 healthy participants (45, 46),
following the approach of Horn et al. (9). This method allowed to investigate the
functional connectivity profile of a specific DBS electrode within the average
human brain, and the resulting maps have been termed connectivity finger-
prints, previously (10). In analogy to the sweetspot model, voxel-wise correla-
tions between Fisher z-scored connectivity strengths and clinical improvements
were calculated, which led to R-map models of optimal connectivity. Here, Pear-
son’s correlations were applied since underlying values are normal-distributed
and linear relationships could be assumed (in comparison, E-fields used above
are composed of highly skewed distributions). As for sweetspot- and tract-
filtering models, one DBS network-mapping model was calculated for cervical
and generalized dystonia cases, separately. However, given the more broad-lens
view these models impose, one additional model was calculated on the entire
cohort. Finally, following the approach of Li et al. (10), an agreement map was
calculated between cervical and generalized models, which retained only voxels
that had the same sign in both models (and multiplicated their absolute values).
The latter was performed to identify potential common denominators in network
effects across cervical and general dystonia types.
Estimates. Spatial similarities between single connectivity fingerprints and
R-map models were calculated using voxel-wise spatial correlations. This led to
positive high correlation values for cases in which fingerprints graphically
matched the (optimal) connectivity profile represented by the R-map model, and
lower or even negative values for other cases.

Results

Electrodes of all patients were placed with their active contacts
within or close to the GPi (Fig. 3). Clinical results of this retro-
spective cohort are described in more detail, elsewhere (6).
Briefly, our DBS cohort included 80 patients operated at five
different DBS centers (38 female, mean age 48.3 ± 16.0 y), 46
with cervical and 34 with generalized dystonia (Table 1).

On a local level (DBS sweetspot mapping), voxels in the pos-
terior ventromedial GPi were associated with optimal improve-
ments of the cervical cohort, whereas voxels equally medial but
at a slightly more anterior and dorsal subregion of the GPi
were most associated with improvements in the cohort with
generalized dystonia. The cervical sweetspot map peaked at
±20.4, �12.4, z = �5.2 mm (MNI coordinates; with a Spear-
man’s rank correlation coefficient of R = 0.58), which was
located precisely at the medial pallidal border and a mere 2.6-
mm apart from the maximal sweetspot coordinate reported by
Reich et al. (6) (±19.4, �10.1, �5.9 mm) (6). This is impor-
tant given their spot was calculated with a completely different
methodological pipeline. Similarly, the spot precisely matched
the finding by Mahlknecht et al. (47) in cervical dystonia. The
generalized sweetspot map peaked at ±21.1, �9.1, z = �0.14
mm (R = 0.67): that is, more dorsal and anterior, and about
6-mm apart from both the cervical spot and the optimal coor-
dinate reported by Reich et al. (6).

When visualized in the context of the GPi, cervical sweetspot
regions localized to the cervical somatotopic motor region of
the pallidum, as described by Nambu (12), which map to the
ventral border of the pallidum. Following probabilistic conver-
sion to AC/PC coordinates (48), the cervical sweetspot mapped
to 19.57 ± 1.42-mm lateral to, 0.01 ± 0.90-mm anterior to,
and 1.87 ± 0.72-mm below the midcommissural point. The
generalized sweetspot mapped to 20.22 ± 1.53-mm lateral to,

Fig. 3. Reconstructions of DBS electrode placement of the five cohorts
color-coded by center (Top). Active DBS contacts of the group shown in syn-
opsis with an ultrahigh-resolution template of the human brain (27).
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2.83 ± 1.03-mm anterior to, and 2.95-mm above the mid-
commissural point. Generalized sweetspot regions were more
outstretched, potentially incorporating a larger somatotopic
fraction of the motor pallidum (see last panel of Fig. 5, which
shows a summary of sweetspot results). The exact peaks of this
spot resided in two sites, dorso-anterior and ventral to the cer-
vical peak, which could potentially associate with the trajectory
of the ansa lenticularis, which has been described to course ven-
trally to the pallidum (6, 49). Beyond this ventral site, in syn-
opsis with a homuncular projection adapted from Nambu (12),
the largest peak resided within the hand and trunk region of
the pallidum (Fig. 4).
On a tract level, from all 28,600 fiber bundles included

