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Background: Subthalamic (STN) and globus pallidus (GP) deep brain stimulation (DBS) have been
previously shown to be efficacious in the treatment of selected Parkinson patients with medication
resistant motor fluctuations and/or tremor. Deep brain stimulation of the STN has been implicated with
more cognitive and mood side effects as compared to GP DBS; however, more studies are needed to
better understand possible target differences. Previously, Mikos et al. [1] reported worsening of verbal
fluency depending on the stimulation location within the STN region.
Objective/hypothesis: The current study applied the methods used by Mikos et al. (2011) to a different
sample of Parkinson patients who underwent GP DBS. Based on differences in the size and functional
somatotopy between structures (GP 412 mm3 vs. STN 167 mm3), we hypothesized that there would be
a less robust relationship between volume of tissue activated, fluency performance, and stimulation
contact within the GP compared to what was reported in the STN.
Methods: Patient-specific DBS models were created and the volume of tissue activated within the GP was
calculated. These data were correlated with patients’ verbal fluency performance at dorsal, optimal, and
ventral stimulation contacts.
Results: In contrast to STN findings, there was no significant relationship between stimulation location
and fluency performance in patients who received GP DBS.
Conclusion(s): These results suggest that fluency may be less sensitive to stimulation location in the
globus pallidus and thus there may be more flexibility in terms of DBS programming with GP DBS
patients.

� 2012 Elsevier Inc. All rights reserved.
Introduction

Deep brain stimulation (DBS) is an efficacious treatment for
medication refractory Parkinson’s disease [2]. It has the potential to
improve the various motor symptoms associated with Parkinson’s
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disease, including tremor, rigidity, bradykinesia, and motor fluctu-
ations and dyskinesias. Typically, DBS does not have a large effect
on improving non-motor symptoms, such as emotional and
cognitive dysfunction and these symptoms may significantly
interfere with patients’ quality of life and level of disability [3,4]. In
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some cases, non-motor symptoms actually worsen following DBS
surgery, with the most common neuropsychological side effect
reported as a decline in verbal fluency, though others have been
described [5e7].

Notably, there are many variables that might define individual
outcome for DBS surgery, including disease duration, symptom
profile, staged vs. simultaneous double lead implant surgery, and
the final neuroanatomical location and stimulation field gener-
ated by programming [8]. Traditionally, DBS for Parkinson’s
disease has targeted either the globus pallidus (GP) region or the
subthalamic nucleus (STN) region. Some studies have suggested
that the STN target has better implications for motor outcome in
Parkinson’s disease, with reduced bradykinesia [9] and a greater
reduction in levodopa dosage post-surgery [9e11]. However,
other studies have revealed that GP DBS results in similar motor
outcomes [11,12] and perhaps better outcome in some cases due
to an improvement in axial motor symptoms compared to STN
targeted surgery (Follett 9-10).

Furthermore, there is evidence to suggest that GP DBS surgery
may have some advantages as compared to STN DBS. While DBS
surgery in general has been linked to improved quality of life in
Parkinson’s disease patients, Rodrigues et al. [13] showed that GP
DBS (a combination of unilateral and bilateral patients) resulted in
significant improvements in QOL that extended beyond improve-
ment in the motor domain and included emotional and cognitive
improvement. Zahodne et al. [14] went beyond that shown by
Rodrigues et al. [13] by comparing patients who received unilateral
GP DBS to those who underwent unilateral STN DBS. She showed
that those who underwent GP surgery endorsed significantly
greater QOL improvements compared to those who underwent STN
surgery [14]. The reasons underpinning the differential improve-
ment in QOL is unclear, but may be linked to increased cognitive
dysfunction experienced by STN patients, levodopa reduction, and
the addition of a second DBS lead [8].

It has been suspected that STN DBS may have a higher risk of
cognitive decline post-surgery than GP DBS. Interestingly, reports
have shown that some specific cognitive functions such as response
inhibition decline, whereas others, such as cognitive flexibility, can
actually improve [15]. However, one of the most consistent reports
of cognitive decline post STN DBS has been in the domain of verbal
fluency, particularly if more of the target region is activated by
programming [8,9,12]. While the exact mechanism of cognitive
changes following DBS is unknown, it is hypothesized that differ-
ences in clinical outcomes between STN and GP targeted surgeries
may be due to differential stimulation of overlapping motor, asso-
ciative, and limbic territories between the two structures [1,16]. Also,
activation of multiple contacts or increasing the stimulation field in
STN DBS may have a more detrimental result as compared to GP.

