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ABSTRACT

BACKGROUND AND PURPOSE: Deep brain stimulation is a well-established treatment for generalized dystonia, but outcomes
remain variable. Establishment of an imaging marker to guide device targeting and programming could possibly impact the efficacy
of deep brain stimulation in dystonia, particularly in the absence of acute clinical markers to indicate benefit. We hypothesize that
the stimulation-based functional and structural connectivity using resting-state fMRI and DTI can predict therapeutic outcomes in
patients with generalized dystonia and deep brain stimulation.

MATERIALS AND METHODS:We performed a retrospective analysis of 39 patients with inherited or idiopathic-isolated generalized
dystonia who underwent bilateral globus pallidus internus deep brain stimulation. After electrode localization, the volumes of tis-
sue activated were modeled and used as seed regions for functional and structural connectivity measures using a normative data
base. Resulting connectivity maps were correlated with postoperative improvement in the Unified Dystonia Rating Scale score.

RESULTS: Structural connectivity between the volumes of tissue activated and the primary sensorimotor cortex was correlated
with Unified Dystonia Rating Scale improvement, while more anterior prefrontal connectivity was inversely correlated with Unified
Dystonia Rating Scale improvement. Functional connectivity between the volumes of tissue activated and primary sensorimotor
regions, motor thalamus, and cerebellum was most correlated with Unified Dystonia Rating Scale improvement; however, an inverse
correlation with Unified Dystonia Rating Scale improvement was seen in the supplemental motor area and premotor cortex.

CONCLUSIONS: Functional and structural connectivity with multiple nodes of the motor network is associated with motor
improvement in patients with generalized dystonia undergoing deep brain stimulation. Results from this study may serve as a basis
for future development of clinical markers to guide deep brain stimulation targeting and programming in dystonia.

ABBREVIATIONS: ACPC ¼ anterior/posterior commissure; DBS ¼ deep brain stimulation; GPi ¼ globus pallidus internus; MNI ¼ Montreal Neurological
Institute; UDRS ¼ Unified Dystonia Rating Scale; VTA ¼ volume of tissue activated

Dystonia is a debilitating movement disorder with the primary
features being intermittent or sustained muscle co-contrac-

tions with abnormal postures and/or repetitive movements.1 Of
the different recognized forms of dystonia, generalized dystonia
affecting the trunk and a minimum of 2 other body regions can
be particularly debilitating.2 Oral medications such as anticholi-
nergics, benzodiazepines, or muscle relaxants can be attempted
but are often poorly tolerated due to adverse effects such as

sedation and cognitive dysfunction. Deep brain stimulation
(DBS) is a well-established treatment for generalized forms of
dystonia.3,4 Although the mechanism of action is not well-
understood, globus pallidus internus (GPi) DBS has been one
of the most widely adopted targets for the treatment of gener-
alized and cervical dystonia.5 Despite the increasing use of
DBS, patient outcomes have been highly variable, with multi-
ple factors potentially playing a role, including phenomenol-
ogy and body parts affected as well as a delayed response to the
settings implemented.3,4,6,7Received October 22, 2019; accepted after revision January 7, 2020.

From the Departments of Radiology (L.O., C.-Q.L., E.H.M.) and Neurosurgery (S.S.G.,
E.H.M.), Mayo Clinic, Jacksonville, Florida; Department of Neurology (T.T., R.S.E.,
M.R.B., L.A., K.D.F., M.S.O.), Norman Fixel Institute for Neurological Diseases,
Department of Neurosurgery (K.D.F.), and J. Crayton Pruitt Family Department of
Biomedical Engineering (M.C.), University of Florida, Gainesville, Florida; and
Institute of Medical Psychology and Behavioural Neurobiology (M.R.), University of
Tübingen, Tübingen, Germany.

L. Okromelidze and T. Tsuboi contributed equally to this work.

Paper previously presented in abstract form at: Annual Meeting of the Radiological
Society of North America, December 1–6, 2019; Chicago, Illinois.