within the Basal Ganglia Pathway Atlas (17), the clinical out-
comes in the cervical cohort correlated most with 1) pallidosub-
thalamic fibers in the posterior (i.e., motor) part of Edinger’s
comb system and 2) corticospinal fibers of passage connecting
to the head and neck region of the sensorimotor cortex (Fig.
5). Indeed, this finding is in agreement with the medial posi-
tion of sweetspots identified in the present study and the one
by Reich et al. (6). We must emphasize that methodological
constraints hinder us from concluding with certainty whether
in the actual brain of patients these tracts would indeed map
to: 1) fibers of passage, 2) corticopallidal tracts (which are
sparse but present), 3) peri-pallidal projections to cortex as
described by Parent et al. (51), or 4) corticospinal/corticopon-
tine projections. Crucially, in the cervical cohort, fasciculus len-
ticularis and a more anterior part of Edinger’s comb (still
within its motor domain) were negatively associated with opti-
mal clinical outcomes. In the cohort with generalized dystonia,
tracts most associated with optimal outcomes were the pallido-
thalamic tracts (i.e., fasciculus and ansa lenticulares), as well as
some of the more anteriorly situated comb fibers. Instead, some
even more medially located fibers of passage within the internal
capsule were negatively associated with optimal outcomes. Fig.
5B summarizes these results.
When lowering the visualization threshold to allow for a

more broad-lens view on involved networks, tracts associated
with optimal outcomes in cervical dystonia involved the cortical
connections to the head/neck region of the somatomotor cor-
tex, while regions to the full somatotopic spectrum were associ-
ated with positive outcomes in the generalized dystonia cohort
(Fig. 5A). This finding was largely replicated when using a sec-
ond pathway atlas that was based on diffusion tractography
(44) (SI Appendix, Fig. S2). The two models explained ∼23%
(R = 0.48; P < 0.001) and ∼28% (R = 0.53; P < 10�16) of
variance within the whole sample but we must emphasize that
this analysis was circular and can merely express the degree-of-
fit between data and model. To test whether the resulting

correlation would solely be based on circularity of the model,
we calculated random permutations (×5,000 iterations) and
recalculated the same model and correlations after permuting
improvement values across cohorts. Results from runs with per-
muted improvement values defined the null-distribution to
which the unpermuted run was compared. The sum of the two
R values (0.48 + 0.53 = 1.01) was significantly larger in the
unpermuted vs. the permuted cases (P = 0.005) (Fig. 5C).

To further extend these insights, we applied the DBS
network-mapping approach on estimates of whole-brain func-
tional connectivity as informed by a normative connectome
obtained from 1,000 healthy brains. While the structural con-
nectivity estimates from the Basal Ganglia Pathway Atlas (17)
could investigate, which specific localized connections
accounted for clinical outcomes, this additional analysis asked
the same question for distributed whole-brain networks that
could include indirect, polysynaptic connections, as well.
Again, functional connectivity to different sets of regions were
associated with optimal outcomes for cervical vs. generalized
cohorts, which are summarized in SI Appendix, Table S1 and
shown in Fig. 6. Most saliently, generalized dystonia was associ-
ated with stronger anticorrelations to whole sensory cortices
(where in contrast cervical dystonia specifically to the homun-
cular head/neck regions). Improvements in cervical dystonia
were associated with positive connections to the supplementary
motor area and posterior cingulate cortex, while in generalized
dystonia, the same was true for the ventral anterior cingulate
cortex and precuneus. When pooling across all patients irre-
spective of dystonia type (“combined” panel in Fig. 6), anticor-
relations to the somatosensory cortex and positive connections
to the cerebellum, supplementary motor area, and cingulate
cortex were favored. Finally, we calculated an agreement map
to visualize regions that positively or negatively correlated in
both subcohorts alone, which revealed positive connections to
cerebellum and midbrain regions, as well as anticorrelations to
somatomotor temporal and inferior frontal cortices.