Deep brain stimulation surgeries for Parkinson’s disease target
the somato-motor regions within the STN and GP, but these
structures also have internal divisions that are important for
cognitive and limbic functions [16]. Although it is difficult to actu-
ally observe nuclear divisions within these small structures via
current imaging technologies (MRI, PET), studies that use calbindin
immunoreactivitymethods have been able to demonstrate separate
functional areas within these regions (both the GP and STN)
[17e19]. One theory asserts that cognitive and emotional side
effects resulting from DBS surgery are a result of spread of the
electrical current to other non-motor territories, and to white
matter tracts within the target location. While both the GP and the
STN have non-motor subregions, the GP structure has the potential
for less risk of non-motor territories being affected by DBS
implantation/stimulation mainly because of its larger size (for
a review, see Ref. [14]). The size hypothesis however, remains to be
substantiated.
The GP is a structure of approximately 412 mm3, approximately
two and half times the size in volume of the STN, which is about
167mm3.Most of the volume of the GP has been hypothesized to be
comprised of a sensorimotor territory (53%), which is located in the
postero-ventral portion of the GP structure. The associative and
limbic areas of the GP are thought to be proportionally smaller (29%
and 18%, respectively), and located in the antero-medial region
[17e19].

Mikos et al. [1] recently investigated the hypothesis that the
volume of tissue activated (VTA) within different regions of the STN
would differentially affect verbal fluency performance due to
spread of activation into cognitive subregions of the STN. They
utilized computer models of patient-specific DBS lead locations and
VTAs at each DBS lead contact (ventral, optimal, and dorsal contact
locations.) While there was not a significant difference in overall
verbal fluency performance between lead locations, patient-
specific DBS models revealed a subtle relationship between the
VTA and verbal fluency performance that differed by stimulation
location. Specifically, at ventral contacts, more tissue activation
inside the STN was associated with decreased letter fluency
performance, consistent with the non-motor functional somato-
topy of the STN [1].

The aim of the current study was to use the methods previously
implemented by Mikos et al. [1] in the STN to investigate the
relationship between the VTA and verbal fluency performance at
different contact sites within the GP. Like the Mikos study, the
current investigation utilized the available data derived from
patients who underwent unilateral GP DBS surgery as part of the
NIH COMPARE clinical trial [12]. It was hypothesized that stimula-
tion at different contacts (ventral, optimal, dorsal) in the GP would
result in less robust relationships between verbal fluency perfor-
mance and VTA than that reported in the STN study [1], since the
differences in local spread of stimulation at each contact should be
relatively small with respect to the proportionally larger somato-
motor territory of the GP. We hypothesized that this would leave
cognitive and limbic subregions of the GP less affected by
stimulation.

Methods

Participants

The present study drew GP DBS patients from the available data
from the NIH COMPARE clinical trial which was conducted at the
University of Florida [12]. The trial recruited 52 individuals with
a diagnosis of idiopathic PD who were randomized to undergo GP
DBS (N ¼ 26) or STN DBS (N ¼ 26) as well as 10 PD control partic-
ipants who did not undergo surgery. Before DBS, all participants
underwent an intensive baseline screening that included a diag-
nosis of PD by strict UK Brain Bank criteria [20], consultation with
a neurology movement disorders specialist for medication opti-
mization, consultation with a movement disorders neurosurgeon,
a complete neuropsychological profile, and a psychiatry consulta-
tion. A detailed list of inclusion and exclusion criteria is provided by
Mikos et al. [1].

Seven months after unilateral DBS implantation, patients
underwent neuropsychological and motor testing. Testing for the
study was performed under four conditions, including one “off”
stimulation condition and three “on stimulation” conditions. The
latter occurred at one of 3 contact points e at the clinically defined
optimal contact and at contacts dorsal and ventral to the optimal
site. Table 1 contains the defined optimal, ventral, and dorsal
cathode contacts for each individual as well as his/her stimulation
settings and percent change in UPDRS scores from pre-op (off
medications) to post-op (on optimal stimulation). Testing was



Table 1
Optimal, ventral and dorsal contacts and stimulation settings for each patient.

