
ON-LINE APPENDIX

Surgical Procedure
Bilateral GPi DBS leads (Model 3387; Medtronic, Minneapolis,
Minnesota) were placed either in a single surgical procedure or
staged in 2 separate operations. Leads were placed with the
patient under local anesthesia using in-house targeting software.
Preoperative MR imaging was coregistered to a high-resolution
CT after application of a stereotactic head frame. Lead position
was refined with intraoperative microelectrode recordings and
macrostimulation. Postoperative CT was performed at approxi-
mately 1 month postoperation to minimize brain shift and
account for any potential lead migration.

Imaging Preprocessing
MPRAGE images from the preoperative MR imaging were core-
gistered with high-resolution postoperative CT by means of a 2-
stage linear registration using Advanced Normalization Tools
(http://stnava.github.io/ANTs/).1 On the basis of the preopera-
tive MPRAGE, the pre- and postoperative images were normal-
ized into MNI_ICBM_2009b_NLIN_ASYM space2 with the SyN
registration method in Advanced Normalization Tools,1 using a
5-stage nonlinear transform: 2 linear (rigid and affine) registra-
tions, whole-brain nonlinear SyN registration, and 2 nonlinear
SyN-registrations with attention to the subcortical nuclei as
defined by subcortical masks in Schönecker et al.3 Although
brain shift was thought to be minimal, given the period between
the operation and postoperative imaging, correction was none-
theless performed to ensure accurate subcortical registration
using a refined affine transform restricted to a subcortical area of
interest as implemented in the Brainshift correction module of
LEAD-DBS software.4 Electrodes were automatically localized
on the basis of postoperative CT using PaCER (https://adhusch.
github.io/PaCER) 5 and manually verified and adjusted by visual
inspection.

fMRI Data Acquisition and Preprocessing
Scans were obtained on matched 3T Tim Trio scanners
(Siemens, Erlangen, Germany) using a 12-channel phased
array head coil. A blood oxygenation level–dependent

gradient-echo echo-planar imaging sequence was used with a
3-mm isotropic voxel size (TE = 30ms; TR = 3 seconds; flip
angle = 85°). A total of 124 volumes were obtained (6.2-mi-
nute total run), and 1–2 runs were acquired for each subject
(1.7 run average).

The fMRI data underwent standard preprocessing, including
removal of the first 4 volumes, section-timing correction with
SPM2, and realignment using the FSL package. Next, there was
removal of the linear trend and constant offset for each run. A
temporal filter was used to exclude frequencies of .0.08Hz.
Motion parameters, global mean signal, and average signal of
CSF and deep white matter were excluded by means of linear
regression. Next, a smoothing kernel was applied with a 6-mm
full width at half maximum followed by downsampling to a 4-
mm mesh. fMRI data were coregistered to a high-resolution T1-
weighted MPRAGE scan using a boundary-based registration
algorithm after segmentation with the FreeSurfer, Version 4.5.0,
software package (http://surfer.nmr.mgh.harvard.edu), followed
by normalization to the MNI 152 template space.
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ON-LINE FIGURE. Axial view (A) of the idealized volume of tissue activated (red) based on correlation with improvement in the Unified
Dystonia Rating Scale score. B, fMRI connectivity (red-yellow heat map) and DTI connectivity (blue-green heat map) for the idealized VTA.
Coronal (C) and axial (D) views of fMRI connectivity to the idealized VTA show overlap with motor cerebellum and thalamus regions.
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