Please address correspondence to Erik H. Middlebrooks, MD, Departments of
Radiology and Neurosurgery, Mayo Clinic, 4500 San Pablo Rd, Jacksonville, FL
32224; e-mail: middlebrooks.erik@mayo.edu; @EMiddlebrooksMD

Indicates article with supplemental on-line appendix.

Indicates article with supplemental on-line photo.

http://dx.doi.org/10.3174/ajnr.A6429

508 Okromelidze Mar 2020 www.ajnr.org

https://orcid.org/0000-0002-1296-0522
https://orcid.org/0000-0001-5042-3181
https://orcid.org/0000-0003-3191-2355
https://orcid.org/0000-0002-9309-7723
https://orcid.org/0000-0003-2424-3069
https://orcid.org/0000-0002-8983-3492
https://orcid.org/0000-0002-4307-7062
https://orcid.org/0000-0002-6716-6350
https://orcid.org/0000-0002-0921-887X
https://orcid.org/0000-0002-2436-4138
https://orcid.org/0000-0002-6247-9358
https://orcid.org/0000-0002-4418-9605
mailto:middlebrooks.erik@mayo.edu
https://mobile.twitter.com/EMiddlebrooksMD
http://dx.doi.org/10.3174/ajnr.A6429


A fundamental factor in patient outcomes from DBS is
related to appropriate targeting and device programming;
however, intraoperative macrostimulation and subsequent
programming are problematic in dystonia due to the typical
delay in symptom improvement (days-weeks) compared with
the near-immediate effect in some other movement disorders
(eg, Parkinson disease and essential tremor).8 Thus, establish-
ment of accurate markers for targeting and programming is an
imperative step to maximize outcomes of patients with dysto-
nia undergoing DBS.

The role of MR imaging–derived connectivity measures from
fMRI and DTI has been increasingly explored in DBS for move-
ment disorders, particularly for essential tremor and Parkinson
disease.9-13 While functional neurosurgical targeting has histori-
cally relied heavily on coordinate-based stereotaxy using easily
identified landmarks (eg, anterior/posterior commissure [ACPC]
line), such fixed anatomic coordinate systems have been shown
to not account for patient-specific anatomic and network differ-
ences, yielding significant variability with respect to the underly-
ing brain being impacted by neuromodulation.14 Thus, ACPC
coordinates of active DBS contacts have previously failed to cor-
relate with outcomes in dystonia.15

On the basis of the predictability of outcomes from fMRI
and DTI measures shown in previous studies of DBS in other
movement disorders, we hypothesized that connectivity data
could be used as an independent biomarker of GPi DBS suc-
cess in inherited or idiopathic-isolated dystonia (formerly, pri-
mary dystonia).9,10,13 In this study, we evaluated the functional
and structural connectivity patterns that correlate with suc-
cessful outcomes in GPi DBS for inherited or idiopathic-iso-
lated generalized dystonia.

MATERIALS AND METHODS
A retrospective analysis of the INFORM Patient Research Data-
base (Norman Fixel Institute for Neurological Diseases, Uni-
versity of Florida, Gainesville, Florida) was approved by the
University of Florida institutional review board. Patients meeting
the following criteria were placed with the corresponding Unified
Dystonia Rating Scale (UDRS) score: 1) diagnosis of inherited or
idiopathic-isolated generalized dystonia according to consensus
criteria,1 diagnosed by a movement disorder neurologist with a
preoperative UDRS score; 2) simultaneous or staged DBS of
the bilateral GPi; 3) absence of other brain operations or
prior DBS; 4) preoperative MR imaging and postoperative
CT; and 5) $6-month postoperative follow-up after both
electrodes were placed. The primary end point was defined as
percentage improvement in the UDRS from the preoperative-
to-postoperative follow-up UDRS. The patients’ charts and
programming data were retrospectively reviewed, and we
chose the time point when the DBS settings were considered
optimum (range, 6–24months).