Discussion

Three main conclusions can be drawn from our study. First, we
show evidence that optimal stimulation sites for cervical and gen-
eralized dystonia map to different target regions, tracts, and
whole-brain networks. Specifically, our results suggest that optimal
stimulation sites within the pallidum map to somatotopic pallidal
regions: that is, the ventral head/neck motor zone of the GPi for
maximal benefit in cervical dystonia and a more diffuse mapping
to the motor part of the pallidum for generalized dystonia. Sec-
ond, we show results that suggest specific connections could play
a key role in mediating treatment benefit in cervical vs. generalized
dystonia. While modulating pallidothalamic tracts accounted for

Table 1. Patient demographics

DBS center Mean age
n cervical
(female)

n generalized
(female)

n total
(female)

%-Clinical
Improvements

(cervical)

%-Clinical
Improvements
(generalized)

%-Clinical
Improvements
(combined)

Berlin 51.4 ± 16.7 4 (2) 6 (1) 10 (3) 28.6 ± 50.8 51.3 ± 28.8 42.2 ± 38.2
Hannover 47.9 ± 17.8 7 (3) 2 (1) 9 (4) 48.7 ± 42.6 36.1 ± 44.1 44.5 ± 40.7
Innsbruck 46.3 ± 15.2 5 (3) 2 (0) 7 (3) 49.4 ± 22.3 73.9 ± 22.9 58.8 ± 24.8
Kiel 47.0 ± 15.3 22 (13) 19 (7) 41 (20) 66.0 ± 27.1 73.9 ± 22.9 69.9 ± 25.2
W€urzburg 50.8 ± 18.6 8 (4) 5 (4) 13 (8) 48.0 ± 31.9 87.7 ± 11.3 66.3 ± 31.4
Total 48.3 ± 16.0 46 (25) 34 (13) 80 (38) 55.2 ± 33.0 69.9 ± 27.3 62.0 ± 31.2

This table shows basic phenotypic parameters (age, case numbers, and clinical improvements across each center‘s cohorts).
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optimal improvements in generalized dystonia, specific corticofu-
gal tracts connecting to head/neck regions of the somatomotor
cortex, as well as a specific subpart of pallidosubthalamic connec-
tions, accounted for effects observed in cervical dystonia. Third,
we investigated which whole-brain functional networks would
account for optimal treatment success. Analysis again suggested
the involvement of differential networks with a common substrate
that, inter alia, involved positive connections to the cerebellum
and negative connections to the somatomotor cortex.
As the most salient finding, our report sheds light on a

potential segregation between optimal stimulation sites for cer-
vical vs. generalized dystonia at the pallidal level. Namely, stim-
ulation of the striatopallidofugal bundle was associated with
optimal improvement in cervical dystonia, and pallidothalamic
tracts were with optimal improvements in generalized dystonia.
While these systems are segregated, they have a clear common
path back to the thalamus and cortex and both coincide with
cerebellar input at the thalamic level. We believe these insights
could be highly relevant and suitable to form novel hypotheses
but must emphasize potential limitations of the model and
techniques (see below) and believe that further confirmation
will be mandatory going forward.

Localized Stimulation Model. Several optimal stimulation sites
within the pallidal region have been suggested for dystonia in
the past. Some have concluded that optimal stimulation sites
would be localized in the intersection between the internal and
external pallidum (52, 53). A large study, which had analyzed
the same sample, concluded on a more ventral position, which
resided in part ventral and medial to (outside of) the pallidum
(6). Here, the focus had been to generate a predictive modeling
framework that was able to account for ∼50% of variance in
clinical outcomes in out-of-sample data (i.e., patients not seen
by the model).

The match between somatotopic pallidal regions and optimal
results in cervical and generalized dystonia could be one possi-
ble reason for seemingly heterogeneous results in past studies.
Regions that did account for optimal outcomes in cervical dys-
tonia indeed precisely mapped to the ventral motor part of the
pallidum, as suggested by somatotopic mapping data conducted
in primates (12). On the other hand, optimal stimulation sites
for generalized dystonia spanned across larger parts of the
motor pallidum, including the interface between the internal
and external pallidum [e.g., as reported by Starr et al. (52)], as
well as the portion ventrally to the pallidum reported by Reich
et al. (6). Indeed, as reported in Reich et al. (6), a cluster
resided ventromedially to the GPi. Hence, somatotopy of the
disease could play a major role especially on the dorsoventral
axis of the GPi. Needless to say, others have suggested this
before. For example, Vayssiere et al. (11) concluded that inside
the posterolateroventral subvolume of the GPi on the right
side, three statistically different locations of electrode contacts
were determined to be primary DBS treatment sites for particu-
lar body parts in cases of dystonia, a notion that our findings
confirm. The sweetspot mapping approach we propose here
may have the advantage of not being limited to spherical and
binary tissue activation models and, at least in theory, would be
able to shape sweetspots of any geometrical form. In combina-
tion with the large sample size of our study, the somatotopic
results we show could be seen as a useful addition. The regions
will be made available under an open license within Lead-DBS
software, which could facilitate confirmatory (or directly con-
tradictory) follow-up studies on additional samples.

