
RESEARCH ARTICLE

Cognitive and Psychiatric Effects of STN
versus GPi Deep Brain Stimulation in
Parkinson's Disease: A Meta-Analysis of
Randomized Controlled Trials
Jia-Wei Wang☯, Yu-Qing Zhang☯, Xiao-Hua Zhang, Yun-PengWang, Ji-Ping Li, Yong-
Jie Li*

Beijing Institute of Functional Neurosurgery, Department of Functional Neurosurgery, Xuanwu Hospital,
Capital Medical University, Beijing, P.R. China

☯ These authors contributed equally to this work.
* lyj8828@vip.sina.com

Abstract

Background

Deep brain stimulation (DBS) of either the subthalamic nucleus (STN) or the globus pallidus

interna (GPi) can reduce motor symptoms in patients with Parkinson’s disease (PD) and

improve their quality of life. However, the effects of STN DBS and GPi DBS on cognitive

functions and their psychiatric effects remain controversial. The present meta-analysis was

therefore performed to clarify these issues.

Methods

We searched the PUBMED, EMBASE, and the Cochrane Central Register of Controlled Tri-

als databases. Other sources, including internet-based clinical trial registries and grey litera-

ture sources, were also searched. After searching the literature, two investigators

independently performed literature screens to assess the quality of the included trials and to

extract the data. The outcomes included the effects of STN DBS and GPi DBS on multiple

cognitive domains, depression, anxiety, and quality of life.

Results

Seven articles related to four randomized controlled trials that included 521 participants

were incorporated into the present meta-analysis. Compared with GPi DBS, STN DBS was

associated with declines in selected cognitive domains after surgery, including attention,

working memory and processing speed, phonemic fluency, learning and memory, and

global cognition. However, there were no significant differences in terms of quality of life or

psychiatric effects, such as depression and anxiety, between the two groups.
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Conclusions

A selective decline in frontal-subcortical cognitive functions is observed after STN DBS in

comparison with GPi DBS, which should not be ignored in the target selection for DBS treat-

ment in PD patients. In addition, compared to GPi DBS, STN DBS does not affect depres-

sion, anxiety, and quality of life.

Introduction
As a leading cause of morbidity and mortality worldwide, Parkinson’s disease (PD) has
received considerable time and attention in the clinic [1]. It has been reported that the preva-
lence of PD varies from 41 to 1903 cases per 100,000 people annually, with its incidence
increasing steadily with age [2], and with many PD patients suffering permanent disability or
even death [3,4]. Unfortunately, although intensive research has been performed in studies
of PD, there is currently no cure for PD, and therapeutic interventions for PD remain limited
[5–7].

The gold standard treatment for the management of PD consists of antiparkinsonian medi-
cation and surgical interventions [8]. Generally, antiparkinsonian medication is mainly admin-
istered to PD patients in the early stage of the disease following an initial diagnosis[9], while
surgery using deep brain stimulation (DBS) tends to be performed on those in the advanced
stage of the disease who have experienced drug-induced complications or reduced responsive-
ness to the best medical therapies [10]. A wealth of evidence from randomized controlled trials
(RCTs) have confirmed that administering DBS plus medication results in significant improve-
ments in motor symptoms and quality of life in PD patients in comparison to administering
medication alone[11–14]. These results are consistent with the results of a recently performed
systematic review[15]. The subthalamic nucleus (STN) and globus pallidus interna (GPi) are
the two most commonly selected targets that have been extensively explored in the clinic.
RCTs comparing STN DBS and GPi DBS have indicated that patients with PD experience simi-
lar improvement in motor function after either pallidal or subthalamic stimulation [16–18].
However, the effect of STN DBS and GPi DBS on non-motor symptoms, especially cognition,
psychiatric symptoms and quality of life, are controversial [17–21]. Because cognitive and psy-
chiatric symptoms have important effects on the quality of life in PD patients, it is necessary to
clarify the roles of both neurostimulatory models on cognitive and psychiatric effects to
improve rational management and outcomes.

To our knowledge, there are some meta-analyses reviewing the effects of both STN DBS and
GPi DBS on cognitive and psychiatric effects[22–25]. However, some limitations are noted in
these existing literatures. For example, as described in the text by the Combs and co-authors,
RCTs are considered the “gold standard” for evaluating efficacy of medical interventions[22].
However, only one RCT study (COMPARE trial)[17,26] comparing two targets was included
in their meta-analysis while the remainder of included studies mainly investigated the out-
comes before and after each DBS treatment [22]. Similar situation is found in the study by
Couto and co-authors [25]. In addition, the neuropsychological outcome after DBS from the
newly published NSTAPS study[21] was not included in all the previous meta-analyses [22–
25]. These issues highlight the need to re-appraise the current evidence. Thus, the present
meta-analysis was performed to compare STN DBS with GPi DBS in patients with PD to inves-
tigate postoperative changes in cognitive function and psychiatric symptoms as well as to assess
their effects on quality of life.
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Materials and Methods

Study identification
A systematic review of the published literature was performed to identify all of the clinical
RCTs in which STN DBS was compared to GPi DBS in patients with PD. All of the included
RCT studies contained definite inclusion criteria and at least one standardized neuropsycho-
logical or cognitive instrument must have been presented before and after DBS surgery. Studies
that were either not RCTs or did not directly involve an evaluation of the cognitive and psychi-
atric effects of STN DBS and GPi DBS in PD patients were eliminated.

