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a b s t r a c t

Background: Deep brain stimulation (DBS) of the globus pallidus internus (GPi) is a treatment for severe
childhood-onset dystonia. A common challenge for clinicians is determining which contacts of the DBS
electrode to stimulate in order to provide maximum future benefit to the patient.
Objective: To characterize how the cortical responses to DBS relate to stimulation parameters (i.e. elec-
trode contacts, voltage, and pulse width) and clinical outcomes.
Methods: We examined 11 patients with dystonia undergoing DBS therapy (9e21 years old when
implanted). We varied the active contacts, voltage, and pulse width of the stimulating electrode and
analyzed the deep-brain stimulator evoked potentials (DBSEPs) measured with electroencephalogram,
and assessed symptoms with the Barry-Albright dystonia scale. Statistical tests included: Repeated
measures ANOVA, ManneWhitney U test and paired t-test.
Results: DBSEPs near sensorimotor areas were larger ipsilaterally than contralaterally (P ¼ 0.007). The
rate of DBSEP amplitude increase with respect to stimulator voltage (voltage gain) and pulse width (pulse
width gain) varied across subjects and stimulating contacts. Voltage gains were significantly higher
among patients who showed larger improvements with DBS (P ¼ 0.038). Additionally, a within-subject
comparison of all patients showed that voltage gains were higher for contacts chosen for chronic
stimulation as compared to those that were not (P ¼ 0.007).
Conclusions: DBSEPs may be good predictors of therapeutic response to stimulation at different electrode
contacts. Furthermore, effective DBS therapy appears to modulate sensorimotor cortex. These findings
may help clinicians optimize stimulator programming and may eventually lead to improved targeting
during implantation.

� 2014 Elsevier Inc. All rights reserved.

Introduction

Deep-brain stimulation (DBS) is now recognized as an important
treatment for selected patients with severe movement disorders,
including Parkinson’s Disease, Essential Tremor, and Dystonia [1e3].
There is increasing interest in the use of DBS of the globus pallidus

internus (GPi) for treatment of severe childhood-onset primary and
secondary dystonia [4e8]. In order to achieve benefit from this
therapy, devices must be programmed with the most effective
settings [9]. Devices that are currently used permit selection of
particular electrode contacts in order to specify stimulation loca-
tion. In Parkinsonism and Tremor, patient response to stimulation is
often immediate, and therefore, it is usually possible to select the
most effective contacts by observing the response to therapy during
single-day programming sessions [9]. Unfortunately, dystonic pa-
tients of all ages can take several months before showing a signif-
icant improvement in symptoms [1,5], and can take about 6 months
to reach a steady state [5,8]. Furthermore, children are often poor
reporters of side effects or intermediate levels of benefit.

Thus, there is a need for objective measures that can predict the
response to stimulation that particular DBS contacts would provide

This work was supported by the University of Southern California Department
of Biomedical Engineering, Children’s Hospital Los Angeles, the Don and Linda
Carter Foundation, and the Crowley-Carter Foundation.
* Corresponding author. Department of Biomedical Engineering, University of

Southern California, 1042 Downey Way, DRB 140, Los Angeles, CA 90089-1111, USA.
Tel.: þ1 323 300 5970; fax: þ1 323 297 2991.

E-mail address: tsanger@usc.edu (T.D. Sanger).
1 These authors contributed equally to the manuscript.

Contents lists available at ScienceDirect

Brain Stimulation

journal homepage: www.brainst imjrnl .com

1935-861X/$ e see front matter � 2014 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.brs.2014.06.003

Brain Stimulation 7 (2014) 718e726

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:tsanger@usc.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.brs.2014.06.003&domain=pdf
www.sciencedirect.com/science/journal/1935861X
http://www.brainstimjrnl.com
http://dx.doi.org/10.1016/j.brs.2014.06.003
http://dx.doi.org/10.1016/j.brs.2014.06.003
http://dx.doi.org/10.1016/j.brs.2014.06.003


to individual children with dystonia. Current clinical practice for
electrode selection often depends on a combination of: (1) post-
operative image analysis to choose the contact(s) centrally
located in the GPi, (2) inter-contact therapy impedance measure-
ments which reflect the integrity of the electrical connection with
neural tissue and (3) acute side effects during screening. However,
these methods can be problematic with regard to: (1) because
there may be more than one contact located in GPi; (2) because the
most robust connection may be with tissue that does not affect
motor symptoms; and (3) because side effects may be more
informative regarding which location is ineffective (i.e. stimulating
descending tracts), rather than which stimulation location is
beneficial.

We propose that the effects of DBS on cerebral cortex should be
used to inform electrode contact selection since all voluntary and
most involuntary movements arise from activity that propagates
through the cortical areas that project to brainstem and spinal cord.
While it is thought that dystonia may arise from different sources
(including basal ganglia [10,11], cerebellum [12e16], or sensory
areas [17,18]), it eventually requires propagation of the abnormal
signal through motor cortical areas [19]. Therefore, we hypothesize
that GPi DBS is likely to be effective only when it modulates the
activity of motor cortical regions through pallidothalamocortical
pathways [19e21]. A method for measuring the effects of DBS on
cortical activity is to record changes in scalp electroencephalogram
(EEG) evoked by stimulation of the implanted electrode [21e24,40].
Such deep brain stimulation evoked potentials (DBSEPs) may help
quantify the relative functional connectivity between (a) basal
ganglia structures stimulated by DBS contacts and (b) cortical areas,
and thus inform contact selection.

In addition, understanding the relationship between the cortical
activity and the effectiveness of GPi DBS therapy may also have
important consequences on neurosurgical targeting during DBS
implant procedures. Typically, patients are under monitored anes-
thetic care (MAC) and woken during the final targeting stage of the
implant procedure so that neural activity in the GPi can be recorded
with microelectrodes. The neurosurgeon uses visual and/or audi-
tory representations of the recorded voltage to precisely localize
the eventual final position of the DBS electrode [25]. However, it
can be difficult to waken children during the DBS implantation
procedure, which can lead to decreased precision in targeting.
Increasing knowledge about DBSEPs may lead to measuring them
intraoperatively to enhance or perhaps supplant current targeting
methods.

There is evidence to suggest that the mechanisms of the DBSEP
are similar to the clinical mechanism of action of DBS in adult
dystonia (where the stimulation electrodes used therapeutically
consistently produced the largest DBSEPs [21]), but not in Parkin-
son’s Disease (where the stimulation electrodes used therapeuti-
cally did not consistently produce the largest DBSEPs [22]).
However, there are no reports of analyzing DBSEPs in children and
little is known regarding if such analyzes can be used to inform
electrode contact selection. We therefore examine two hypothe-
ses: (1) DBS evoked potentials can be safely recorded from children
and are similar to the evoked potentials seen in adults [21,22,24],
(2) the characteristics of DBSEPs from an electrode contact pair can
be related to the clinical efficacy of chronic stimulation at that
contact pair.

Methods

Subjects

Eleven individuals who received DBS implants at 21 years of age
or younger (at time of implant: 13.7 � 4.5 SD, 9e21 years old; at Ta
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