Patient id Optimal
cathode

Ventral
cathode

Dorsal cathode Anode optimal voltage optimal pulse optimal
frequency

UPDRS percent change
(pre-operative vs.
optimal stim)

273 2 1 3 4 2.4 90 135 �50
393 1 0 2 4 2.9 90 160 27.5
421 2 1 3 4 2.8 60 160 53.8
442 2 1 3 4 2 90 135 12
538 1 0 2 4 3.6 60 170 36.7
553 1 0 2 4 2.9 90 185 54.2
722 2 1 3 4 2.5 90 135 46.2
786 2 1 3 4 2.8 60 145 47.5
930 1 0 2 4 3.1 90 135 �37.1
1086 2 1 3 4 2.3 90 135 28.9
1621 2 1 3 4 2.6 60 185 28.3
2109 1 0 2 4 3 60 185 41
2166 2 1 3 4 3.2 90 135 46.2
2412 2 1 3 4 3.5 90 135 6.7
2488 2 1 3 4 2.5 90 160 34.4
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conducted off medications (withdrawn 12 h before testing). The
order of the testing conditions was chosen by a computer-
generated random sequence. Aside from the person performing
DBS programing, all investigators were blind to the sequence of
conditions. There was a standardized 10 min delay from the time of
setting the stimulator to the time of testing to allow the patients
time to adjust to each of the new settings.

The present study analyzed each GP DBS patient who had all the
necessary data for model creation and who also had agreement
(less than 4 mm discrepancy) between the intended stereotactic
DBS electrode implantation location and the actual location deter-
mined from postoperative CT. The agreement between the elec-
trode location data was necessary for the modeling techniques
employed by the Cicerone DBS software tool [21]. Patient demo-
graphic characteristics are summarized in Table 2. Details regarding
imaging and the surgical procedures have been previously reported
by Mikos et al. [1].

Verbal fluency tasks

Verbal fluency tasks consisted of letter fluency and semantic
fluency. Letter fluency tasks required participants to rapidly produce
words beginning with a particular letter of the alphabet, excluding
proper nouns and the same word with a different suffix [22]. The
Table 2
Demographic and disease characteristics of the study participants. Means
(� standard deviation) are shown.

GP DBS

Age 58 (5.04)
Gender (% male) 67%
Disease duration (years) 11.93 (4.28)
Hoehn and Yahr “off” stage (percent) 2: 21%

2.5: 0%
3: 79%
4: 0%
5: 0%

Mean LED before surgery 1111.65 (594.29)
Preoperative “on” UPDRS III score 19.13 (5.50)
Preoperative “off” UPDRS III score 39.00 (8.23)
Mini-mental state exam (max: 30) 28.53 (1.46)
Dementia rating scale (max: 144) 139.33 (3.64)
Beck depression inventory (max: 63) 12.27 (8.26)
Verbal fluency task scores (raw)
Letter (pre-surgery) 40.5 (11.3)
(post-surgery, off-stimulation) 37.9 (11.4)

Semantic (pre-surgery) 19.3 (4.4)
(post-surgery, off-stimulation) 19.4 (5.3)

LEDdlevodopa equivalent dosage.
test allowed 60 s to generatewords beginningwith the target letter.
Semantic fluency tasks require participants to rapidly produce
words belonging to a particular category (e.g., animals). For each
testing session, the total number of words produced under each of
three letter conditions and one semantic condition was recorded.
Alternate forms of the verbal fluency tasks (i.e., different letter
combinations and different semantic categories) were employed to
minimize practice effects. The order for the four stimulation testing
conditions was randomized, and the alternate forms were coun-
terbalanced across the testing conditions.
Patient-specific DBS models

Each patient-specific DBS model was generated with a modified
version of Human Cicerone v1.3 that accounted for the CRW frame
system [21]. An example of a patient-specific GP DBS model is
shown in Fig. 1A and B. Each patient-specific DBS model included
co-registration of the magnetic resonance images (MRI), computed
tomography (CT) scans, a 3D brain atlas, neurophysiological
microelectrode recording (MER) data, DBS electrode, and the
volume of tissue activated (VTA). Thesemethodswere employed for
each clinically evaluated stimulation parameter setting. Creation of
each patient-specific DBS model followed a procedure that was
described previously in detail in the Mikos [1] report.