Search strategy
We (Wang J-W and Zhang Y-Q) performed an electronic search for relevant articles in three
databases, including PUBMED (up to July 2015), EMBASE (up to July 2015) and the Cochrane
Central Register of Controlled Trials (CENTRAL, up to July 2015), without language limita-
tions based on text words or MeSH terms such as “deep brain stimulation”, “neurostimula-
tion”, “cognition”, “neuropsychology”, “psychiatry”, and “Parkinson disease”. Moreover, the
grey literature in the OpenGrey database (a System for Information on Grey Literature in
Europe) and the National Technical Information Service (NTIS) were also searched. In addi-
tion, internet-based clinical trial registries, such as ClinicalTrials.gov, International Clinical
Trials Registry Platform (ICTRP) and International Standard Randomized Controlled Trial
Number Register (ISRCTN), were also searched. Finally, the Related Articles function on
PUBMED was used, and the reference lists of relevant articles were reviewed. For full details of
the search strategy used in this study, please see S1 Search Strategy. The search was performed
independently by two investigators and was completed in July 2015.

Literature screening
Two investigators (Wang Y-P and Zhang X-H) first reviewed the titles and abstracts of the
identified studies and then excluded those that were either obviously irrelevant or duplicates.
The full text of each of the remaining studies was then independently reviewed to determine its
eligibility. A third investigator (Li Y-J) as included if there was a disagreement. When neces-
sary, we contacted the research authors for further information.

Quality assessment
The quality of the eligible studies was formally evaluated using the Cochrane Collaboration’s
tool for assessing the risk of bias in randomized trials (version 5.1.0). Specifically, the studies
were judged using the following terms: random sequence generation, allocation sequence con-
cealment, blinding of participants and personnel, blinding of outcome assessments, incomplete
outcome data, selective outcome reporting, and other potential threats to validity. The risk of
bias for each item was categorized as high, unclear or low.

Data extraction
The following data were extracted from each study: baseline characteristics, design and objec-
tive, number of patients, timing of measurements, the main results of the study, and follow-up
results. In the present study, a battery of neurocognitive tests were categorized into the follow-
ing six neuropsychological domains: global cognitive functioning, attention, working memory
and processing speed, executive functioning, verbal fluency, language, as well as learning and
memory. Although most neuropsychological measures assess multiple cognitive functions,
each test was, consistent with accepted clinical practice, assigned to the one domain whose
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integrity the measure is thought to predominantly reflect [27,28]. The outcomes included the
effects of STN DBS or GPi DBS on global cognitive functions, attention, working memory and
processing speed, executive functions, verbal fluency, language, learning and memory, depres-
sion, anxiety, and quality of life. In situations when two or more studies were drawn from the
same RCT, the data from the last follow-up was used.

Statistical analysis
Ameta-analysis of prospective RCTs was performed using the heterogeneity method in Review
Manager for Windows (version 5.3, Cochrane Collaboration and Update Software). Standard
Cochran Q and I2 statistics were used to assess the heterogeneity between studies, and they
were pre-specified as P<0.10 or I2>50% in the present study. The standardized mean differ-
ence (SMD) was used as the effect parameter for the meta-analysis when the analyzed domains
involved multiple testing instruments. Weighted mean difference (WMD) was used when stud-
ies used the same instrument to assess the domain. In addition, it should be noted that the
SMDmethod does not correct for differences in the direction of the scale. If some scales
increased with disease severity while others decreased, it was essential to multiply the mean val-
ues from one set of studies by –1 to ensure that all of the scales pointed in the same direction
(Cochrane Handbook for Systematic Reviews of Interventions, version 5.1.0, Chapter 9.2.3.2).
A 95% confidence interval (CI) was used to interpret the results. A fixed-effects model was
used to merge the values of the SMD or WMD to estimate the overall effect size when heteroge-
neity between studies could not be obtained. Otherwise, a random-effects model was used in
the statistical analysis. All of the tests were 2-sided, and statistical significance was defined as a
probability value of<0.05 unless specifically stated.

Results

Characteristics of included studies
In total, 510 articles were initially identified, and 503 articles were excluded, leaving 7 articles
for the final analysis. Fig 1 shows the flow chart used to obtain the search results and the
screening process. The PRISMA checklist is listed in S1 PRISMA Checklist.

