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Abstract. Deep brain stimulation (DBS) is an effective neuromodulatory therapy for Parkinson’s disease (PD). Early studies
using globus pallidus internus (GPi) DBS for PD profiled the nucleus as having two functional zones. This concept dissem-
inated throughout the neuromodulation community as the “GPi triangle”. Although our understanding of the pallidum has
greatly evolved over the past 20 years, we continue to reference the triangle in our clinical decision-making process. We
propose a new direction, termed the spatial boundary hypothesis, to build upon the 2-dimensional outlook on GPi DBS. We
believe an updated 3-D GPi model can produce more consistent, positive patient outcomes.
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INTRODUCTION

Deep brain stimulation (DBS) is an effective neu-
romodulatory therapy for select movement disorders
such as Parkinson’s disease (PD), essential tremor
and dystonia [1–3]. The globus pallidus internus
(GPi) is one of the most frequently used targets
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for PD DBS. There is, however, a significant and
surprising amount of variability in neurosurgical
techniques, trajectory planning, and intraoperative
localization of the GPi DBS target. Advanced imag-
ing techniques, computational models, probabilistic
stimulation atlases, and connectivity mapping have
collectively expanded our understanding of the GPi
target and have transformed a 20-year-old concept
from 2-D to 3-D. We believe that application of an
updated 3-D GPi targeting model can provide a bet-
ter understanding of GPi DBS therapy and produce
more consistent, positive patient outcomes.
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Fig. 1. The 2-D two zone GPi DBS image.

A BRIEF HISTORY

Prior to the advent of PD GPi DBS in 1994,
the standard option for neurosurgical intervention
was ablative or lesional therapy [4, 5]. Lesions of
the GPi (pallidotomies) provided effective relief for
the classical parkinsonism symptoms, improvements
in motor fluctuations and suppression of levodopa
induced dyskinesia [5, 6]. However, as pallidotomies
became increasingly performed, it was appreciated
that bilateral lesional procedures were associated
with unacceptable risks of pseudobulbar symptoms
and other adverse effects [7, 8]. Following the pal-
lidotomy era, bilateral GPi DBS emerged as a safer
alternative to the bilateral lesional approach [9].

THE CLASSICAL TWO-ZONE 2-D GPi
IMAGE

In an effort to optimize outcomes of GPi DBS,
experts have endeavored to spatially characterize the
effects of pallidal stimulation. Krack and Bejjani
simultaneously described a largely 2-D representa-
tion of the GPi; their description was of two functional
zones [10, 11]. This characterization led to the
widespread use of the classical 2-D “GPi triangle”
(Fig. 1). This figure has been widely circulated but

has many limitations [12]. The triangle is charac-
terized by a dorsal GPi zone which was considered
anti-parkinsonian, however the authors conceded that
dorsal zone stimulation could also induce dyskinesia.
Stimulation in the ventral GPi zone has been associ-
ated with improvements in rigidity and dyskinesia,
but also with worsening of akinesia. Furthermore,
stimulation in the ventral zone was said to “can-
cel” the levodopa benefit. A 1-D GPi “sweet spot”
between the dorsal and ventral zones was proposed
as the best target.

The 20 years following the 2-D descriptions of
GPi DBS have added critical new insights. Elec-
trophysiology, structural MRI, functional MRI, and
computation modeling have collectively demon-
strated that the previous 2-D mindset, and the two-
zone hypothesis was too simplistic and would in some
cases contribute to suboptimal placement of DBS
leads. We propose as a modern alternative, the spatial
boundary hypothesis for GPi DBS (Fig. 2).

SPATIAL CONSIDERATIONS FOR GPi
TARGETING

The anatomy of the GPi is inadequately described
with a 1-D or 2-D representation. The internal cap-
sule (IC) is a well-defined white matter pathway
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Fig. 2. The 3-D GPi DBS image utilizing trajectories and spatial boundaries for targeting and programming. The lead depicted in this figure
has 1.5 mm spacing between contacts and a contact height of 1.5 mm.

traversing the medial and posterior borders of the
GPi. Side effects from IC stimulation range broadly
from tonic muscle contractions to dysarthria and
tend to be the most significant dose-limiting adverse
effects of GPi stimulation [13]. Thus, the trajectory
of a GPi DBS lead in both the anterior-posterior and
medial-lateral planes will determine the proximity
of the DBS contacts to the IC. This establishes the
thresholds for stimulation induced adverse effects
and the “programmability” of the implanted lead,
which is a significant determinant of DBS outcome
and patient satisfaction. In our experience, post-
operative quality assurance through image-based
lead localization and clinical thresholds for capsu-
lar side effects can provide helpful feedback for
trajectory planning. Building upon pallidotomy tech-
niques that suggest a 3–4 mm separation from IC
evoked motor responses, we found a distance of
approximately 3 mm between the DBS contacts and
the IC provides an optimal side effect threshold
[14].