Ultimately, each of these models produced estimations of the
volume of tissue activated (VTA) at each stimulation contact
(optimal, ventral, and dorsal), inside and outside of the GP (Fig. 1D.)
Because there was some variation in total volumes of the GP
between patients, and because the brain atlas was scaled to fit the
nuances of each patient, we calculated the VTA as a proportion of
the total GP volume (i.e., proportion of VTA overlap with the GP,
PVOeGP), consistent with the methods of Mikos et al. [1].
Results

Patient-specific DBS models were created and analyzed for 14 of
the 22 GP DBS patients in the COMPARE trial [11]. Five patients were
excluded because of technical issues in fusion of scans that failed to
meet the strict standardized methods. Three patients were
excluded due to misalignment of AC-PC coordinates with follow-up
CT image, and these patients also did not meet strict standardiza-
tion of the methods required for field modeling. There was no
difference in clinical outcome of DBS surgery between those
included and excluded in the analysis. Both groups showed a mean
improvement of approximately 25% improvement in UPDRS



Figure 1. Patient-specific DBS model. All images display a coronal view of the left brain. A) Each patient model was developed from MRI and brain atlas data (yellow volume e

thalamus; orange volume e GP; green volume e STN). B) clipped atlas volume in the plane of the GP DBS electrode. C) Example STN DBS patient from Mikos et al. (2011). Estimated
sensorimotor region of the STN marked by stipple pattern, derived from Parent and Hazrati (1995). Dorsal, optimal, and ventral stimulation volumes tested in the patient are shown
in red. D) Example GP DBS patient. Estimated sensorimotor region of the GP marked by stipple pattern, derived from Francois et al. (1994). Dorsal, optimal, and ventral stimulation
volumes tested in the patient are shown in red. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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ratings. Six of the 14 patients underwent left GP DBS and 8
underwent right GP DBS.

Relationship of the VTA to verbal fluency performance

Verbal fluency indices of interest included the total words
generated in both letter and semantic conditions. Verbal fluency
indices are expressed as standardized residual change scores with
stimulation (dorsal, ventral, or optimal contact) relative to the OFF
stimulation condition. Positive values reflect higher-than-predicted
scores with stimulation; negative values reflect lower-than-
predicted scores. Standardized residual change scores were
chosen over raw change scores to control for baseline (OFF stimu-
lation) differences in verbal fluency performance. Mean standard-
ized residual change scores for each of the stimulation conditions
are displayed in Table 3. Non-parametric statistical tests were
performed when the dependent variables were not normally
distributed, as was the case for the standardized residual change
scores and VTA indices. A Wilcoxon signed rank test showed that
there was not a significant decline in verbal or semantic fluency
from pre-surgery to post-surgery (off-stimulation) (P > .26). A
Friedman’s test revealed that there were no differences in verbal
fluency performance among the three electrode contacts [letter
fluency: c2[2] ¼ 1.86, P ¼ .40; semantic fluency: c2[2] ¼ 1, P ¼ .61].
Table 3
Mean (SD) standardized residual change scores of verbal fluency performance at
each of the three stimulation conditions relative to OFF stimulation. Negative values
indicate lower than predicted scores obtained with stimulation relative to OFF
stimulation, and positive values indicate higher than predicted scores.

Optimal Dorsal Ventral

Letter fluency .09 (1.00) .00 (.96) �.01 (1.0)
Semantic fluency e.05 (.98) .00 (.96) .12 (.90)
Additionally, verbal fluency performance did not differ by side of
DBS surgery (right vs. left.)

Mean values for patient-specific DBS modeling indices at each of
the three contacts are shown in Table 4. Spearman’s correlations
were conducted to examine the relationship between verbal
fluency performance and the modeling indices. Correlation coeffi-
cients are shown in Table 5. There were no significant relationships
between magnitude and location of VTA and fluency performance
relative to OFF stimulation, demonstrated in Figure 2.

Discussion

Analysis of verbal fluency performance of fourteen GP DBS
patients tested on three stimulation settings (ventral, optimal, and
dorsal) revealed no significant difference in letter or semantic
fluency performance relative to off-stimulation settings, indicating
that stimulation neither significantly improved nor hindered
fluency performance post-GP DBS. Furthermore, there was no
significant relationship between the volume of tissue activated
within the GP and verbal fluency performance, regardless of the
specific contact location on the GP DBS lead. This finding differs
from that reported by Mikos et al. [1] who used only STN DBS
patients from the same NIH COMPARE cohort. In a similar sized
cohort (N ¼ 17), Mikos showed a negative association between
Table 4
Mean (standard deviation) values for volume of tissue activated (VTA) variables
(mm3).