Tract-Level Stimulation Model. To expand on the second notion
(anatomical considerations), as mentioned in the Introduction,
the pallidum contains two massive and orthogonal systems of
fibers. On one hand, the striatopallidofugal system traverses the
pallidum radially (connecting cortex ! striatum ! external !

Fig. 4. Sweetspot mapping of cervical (red) vs. generalized (blue) subcohorts matches somatotopic organization of the GPi as defined by Nambu (12). Vox-
els are color-coded by the degree of correlation between percent improvements of either TWSTRS (cervical, hot colors) or BFMDRS (generalized, cool colors)
and shown on multiple axial (Upper) and coronal/sagittal (Lower) slides on top of the BigBrain template (50). The last panel (Lower Right) shows the homuncu-
lar representation of the pallidum following reports by Nambu (12), which stated that neurons responding to the orofacial, forelimb, and hindlimb regions
of motor cortex are located along the ventral-to-dorsal axis in the GPi.
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GPi and ! STN/substantia nigra with many interconnections
among regions), which we termed the “main axis of the basal
ganglia” in the Introduction. On the other hand, the pallidum is
traversed orthogonally to the main axis by the pallidothalamic
projections, which are thought to form a continuum and include
fasciculus and ansa lenticularis (15, 54). This leads us to the sec-
ond stage of our model, which aimed at modeling exactly these
differential fiber systems.
To briefly summarize tract-based findings again: modulating

posterior pallidosubthalamic/nigral fibers (main axis) accounted
for optimal outcomes in cervical dystonia, while modulating
pallidothalamic fibers for generalized dystonia, both with the
common projection back to the thalamus. While the former
would be thought to map more strongly onto the indirect path-
way (with the STN) and use the nigra as output structure, the

latter would primarily implement the GPi as output structure.
We especially deem the latter finding crucial since, as men-
tioned, the pallidothalamic bundles traverse the whole pallidum
and could integrate information from all pallidal regions.
Hence, speculatively, disruption at this system could lead to
more generalized symptoms not limited to specific body parts.
In turn, widely parallel fibers radially projecting from the pal-
lidum through the internal capsule (i.e., extending the parallel
striatopallidofugal fibers) could be affected in a more symptom
and somatotopy-specific fashion. We must emphasize that this
notion is and remains speculative, and could only be confirmed
and deliberately tested in animal models and axon-specific
modulation strategies (e.g., using optogenetics). A more intui-
tive second finding was that those fibers of passage projecting
from head/cervical vs. generalized somatotopic regions of the
somatomotor cortex differentially accounted for variance in
outcomes in the respective dystonia type. Alterations in the
somatomotor cortex, specifically in plasticity of the sensory cor-
tices, have been proposed to play a crucial pathophysiological
role in dystonia (55–60).

Recently, Corp et al. (61) applied lesion network mapping
to investigate shared networks of stroke lesions that led to
cervical dystonia, which again attributed a specific role to
the somatosensory cortex. Hence, our findings that success-
ful treatment of cervical dystonia, at least by the somatotopic
domain, maps to connections of specifically the head/cervical
zones and generalized dystonia to the full somatotopic
domain of the somatomotor cortex could form crucial addi-
tional support for pathophysiological involvement of the
somatomotor cortex. In this context, however, it is crucial to
emphasize that direct projections from cortex to pallidum
are not classically described in the gross-anatomical literature
and, hence, may at least not exist in large numbers. While
reports about such direct connections [also between an
aforementioned peripallidal site around the GPi and cortex
(51)] have been described using robust methods that are not
prone to false-positive connections (62) (for an overview,
also see figure 25 in ref. 63), the largest proportion of corti-
cal input to the pallidum is transmitted via the massive pro-
jection of the striatopallidofugal bundle (49). Hence, the
direct cortical connections our analysis revealed could be
truly pathophysiologically relevant. Alternatively, they could
express the specific region of the pallidum that would likely
receive corticostriatal input from the same cortical regions,
given the orderly fashioned organization of the whole
cortico-basal ganglia thalamic loops (30, 64, 65).