GPi DBS is widely known to effectively suppress
problematic dyskinesias, and has been advocated as a
potentially preferable option to STN DBS for patients
with severe dyskinesias [4]. However, GPi DBS can
also induce dyskinesias, as initially described by
Krack and Bejjani [10, 11]. The observation of this

phenomenon has been confirmed through additional
reports and observations [15]. Recently, a connec-
tivity analysis demonstrated that dorsal stimulation
near the GPi and globus pallidus externus (GPe) bor-
der was strongly associated with the occurrence of
stimulation induced dyskinesias (Fig. 2, “Dyskinesia-
inducing fibers”) [16]. In this study, Tsuboi et al.
reported that 29% of participants with GPi DBS
experienced stimulation induced dyskinesias. To be
clear, stimulation in this region is commonly thera-
peutically beneficial, but may induce dyskinesia in
a minority of patients. In the subset of patients in
whom dyskinesias are induced with dorsolateral stim-
ulation, stimulation at a more ventromedial contact
can typically suppress dyskinesia.

The optic tract, positioned ventromedially to the
GPi, is another useful anatomic landmark for GPi
DBS targeting. The optic tract is readily identifiable
on MR imaging, and in our experience, selection
of a target laterally adjacent to the optic tract pro-
duces optimal results. Intraoperatively, visual evoked
potentials (VEPs) can provide information about the
chosen trajectory [13]. The appreciation of “louder”
intra-operative VEPs usually suggests a more medial
and/or ventral location. Similarly, the amount of
current that must be delivered to elicit the visual phe-
nomenon of phosphenes can be used to determine
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the mediolateral and ventral position of the deep-
est DBS contact intraoperatively. If the threshold for
phosphene production is too low, the lead may be
excessively medial If the phosphene threshold is too
high, or phosphenes are not elicited, the lead may
be excessively lateral or superficial. The pallidotomy
literature proposed a threshold of greater than 2V
for trajectories directly targeting the optic tract [17].
However, with a lateral targeting approach, we found
a threshold of 1–3 mA to be the optimal range.

Stimulation of the posteroventral GPi has been
associated with improvement in both rigidity and
levodopa-induced dyskinesia. However, posteroven-
tral GPi DBS has been observed in some cases
to worsen akinesia, worsen gait and to reduce the
anti-parkinsonism benefit derived from levodopa
replacement therapy. Posterodorsal stimulation, in
contrast, is associated with improved akinesia, rigid-
ity and gait, but has been associated with the
generation of stimulation induced dyskinesia. Using
3-D imaging techniques, Middlebrooks et al. applied
structural connectivity-based segmentation of the
GPi [18]. They observed that a more ventral area
of stimulation was indeed associated with a greater
reduction in parkinsonism, but that this effect was
more a function of the connectivity of the stimulated
region rather than stimulation in the dorsal-ventral
plane.

A comprehensive examination of the 3-D represen-
tation of GPi and surrounding structures has revealed
the critical importance of the anterior-posterior and
lateral-medial angles chosen by the neurosurgeon for
optimizing the DBS lead trajectory. The available
trajectory angles can be constrained by avoidance
of superficial cortical veins and the ventricles. The
degree of lateral-medial angulation will influence
the spatial distribution of the DBS contacts and
their proximity to the IC or to the GPi-GPe border
region. A more vertical lateral to medial trajectory
is desirable in GPi targeting because it is more
coaxial with the target and allows for more DBS
contacts to be positioned within the posterolateral
GPi. If the lateral-medial entry angle exceeds 5
degrees due to superficial anatomic constraints, a
medial adjustment should be considered in order to
keep the center of the electrode array within the
GPi. If the DBS target is selected solely based on
the location of the ventral contact and the lateral-
medial trajectory angle is increased, failure to make
a corrective medial target adjustment will result in
suboptimal lateral positioning of the dorsal DBS
contacts.

THE MODERN APPROACH TO GPi DBS:
A NEW IMAGE EMERGES

We argue that it is time to transition from 1-D and 2-
D GPi images to 3-D illustrations that provide essen-
tial information to support both DBS targeting and
programming. In the anterior-posterior plane, a DBS
lead positioned too anteriorly may have reduced ther-
apeutic benefit or result in a need for increased current
delivery, resulting in more rapid battery depletion.
A lead positioned too posteriorly will spread current
into the internal capsule at low thresholds, resulting
in stimulation induced capsular side effects that can
limit therapeutic stimulation and benefit. Mild capsu-
lar side effects may also emerge and mimic worsening
of parkinsonism, which may explain the previously
described “cancelling of levodopa” effect reported in
the original GPi DBS publications. A GPi lead that is
excessively medial might also produce dose-limiting
capsular side effects. On the other hand, a lead that
is too far lateral typically results in a reduction of
benefit or necessitates higher energy requirements to
deliver therapeutic stimulation into the GPi region. A
laterally positioned DBS lead is also more likely to
produce stimulation induced dyskinesias, especially
when activating the more dorsal contacts that end up
in the GPe. In the dorsal-ventral plane, more dorsal
stimulation can result in stimulation induced dysk-
inesia, while more ventral stimulation can result in
capsular or visual side effects.

The ability to map the 3-D architecture of the
GPi region has vastly improved over the last two
plus decades. Meticulous attention to these pre-
operative targeting considerations (and appropriate
targeting adjustments when intra-operative physio-
logic testing is performed) can expand the options
for post-operative programming and management,
improving therapeutic benefit and patient satisfac-
tion. Though 1-D and 2-D representations of GPi
DBS previously shaped the field, it is time to grad-
uate to a 3-D GPi representation. Future GPi DBS
targeting and programming should focus on a more
careful selection of the lead trajectory and on a delib-
erate attempt to stimulate or to avoid specific fiber
bundles. This approach has the potential to optimize
global outcomes of GPi DBS and minimize adverse
effects.
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