Patient Selection and Surgical Procedure
The DBS candidacy was decided after a consensus review at a
multidisciplinary conference, including neurology, neurosur-
gery, psychiatry, neuropsychology, and rehabilitation medi-
cine. Patients were evaluated monthly for the first 6 postoperative

months to optimize stimulation settings, followed by biannual vis-
its. Nonresponders were defined as having achieved#25%
improvement in the UDRS postoperatively, consistent with a pre-
viously published classification.4,15,16

Image Processing
Electrode localization and stimulation of volumes of tissue
activated (VTAs) were performed in the LEAD-DBS software
package (http://www.lead-dbs.org).17 Full details of imaging
preprocessing and electrode localization can be found in the
On-line Appendix.

Functional Connectivity
VTAs were generated from each patient’s most effective pro-
gramming settings, as described in Horn et al.9 All right-hemi-
sphere VTAs underwent a nonlinear mirroring to the left side.
Each left hemisphere and mirrored right-hemisphere VTA
then served as a seed point for functional connectivity meas-
ures. Functional connectivity data were estimated from 1000
healthy subjects in the Brain Genomics Superstruct Project
(https://dataverse.harvard.edu/dataverse/GSP)18 using previ-
ously described methods.9 Details of the fMRI acquisition and
preprocessing are presented in the On-line Appendix. After
correlation between the VTA seed and all brain voxels, the result-
ant r-maps underwent Fisher z-transformation. The individual
connectivity maps were then correlated with improvement in the
UDRS and controlled for age and stimulation frequency using a
general linear model, as implemented in Statistical Parametric
Mapping (SPM; Version 12; https://www.fil.ion.ucl.ac.uk/spm/).
Maps for positive and negative correlation with UDRS were gen-
erated and thresholded at a t-score corresponding to P, .05.

Structural Connectivity
The left-hemisphere and mirrored right-hemisphere VTAs were
used as seed volumes for structural connectivity as implemented
in LEAD-DBS. The structural connectivity was estimated on the
basis of a normative dataset of 32 healthy subjects in the Human
Connectome Project imaged at Massachusetts General Hospital
(https://ida.loni.usc.edu/login.jsp). Resultant structural connec-
tivity maps underwent a voxelwise correlation analysis using
SPM, Version 12. A general linear model was used to assess posi-
tive and negative correlations with the percentage of UDRS
improvement, controlled for age and stimulation frequency. The
resulting t-maps were thresholded to P, .05.

VTA Analysis
Group-level analysis of the normalized VTAs was then per-
formed. Each VTA was associated with the corresponding
improvement in the UDRS score, and a 2-sample t test was used
to assign a t-score to each voxel, which rendered a “heat map” of
the treatment response. Both positive and negative correlations
were assessed to compare with previously published results of
spatial correlation with outcomes.15 Clusters were assessed for
peak t-score and center of gravity to determine the spatial local-
ization of peak improvement in the UDRS percentage change
using the “cluster” function of FSL (Version 6; https://fsl.fmrib.
ox.ac.uk/fsl/fslwiki/). VTAs for responders and nonresponders
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were averaged separately, and the center of gravity for the result-
ing VTA clusters was calculated.

Coordinates from the current study and previous studies15,19-21

were transformed between ACPC space and Montreal Neuro-
logical Institute (MNI) template space using a probabilistic trans-
formation22 based on nonlinear deformation fields of 14 patients
with dystonia (age range, 7–65 years), as implemented in LEAD-
DBS software, to compare with previously reported spatial coordi-
nates of maximal GPi DBS efficacy in dystonia.

VTAs were also assessed for the volume of overlap with the
GPi, as defined in the DBS Intrinsic Template Atlas23 and corre-
lated with the percentage change in the UDRS. A 2-tailed t test
was also performed to compare the normalized volume of overlap
between the GPi and VTA in responders versus nonresponders.

Statistical Analysis
Demographic and DBS programming data were expressed as
mean and SD. The Mann-Whitney test was used to compare dif-
ferences in demographics and DBS programming data between
responders and nonresponders using GraphPad Prism, Version
8.1.1 (GraphPad Software, San Diego, California). A P value, .05
was considered statistically significant.