VTA in the GP VTA outside GP Total GP PVOeGP

Dorsal (N ¼ 15) 81.67 (23.64) 18.28 (29.36) 99.95 (20.36) .05 (.01)
Optimal (N ¼ 15) 70.89 (12.19) 6.32 (11.29) 77.21 (16.75) .04 (.01)
Ventral (N ¼ 15) 56.18 (22.08) 17.84 (19.97) 74.04 (27.86) .03 (.01)



Table 5
Spearman’s r correlation coefficients for the relationship of verbal fluency perfor-
mance with stimulation at different contacts to patient-specific modeling indices.

VTA inside GP VTA outside GP Total GP PVOeGP

Letter fluency standardized residual change
Dorsal (N ¼ 14) .28 �.19 .08 .11
Optimal (N ¼ 15) .19 .02 .00 .17
Ventral (N ¼ 15) �.38 .27 �.02 .27

Category fluency standardized residual change
Dorsal (N ¼ 14) .03 .09 �.13 .22
Optimal (N ¼ 15) .22 �.11 .03 .02
Ventral (N ¼ 15) �.10 �.05 �.29 �.03
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ventral STN stimulation and fluency performance. There was less of
a negative influence of stimulation on fluency performance at
optimal contacts. Target specific differences in STN vs. GP DBS could
be important when tailoring a specific approach for an individual
patient [8], especially in patients with known pre-DBS cognitive
dysfunction.

The relative absence of relationship between the volume of
tissue activated and fluency performance as assessed by contact
location in the GP, unlike what was observed in the STN data, is
likely related to the differential volumetric and somatotopic
differences in properties of the two structures, though more data
will be needed to confirm this hypothesis. Fig. 1C and D display
examples of patient-specific VTA’s within the STN (Fig. 1C) and the
GP (Fig. 1D) and the relevant sensorimotor territory within the two
structures. Mikos et al. [1] hypothesized and demonstrated
a differential relationship between VTA and fluency at ventral,
optimal, and dorsal contacts due to the functional somatotopy of
the STN, which is comprised by a dorsolateral sensorimotor area,
a central associative territory, and a small medial limbic area. These
areas have been roughly divided into thirds of the total STN volume
[23,24]. It is therefore relatively easy when applying STN DBS to
spread current into non-motor regions.

The GP, however, is a much larger structure, approximately two
and a half times the size of the STN [14], whose somato-motor
territory (the target location of DBS surgery) occupies approxi-
mately 53% of its volume [17e19]. Thus, it is reasonable that small
changes in contact locations on the DBS lead would result in
minimal changes in fluency performance and that the resultant VTA
would be minimally associated with fluency performance. The
major reason for the lack of change in GP DBS is likely because the
active stimulation contact remains largely within the desired
somato-motor territory of the GP, leaving associative and limbic
Figure 2. Scatter plots of VTA magnitude inside GP and verbal fluency change scores relativ
VTA and fluency performance did not differ by contact.
territories relatively unhindered. The size hypothesis however was
not specifically tested by this study.

The data from this study, when combined with the Mikos work,
has important clinical implications. It represents evidence that GP
surgery (and stimulation) may impose less risk with respect to
verbal fluency functioning, which could be an important pre-
surgery consideration in cognitively at-risk patients. While cogni-
tive deficits following STN DBS are subtle and do not necessarily
interferewith activities of daily living [25], relatives of patients with
STN surgery report a considerable increase in cognitive complaints
[26] and GP patients report greater increases in QOL than STN
patients [14].

The GP target is larger and predominantly comprised of
a somato-motor territory, making it easier to stimulate without
affecting other non-motor regions. Also, the clinicianwho programs
the DBS stimulator post-surgery should have less worry about
spreading the current, and using multiple contacts if necessary to
enhance the individual patient outcome. The current data would
suggest that post-GP DBS, a clinician programmer can shift to
ventral or dorsal contact settings without affecting verbal fluency,
and this may be different than the STN target.