On a whole-brain level that could involve polysynaptic con-
nections, a region of longstanding interest for the pathophysiol-
ogy of dystonia is the cerebellum (66). This leads us to the final
stage of our model, which involved the broad-lens view of
whole-brain functional networks.

Network-Level Stimulation Model. On a whole-brain level, the
aforementioned study by Corp et al. (61) revealed that lesions
that led to cervical dystonia would be positively connected to the
cerebellum and negatively to the sensory cortex. Crucially, among
the few regions with connections that did account for symptom
improvement following DBS regardless of dystonia type were
exactly these two regions with the same signs as described by
Corp et al. (61) (agreement map in Fig. 6). Specifically, the posi-
tive connections to wider parts of the cerebellum were positively
associated with optimal outcomes in both cervical and generalized
dystonia. Functional involvement of the cerebellum could be
mechanistically implemented by malfunctions of the sodium-

A

B

C

Fig. 5. Tracts associated with optimal outcome for patients with cervical
(Left) and generalized (Right) dystonia. (A) On a broader scale (slightly lower
threshold), modulation of corticofugal tracts from the somatomotor head and
neck region weas associated with optimal outcomes in cervical dystonia, while
tracts from the whole somatotopical domain were associated with generalized
dystonia. (B) On a localized level (slightly higher threshold), in cervical dystonia,
striatopallidofugal tracts of the posterior comb system were associated with
optimal outcomes. In contrast, fibers from the fasciculus lenticularis were neg-
atively associated. In generalized dystonia, both pallidothalamic bundles (ansa
and fasciculus lenticularis) were associated with optimal outcomes, as was a
more anterior portion of the comb system. (C) Across the cervical and general-
ized cohorts, the degree of how fittingly the identified networks were modu-
lated by each patient's E-field correlated with clinical improvements. While
these correlation analyses are of circular nature, a permutation statistic (Bot-
tom) showed superior model fits for unpermuted vs. permuted improvement
values. AL: ansa lenticularis, FL: fasciculus lenticularis.
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potassium pump in cerebellar Purkinje neurons (67), with oua-
bain blocks of the pump leading to dystonic symptoms in mouse
models (68). Clinical reports involve the disappearance of
dystonic symptoms after cerebellectomy (69) and substantial anti-
dystonic effects after DBS to the cerebellum, even after failed
bilateral pallidotomy and intrathecal baclofen therapy (70).
Hence, while dystonia has traditionally been regarded as a basal
ganglia disorder, enough evidence has accumulated that its patho-
physiology involves cortico-ponto-cerebello-thalamo-cortical loops
as well. In the human motor thalamus, cerebellar and basal gan-
glia afferents are thought to map to different thalamic nuclei,
which may be identified by axonal tracing studies in animals (51)
or by staining for distribution patterns of glutamic acid decarbox-
ylase isoform 65 (71).
Furthermore, while basal ganglia input to the thalamus maps

to matrix cells, which diffusely project to apical cortical layers,
cerebellar thalamic input predominantly maps to core cells that
focally project to basal dendrites of layer five cortical neurons
(65, 72). This has led to the notion that the cerebellar function
in movement embodies a system to automatize certain types of
movements after motor learning (65, 73). By doing so, thala-
mocortical connections integrate cerebellar and basal ganglia
input to orchestrate cortical activity and plasticity (65) [due to
transition to burst-mode firing of cortical neurons in case of
simultaneous activation of apical and basal dendrites (74)]. Our
results show supporting evidence for the involvement of exactly
these pallidothalamic projections for the case of generalized

dystonia (and multisynaptic involvement of the cerebellum). In
the case of cervical dystonia, results suggest an indirect connec-
tion via the subthalamic nucleus but similar polysynaptic
involvement of the cerebellum. Alternatively, the pallidosubthalamic
fibers could represent pallidonigral projections, which are impossible
to differentiate by means of neuroimaging given their intertwined
course within Edinger’s comb system. In the latter case, nigrothala-
mic projections and multisynaptic cerebellar involvement would
constitute an analogous finding to the one described in generalized
dystonia.