RESULTS
A total of 43 patients meeting the inclusion criteria were identified.
Four were excluded due to inadequate imaging quality and result-
ant suboptimal electrode localization, leaving a total of 39 subjects.
Demographic data, clinical outcomes, and DBS programming pa-
rameters are summarized in Table 1. Active contact positions rela-
tive to the GPi are illustrated in Fig 1A–C. Of 78 total leads, 71.8%
(n¼ 56) had at least 1 of the 2 dorsal contacts (k2/k3) activated.
There was no correlation between VTA overlap with the GPi and
UDRS improvement (r2¼ 0.05; P¼ .4) (Fig 1D).

Seven patients (17.9%) were classified as nonresponders
(#25% UDRS improvement). There was no significant difference
in age of onset, age at the operation, duration of follow-up, or dis-
ease duration between responders and nonresponders (all,
P. . 13). There was no significant difference in voltage, fre-
quency, pulse width, impedance, or number of bipolar configura-
tions used (all P. .1). There was no significant difference in the
volume of overlap between the GPi and VTA in responders ver-
sus nonresponders (P¼ .32). Additionally, the center of gravity

for the averaged VTA clusters was identical between the respond-
ers and nonresponders (MNI¼ �24/�9/�3).

Assessment of VTA regions correlating with UDRS
improvement (Fig 2) showed the highest correlation in the ven-
trolateral GPi along its border with the globus pallidus externus
(cluster center-of-gravity MNI: right¼ 23.5/�7/�3 and left ¼
�24.5/�8/�3.5). Peak t-scores for the positive clusters were
2.86 on the right and 3.14 on the left. Two significant clusters
were identified on each side, corresponding to a negative corre-
lation with UDRS improvement. On the left, there was 1 cluster
center of gravity at MNI ¼ �25/�9.5/2 with a peak t-score of
�3.07 and a second at MNI ¼ �22/�4.5/�4.5 with a peak t-score
of �2.87. On the right, there was 1 cluster center of gravity at MNI
¼ 23/�5.5/2, with a peak t-score of �2.46 and a second at MNI ¼
22.5/�12/�4.5 with a peak t-score of �2.58. The cluster most
correlated with UDRS improvement corresponded to an esti-
mated spheric VTA with a 3-mm radius centered at MNI ¼
�24/�10.2/�3.7, which showed a similar connectivity pattern
to the regions correlated with greater UDRS score improve-
ment (On-line Figure).

Structural connectivity correlating with the UDRS score (Fig
3A) showed multiple areas predictive of UDRS improvement,
such as along the dorsal primary motor cortex corresponding to
areas responsible for motor function of the trunk, arm, and hand.
Additional areas of connectivity correlating with UDRS improve-
ment were present in the lateral frontal, inferior parietal, and lat-
eral temporo-occipital lobes. Structural connectivity correlated
with worse UDRS improvement was greatest in the medial pre-
frontal region.

Functional connectivity (Fig 3B) was strongly correlated with
improved UDRS scores in many nodes of the motor network,
including the primary sensorimotor regions, motor thalamus
(Fig 3C), and cerebellum (Fig 3D). There was also a positive corre-
lation with the superior temporal gyrus and lateral occipital lobe. A
negative correlation with UDRS improvement was present in mul-
tiple areas, including the supplemental motor area, lateral occipital,
inferior temporal, and superior, middle, and inferior frontal gyri.

DISCUSSION
In this study, we have demonstrated the functional and structural
connectivity patterns associated with clinical improvement in
generalized dystonia after DBS. Although the pathophysiology of

Table 1: Demographic, clinical, and deep brain stimulation information for the patient group

Characteristic
DBS Programming Information

Left Right
Age at surgery (yr) 42.9 (7–83) Frequency (Hz) 105.8 (645.1) Frequency (Hz) 108.1 (645.5)
Sex (M/F) 21:18 Pulse width (ms) 216.9 (699.4) Pulse width (ms) 219.8 (6110.9)
Age of onset (yr) 31.1 (2–65) Voltage (V) 2.9 (60.7) Voltage (V) 2.8 (60.6)
Disease duration before DBS (yr) 14.3 (614.0) Impedance (X; n = 35) 1066.6 (6355.0) Impedance (X; n = 35) 1129.5 (6532.6)
Follow-up period after DBS (mo) 13.4 (66.6) No. (%) leads in

bipolar modea
17 (43.6%) No. (%) leads in

bipolar modea
19 (48.7%)