Limitations

As is the case in many DBS studies, the current data is based on
a relatively small sample size of 14 GP patients. Thus, null findings
could be due to a lack of power. However, it is worth noting that this
sample is comparable to the sample size of 17 analyzed in the study
which employed the same methods in STN patients by Mikos et al.
[1] which found a significant relationship between VTA and fluency
performance which differed by DBS contact.

Eight patients were excluded due either an inadequate imaging
fit or misalignment of AC and PC points that made field modeling
impossible by strict criteria. The reason for these discrepancies is
unclear and could have related to brain shift or lead migration, and
also because we analyzed the data post-hoc from an existing data
set that was not originally designed to be modeled. Additionally,
while the Cicerone software represents a validated method for
patient specific DBS lead location and stimulation spread analysis, it
involves the co-registration and fusion of multiple images,
including pre and post-operation CT scans, MRI images, and a 3D
brain atlas. This process is complex and can introduce multiple
sources of small error and we had to counteract the error by
exclusion of patients with alignment discrepancies and intense
visual inspection during each step of the modeling procedure.
Future studies could be better designed to check alignments at the
e to OFF stimulation at dorsal, optimal and ventral contacts. The relationship between
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time of imaging to ensure a more complete data set. A more
detailed description of other potential limitations related to this
technology was previously provided by Mikos et al. [1].

Summary and conclusion

The current study employedmethods used in a prior study of STN
DBS patients and revealed no significant relationship between the
GP volume of tissue activated and fluency performance, regardless
of the DBS contact that was activated. This study adds important
evidence to the literature that GP may impose less risk from
cognitive standpoint, and that post-DBS there may be more flexi-
bility in choosing settings to optimize DBS programming. Insights
from this study and from other future studies should provide more
information to facilitate patient-tailored decisions concerning DBS
targets. These decisions should be based on the patient’s disease
profile and consider both motor and cognitive factors [8].

References

[1] Mikos A, Bowers D, Noecker AM, McIntyre CC, Won M, Chaturvedi A, et al.
Patient-specific analysis of the relationship between the volume of tissue acti-
vated during DBS and verbal fluency. NeuroImage 2011;54:S238e46.

[2] Pahwa R, Factor SA, Lyons KE, Ondo WG, Gronseth G, Bronte-Stewart H, et al.
Practice parameter: treatment of Parkinson disease with motor fluctuations and
dyskinesia (an evidence based review): report of the quality standards subcom-
mittee of the American academy of neurology. Neurology 2006;66:983e95.

[3] Weintraub D, Moberg PJ, Duda JE, Katz IR, Stern MB. Effect of psychiatric and
other nonmotor symptoms on disability in Parkinson’s disease. J Am Geriatr
Soc 2004;52(5):784e8.

[4] Visser M, van Rooden SM, Verbaan D, Marinus J, Stiggelbout AM, van Hilten JJ.
A comprehensive model of health-related quality of life in Parkinson’s disease.
J Neurol 2008;255(10):1580e7.

[5] Woods SP, Fields JA, Tröster AI. Neuropsychological sequelae of subthalamic
nucleus deep brain stimulation in Parkinson’s disease: a critical review.
Neuropsychol Rev 2002;12(2):111e26.

[6] Castro-García A, Sesar-Ignacio A, Ares-Pensado B, Relova-Quinteiro JL,
Gelabert-González M, Rumbo RM, et al. Psychiatric and cognitive complications
arising from subthalamic stimulation in Parkinson’s disease. Rev Neurol 2006;
43(4):218e22.

[7] Zahodne LB, Okun MS, Foote KD, Fernandez HH, Rodriquez RL, Kirsch-
Darrow L, et al. Cognitive declines one year after unilateral deep brain stim-
ulation surgery in Parkinson’s disease: a controlled study using reliable
change. Clin Neuropsychol 2009a;23(3):385e405.

[8] Okun MS, Foote KD. Parkinson’s disease DBS: what, when, who and why? The
time has come to tailor DBS targets. Expert Rev Neurother 2010;10(12):1847e57.

[9] Anderson VC, Burchiel KJ, Hogarth P, Favre J, Hammerstad JP. Pallidal vs
subthalamic nucleus deep brain stimulation in Parkinson’s disease. Arch
Neurol 2005;62:554e60.
[10] Burchiel KJ, Anderson VC, Favre J, Hammerstad JP. Comparison of pallidal and
subthalamic nucleus deep brain stimulation for advanced Parkinson’s
disease: results of a randomized, blinded pilot study. Neurosurgery 1999;45:
1375e82.