Above and beyond the cerebellum and somatomotor cortex,
network results included positive associations with midbrain
regions (tectum and tegmentum), which could be interpreted
as a continuum with cerebellar results (since the cerebellar
peduncle traverses through the midbrain). In line with this,
pontomesencephalic lesions to the tectum and tegmentum have
been associated with the occurrence of secondary dystonia (75).
In animal studies, nigro-tectal pathway lesioning led to
reduced inhibition of the superior colliculus, which led to
symptoms of cervical dystonia (76). Furthermore, our results
included negative associations with inferior frontal and tempo-
ral cortices. Metabolic changes have been reported in both
frontal and temporal association areas in patients with focal
and generalized dystonia (77–79). Specifically, reorganization
of the inferior frontal gyrus was associated with compensatory
mechanisms to inhibitory control in focal dystonia (80). Using
combined local field potential and magnetoencephalographic

Fig. 6. DBS network-mapping results based on normative rs-fMRI data. Red regions show connections positively correlated with clinical improvements,
blue regions the opposite. Crucially, optimal networks in cervical vs. generalized dystonia differed substantially but both included positive connections to cerebel-
lum and midbrain regions and negative to somatomotor, temporal and inferior frontal cortices (as revealed by both the combined and agreement maps).
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recordings in dystonia patients, our own group provided elec-
trophysiological evidence about communication between the
pallidum and temporal cortices in the θ-band, which were
contrasted by connections to somatomotor cortices (β-band)
and the cerebellum (α-band) (81). The exact causal contribu-
tions or compensatory nature of these regions in dystonia
remain elusive. Using our method (fMRI), we can merely pro-
vide further evidence that the aforementioned regions seem to
play a role in mediating treatment for both cervical and gener-
alized dystonia.

Limitations. Multiple limitations on various levels apply to
the present study. First and foremost, the retrospective
nature of the study should be emphasized, as well as the
analysis of the same multicenter cohort in the study by Reich
et al. (6). Still, the sample constitutes the largest cohort studied
by means of DBS imaging to date, and we believe that studying it
with different methods and approaches will be beneficial for treat-
ing dystonia going forward. Along the same lines, the sample
involves heterogeneous imaging datasets as well as clinical records
that were acquired during clinical routine. This adds to the inherent
imprecision of DBS electrode localizations that can be substantial
and largely depend on imaging quality (38); however, it could also
be seen as a strength since variability in the data may lead to more
robust findings not overfit to data from a specific surgeon/center.
Similarly, our results are limited to determine optimal stimulation
sites based on the anatomical landscape covered by DBS electrodes
(i.e., will at best represent most effective locations given the assump-
tions already made by the neurosurgeons). The multicenter nature
of the study (total of seven neurosurgeons) may again provide bene-
fit here. We applied a modern imaging pipeline that has been
specifically developed to localize DBS electrodes, including multi-
spectral normalizations (30), manual warpfield refinements (27),
and brain-shift correction (20), as well as phantom-validated elec-
trode localizations (29). Automatic segmentations of the GPi
derived with the pipeline rivaled the precision of manual expert
segmentations in a study that investigated multiple nonlinear regis-
tration approaches for the subcortex (25) and a second study that
confirmed results (26).
Furthermore, manual refinement of registrations was

applied in a labor-intensive patient-by-patient process to
ensure precise fit between the atlas model of the pallidum
and the patient-specific MRI data (27). Still, a certain degree
of imprecision is inherent to this process and must be
acknowledged. One general limitation of studies that map
DBS effects to sweetspots and networks for symptoms that
are not asymmetric (such as limb tremor that can be quanti-
fied for the two sides of the body separately) is that two data
points (i.e., two electrodes and stimulation sites) account for
a single value (symptom improvements). Hence, it always
remains ambiguous which data point (or whether both)
account for the symptom improvement. Multiple strategies
have been proposed to account for this (6, 82, 83), but no
single strategy is clearly superior to the other. As in the study
by Reich et al. (6), in this study, we chose to assume sym-
metric effects of DBS, and hence mirrored stimulation sites
between the two hemispheres of the brain.
Third, on the tract level, the accuracy and anatomical