Positive for DYT1 mutation 9
Baseline UDRS 33 (623.3)
Postoperative UDRS 14.6 (615)
UDRS improvement (%) 53.2% (634.5%)
Nonresponders (No.) (%) #25%
improvement

7 (17.9%)

a Patients programmed with bilateral bipolar configuration (n¼ 13).
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inherited or idiopathic-isolated dystonia is poorly understood,
existing studies have revealed disturbances within multiple nodes
of the motor network.24-26 The results of our study are concord-
ant with earlier findings showing a positive correlation between
motor improvement and connectivity to the primary sensorimo-
tor cortex, motor thalamus, and cerebellum.24,27

DBS has been shown to be an effective treatment for dysto-
nia; however, nonresponder rates of up to 25% have been
reported.28 This variability may be due to multiple factors, such
as the age at disease onset, dystonia severity, genetic status, skel-
etal deformities, and lead location.15,28-30 Genetic factors may
also play a role. For example, patients having the TOR1A (DYT1)

mutation—often leading to appendicular phenomenology at pre-
sentation—have been described as benefitting more from DBS
treatment in comparison with patients with THAP1 (DYT6),
which often presents with cranio-cervico-laryngeal symptoms.28

Furthermore, no consensus has been reached regarding screening
procedures, training requirements for treatment providers, and
patient management guidelines for complications.31 In contrast
to other common movement disorders treated with DBS, 1 prob-
lematic feature of dystonia DBS treatment is the delay in thera-
peutic response, which is typically observed after days–months
following the adjustment of stimulation.32 The lack of near-in-
stantaneous feedback of the treatment response to a particular

FIG 1. Axial (A), posterior oblique (B), and coronal (C) views of the position of the active contacts for all subjects relative to the globus pallidus
internus (green). Contacts for nonresponders (#25% improvement) are shown as red and responders as blue. All active contacts are nonlinearly
mirrored to the same side. D, Normalized volume of tissue activated overlapping the globus pallidus internus and the Unified Dystonia Rating
Scale improvement shows no significant correlation (r2 ¼ 0.05; P¼ .4).

FIG 2. Heat maps showing spatial correlation of volumes of tissue activated positively (red) and negatively (blue) correlated with improvement
in the Unified Dystonia Rating Scale score.
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stimulation setting limits accurate device programming.32 The
summation of these findings highlights the complexity of achiev-
ing maximal therapeutic benefit for dystonia with DBS and the
necessity for new biomarkers.

DBS targeting accuracy has historically been assessed primar-
ily as a function of the electrode contact position relative to the
target nucleus; however, Reich et al15 have shown the poor pre-
dictability of such rudimentary measures on outcomes for move-
ment disorders. In our study, we observed no distinct correlation
between the relationship of the electrode position relative to the
GPi. While assessment of VTA may be a more predictive feature
of DBS outcome, overall VTA overlap with the GPi was not pre-
dictive of UDRS improvement. Heat maps of VTA overlap and
UDRS improvement, however, did reveal a “sweet spot” of stimu-
lation lying along the ventrolateral GPi along its border with the
globus pallidus externus. Our findings were concordant with
those reported by other groups, as summarized in Table 2.15,19-21

Minor variations in ideal coordinates for the anti-dystonic effect
are potentially related to differences in the phenomenology of the
sample, the surgical targeting technique, and the actual stimula-
tion settings.