[11] Follett KA, Weaver FM, Stern M, Hur K, Harris C, Luo P, et al. Pallidal versus
subthalamic deep-brain stimulation for Parkinson’s disease. N Eng J Med
2010;362(22):2077e91.

[12] Okun MS, Fernandez HH, Wu SS, Kirsch-Darrow L, Bowers D, Bova F, et al.
Cognition and mood in Parkinson’s disease in subthalamic nucleus versus
globus pallidus interna deep brain stimulation: The COMPARE trial. Ann
Neurol 2009;65:586e95.

[13] Rodrigues J, Walters SE, Watson P, Stell R, Mastaglia FL. Globus pallidus
stimulation improves both motor and nonmotor aspects of quality of life in
advanced Parkinson’s disease. Mov Disord 2007;22:1866e70.

[14] Zahodne LB, Okun MS, Foote KD, Fernandez HH, Rodriguez RR, Wu SS, et al.
Greater improvement in quality of life following unilateral deep brain
stimulation surgery in the globus pallidus as compared to the subthalamic
nucleus. J Neurol 2009b;256(8):1321e9.

[15] Witt K, Pulkowski U, Herzog J, Lorenz D, Hamel W, Deuschl G, et al. Deep brain
stimulation of the subthalamic nucleus improves cognitive flexibility but
impairs response inhibition in Parkinson disease. Arch Neurol 2004;61(5):
697e700.

[16] Sudhyadhom A, Bova FJ, Foote KD, Rosado CA, Kirsch-Darrow L, Okun MS.
Limbic, associative, and motor territories within the targets for deep brain
stimulation: potential clinical implications. Curr Neurol Neurosci Rep 2007;7:
278e89.

[17] Karachi C, Francois C, Parain K, Bardinet E, Tande D, Hirsch E, et al. Three-
dimensional cartography of functional territories in the human striatopallidal
complex by using calbindin immunoreactivity. J Comp Neurol 2002;450:
122e34.

[18] Middleton FA, Strick PL. Basal ganglia and cerebellar loops: motor and
cognitive circuits. Brain Res Rev 2000;31:236e50.

[19] Kelly RM, Strick PL. Macro-architecture of basal ganglia loops with the cerebral
cortex: use of rabies virus to reveal multisynaptic circuits. Prog Brain Res 2004;
143:449e59.

[20] Hughes AJ, Daniel SE, Kilford L, Lees AJ. The accuracy of clinical diagnosis of
idiopathic Parkinson’s disease: a clinicopathological study. J Neurol Neurosurg
Psychiatr 1992;55:181e4.

[21] Miocinovic S, Noecker AM, Maks CB, Butson CR, McIntyre CC. Cicerone:
stereotactic neurophysiological recording and deep brain stimulation
electrode placement software system. Acta Neurochir Suppl 2007;97:
561e7.

[22] Benton AL, Hamsher K, Sivan AB. Multilingual aphasia examination. 3rd ed.
Iowa City, IA: AJA Associates; 1994.

[23] Parent A, Hazrati LN. Functional anatomy of the basal ganglia. I. The cortico-basal
ganglia-thalamo-cortical loop. Brain Res Rev 1995;20(1):91e127.

[24] Yelnik J. Functional anatomy of the basal ganglia. Mov Disord 2002;17:
S15e21.

[25] Contarino MF, Daniele AA, Sibilia AH, Romito LA, Benlivoglio AR, Gainotti GG,
Albanese AA. Cognitive outcome five years after bilateral chronic stimulation of
subthalamic nucleus in patients with Parkinson’s disease. J Neurol Neurosurg
Psychiatr 2007;78:248e52.

[26] Smeding HM, Speelman JD, Koning-Haanstra M, Schuurman PR, Nijssen P, van
Laar T, et al. Neuropsychological effects of bilateral STN stimulation in
Parkinson’s disease: a controlled study. Neurology 2006;16:1830e6.


	Stimulation region within the globus pallidus does not affect verbal fluency performance
	Introduction
	Methods
	Participants
	Verbal fluency tasks
	Patient-specific DBS models

	Results
	Relationship of the VTA to verbal fluency performance

	Discussion
	Limitations
	Summary and conclusion

	References