validity of the basal ganglia pathway model is an important
condition to interpret our results. Here, slight misrepresen-
tations of the anatomical detail of implemented tracts could
have large impact on results. For example, the intrapallidal
course of the pallidothalamic output fibers would likely play
a role in segregating results for cervical and generalized

dystomia. While the pathway model has been curated by
world-renowned basal ganglia anatomists (17) and consti-
tutes the best anatomical model our field currently has, it
has been indirectly defined in humans [and, for instance,
was largely informed by macaque tracer studies (84)] and, as
any normative atlas resource, does not account for individual
variability. Alternatively, normative diffusion MRI (dMRI)-
based connectomes could be used but have shown poor reso-
lution of the small subcortical tracts identified here (e.g.,
ansa lenticularis, comb fibers, and so forth) in direct com-
parison studies (38). Identification of these bundles is hence
limited to supervised reconstruction using high-resolution
(or group-level) dMRI data and placement of manual way-
points (44, 85). Here, we could in part confirm our results
using such a manually curated pathway atlas that was con-
structed from dMRI data acquired in 1,000 healthy brains.
However, some details (such as y-shaped axon collateral con-
figurations in hyperdirect pathways, comb fibers or ansa/fas-
ciculus lenticulares traversing through the pallidum) were
not available in this dataset and are currently unique to the
holographic basal ganglia atlas created by Petersen et al.
(17). Given the poor resolution of dMRI scans in a clinical
setting (typically not below 1.5 mm for isotropic voxels),
this limitation applies to individual connectomes (calculated
from patient-specific dMRI data) as well, and may apply
even more so to cohorts prone to movement artifacts (such
as dystonia) (86). Finally, the technique developed and
applied here (DBS fiber filtering) is by design limited to nor-
mative tractograms, since the exact same bundle needs to be
tested in all patients. Hence, interpretation of especially the
tract-level results of the present study should be seen as a
function of anatomical validity of the tract atlas.

Fourth, the biophysical model electrical effects on the tis-
sue was modeled in a comparably simplified manner, where
more advanced concepts have been introduced, in the past
(36, 37, 87). While more advanced biophysical modeling
options have now been introduced as open-source and inter-
faced within the Lead-DBS software applied here (88), as
mentioned in Methods, in the present study the choice of a
simple model was indeed deliberate. Modeling an electric
field is a simpler engineering task, which is often followed by
modeling biology (i.e., the response of neurons and axons).
A downside of the latter approach is the necessity to impose
a large set of assumptions. Instead, herein we did apply con-
cepts that would not be susceptible to the exact relationship
between stimulation amplitude and the degree of neuromo-
dulation on the axonal populations surrounding the electro-
des. Instead, the model (concretely implemented by means
of mass-univariate rank-correlations) would yield maximal
weights for any type of monotonically increasing relationship
between the two.

Conclusions

We report evidence that cervical vs. generalized dystonia
responds optimally to neuromodulation of a specific set of stria-
topallidofugal and pallidothalamic connections and that treat-
ment effects involve indirect connections with the cerebellum
and somatomotor cortex. Specific optimal stimulation sites in
the pallidum map to somatotopic representations of the
nucleus, with the optimal stimulation site for cervical dystonia
mapping to its cervical functional zone. We construct a model
that involves local, tract- and network-based components that
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explain significant amounts of clinical variance following DBS
to the pallidum.

Data Availability. The DBS MRI datasets generated and analyzed during the
present study are not publicly available due to data privacy regulations of patient
data, but are available from the corresponding author on reasonable request
(A.H.). The study consists of a reanalysis of data from a prospective trial (6) with
cases dating back to 2004 at multiple centers; hence, patient consent for data
sharing could not be obtained. All code used to analyze the dataset is available
within Lead-DBS/-Connectome software at GitHub (https://github.com/
netstim/leaddbs).
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