Recent DTI studies of the human pallidum have suggested a
more complex structural connectivity pattern than considered
initially.13,27,33-35 In particular, a bipartite pattern of connectivity
within the posterior “sensorimotor” pallidum from dorsal to ven-
tral has been shown and may be a predictor of DBS outcome in
various movement disorders.13 Rozanski et al27 had shown, in a
small cohort with focal dystonia, that greater structural connec-
tivity to more posterior cortical regions, including the primary
motor and sensory cortices, correlated with a greater anti-dys-
tonic effect, while more anterior motor and premotor regions
were associated with less clinical improvement. Our results show
similar findings within a larger generalized dystonia population
undergoing DBS. Specifically, greater connectivity with the ipsi-
lateral medial peri-Rolandic region correlated with greater motor
improvement, while more anterior prefrontal connectivity was
inversely correlated with motor improvement.

In a recent study of network connectivity associated with
acquired cervical dystonia from brain lesions, Corp et al24 found
that lesions with connectivity to lobule IX of the cerebellum and
the somatosensory cortex had the greatest sensitivity and specific-
ity for development of cervical dystonia. When examining the

FIG 3. (A) Group-level structural connectivity (DTI) results showing cortical connections positively (red) and negatively (blue) correlated with
improvement in the UDRS score. Resting-state functional connectivity results show cortical (B), subcortical (C), and cerebellar (D) connectivity
profiles correlated with improvement in the UDRS score.
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connectivity pattern within these 2 brain regions from a cohort of
good and poor DBS responders with dystonia, good responders
exhibited a greater positive correlation with the cerebellum and
greater negative correlation with the somatosensory cortex.24 In
our generalized dystonia cohort, we found a similar pattern of
DBS connectivity correlating with clinical improvement, includ-
ing the cerebellum and somatosensory cortex; however, we also
found positive and negative correlations in multiple areas outside
those interrogated by Corp et al.24

Our results revealed connectivity correlations with multiple
areas outside the primary somatosensory and cerebellar regions,
including the supplementary motor area, prefrontal cortex, infe-
rior parietal lobule, lateral temporal, and lateral occipital regions.
Most interesting, many of these areas were noted to exhibit corti-
cal thickness differences between patients with poor response ver-
sus good response to GPi DBS for segmental and generalized
dystonia in a recent study by Gonzalez-Escamilla et al.36 Using
graph theory, their study posited that changes in centrality and
the clustering coefficient in these prefrontal, parietal, temporal,
and lateral occipital regions suggest that they may be a cause of
network failure and decreased DBS effectiveness.36 Our findings
of negative functional connectivity correlation with UDRS improve-
ment in many of these regions support the idea that they may play a
role in limiting the neuromodulatory effect of GPi DBS for dystonia.

Several limitations of our study are noteworthy. The use of
normative connectomes is a common practice in DBS research
due to the inherent difficulty of obtaining such information in a
large cohort of patients with movement disorders. Nevertheless,
it is currently unknown whether such normative data are directly
applicable to individual patients. Additionally, the variation in
stimulation parameters, such as frequency and pulse width, can
further complicate the understanding of the mechanism of action
for DBS. While we have attempted to account for these variations
in our study design, it is uncertain whether these findings are
directly applicable to patients undergoing different stimulation
parameters. Finally, interrater agreement of UDRS assessments
was fair to good in some body regions, as is the case with the
Burke–Fahn–Marsden Dystonia Rating Scale.37 Additionally, the
UDRS and Burke–Fahn–Marsden Dystonia Rating Scale allow
clinicians to assess overall dystonia severity but may be less sensi-
tive for cervical dystonia assessments compared with the Toronto
Western Spasmodic Torticollis Rating Scale.38 Better clinometric
scales are warranted in future studies.

CONCLUSIONS
DBS is a promising therapy for patients with generalized dysto-
nia; however, its applicability is currently limited by delays in

achieving a reproducible and optimal therapeutic outcome and
the lack of an acute bedside marker of the success of DBS pro-
gramming. The major challenge in dystonia DBS is the determi-
nation of an ideal stimulation parameter setting due to the delay
in appearance of improvement in motor symptoms compared
with DBS in other common movement disorders. The develop-
ment of an accurate marker may help maximize treatment out-
comes. We have shown a pattern of structural and functional
connectivity associated with clinical improvement in generalized
dystonia that may serve as a basis for an imaging marker for DBS
programming. Additional studies will be required to determine the
clinical applicability of our model.
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