Fig 1. Flow chart used to include studies in the present meta-analysis.

doi:10.1371/journal.pone.0156721.g001
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Table 1 summarizes the demographic data in the seven included articles. As shown in
Table 1, the seven included articles involved four prospective RCTs, including the Rothlind
study [28], the COMPARE trial [17,26], the CSP468 study [16,29], and the NSTAPS study
[21,30]. A total of 521 participants were enrolled in the four RCTs. Of these, 255 (48.9%) PD
patients included in the group received STN DBS treatment, and 405 (77.7%) of the PD
patients were male. All of the included trials incorporated distinct inclusion criteria (S1 Table).
Each trial described the baseline characteristics of the enrolled participants. There were no sig-
nificant differences in the baseline characteristics of participants between the groups in these
trials.

Among the four trials, the implantation of DBS electrodes in PD patients was bilateral in
three trials (the Rothlind [28], NSTAPS [21,30] and CSP468 studies [16,29]) and unilateral in
one trial (COMPARE trial [17,26]). The mean DBS stimulation parameter was not compared
in the Rothlind study, while three other studies indicated that GPi DBS required significant
increases in the stimulation amplitude in PD patients in terms of voltage, frequency or pulse
width compared to STN DBS. In addition, the maximal duration of the follow-up period ran-
ged from seven months to three years.

Risk of bias in the included studies
As described in Fig 2, the risk of bias within each study for every item was graded. Although all
four of the included trials used a statement such as “randomly”, “randomization” or “random-
ized” in its Methods section, only one trial (NSTAPS) reported its full methodology for

Table 1. Baseline characteristics of the included trials.

Author & Year Groups No. Age
(years)

Gender
(M/F)

Disease
duration
(years)

Hoehn-Yahr
stage off-
medication

Mattis
dementia
rating
scale

Microelectrode
confirmation

Placement
verified

Stimulation
parameters

Assessment
time point

Rothlind et al,
2007 (Rothlind

GPi 23 60.2
±8.83

18/5 13.3±6.4 3.3±0.56 139.4±3.98 Yes Yes 185Hz, 92.3μs,
3.3 V 185Hz,
95μs, 3.5 V*

Base, 15
months

study) STN 19 61.4
±10.11

15/4 12.9±4.3 3.3±0.45 140.4±2.87 185Hz, 60μs,
2.6 V 182.9Hz,
65.6μs, 2.6 V

Okun et al,
2009 and
Zahodne et al,
2009

GPi 26 60.2
±6.2

17/9 12.5±3.6 2.7±0.82 138.8±4.4 Yes Yes 151.5Hz,
84.7μs, 2.9 V

Base, 7
months

(COMPARE
Trial)

STN 26 59.8
±10

18/8 13.3±4.0 3.0±0.63 136.5±7.0 141.1Hz,
94.0μs, 2.4 V

Follett et al,
2010 and
Weaver et al,

GPi 152 61.8
±8.7

133/19 11.5±5.4 3.3±0.9 137.5±4.8 Yes N/A 168Hz, 95.7μs,
3.95 V

Base, 24, 36
months

2012 (CSP
468 study)

STN 147 61.9
±8.7

116/31 11.1±5.0 3.4±0.9 137.2±5.1 165Hz, 75.9μs,
3.16 V

Odekerken
et al, 2013 and
Odekerken
et al,

GPi 65 59.1
±7.8

44/21 10.8±4.2 N/A 138.7±4.0 Yes N/A 137.5Hz, 73μs,
2.9 V

Base, 12
months

2015 (NSTAPS
study)

STN 63 60.9
±7.6

44/19 12.0±5.3 138.1±5.1 135Hz, 63.9μs,
2.6 V

Data is shown as the mean ± SD or number. Abbreviation: N/A: not available, No.: number of patients, M/F: male/female, STN: subthalamic nucleus, GPi:

globus pallidus interna

* the bilateral stimulation parameters were reported, respectively, in the study.

doi:10.1371/journal.pone.0156721.t001
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implementing random sequence generation and allocation concealment in detail[21,30]. The
NSTAPS trial also reported that participants and personnel were blinded despite the difficulty
of doing so in the studies using surgical interventions. Moreover, there was a low risk in all of
the studies except the Rothlind study [28], with regard to blinding during outcome assess-
ments. The data analyses were based on the intention-to-treat principle in two studies (the
NSTAPS study [21,30] and the CSP468 study [16,29]). In addition, the risk of attrition and
reporting bias was considered to be low in all four of the included trials.

Effects of STN DBS vs. GPi DBS on global cognition
As shown in Table 2, only one study (the CSP468 trial) explored the effects of STN DBS vs.
GPi DBS on global cognition as assessed using the Mattis dementia rating scale (MDRS). The
pooled WMD of global cognitive functioning at the end of the follow-up period in STN DBS
compared to GPi DBS was -4.30 (95% CI: -7.98–-0.62, P = 0.02), indicating that STN DBS in
PD patients may result in a lower global cognition score than GPi DBS (Table 3).

Effects of STN DBS vs. GPi DBS on attention, working memory and
processing speed
In the three included trials (the Rothlind study, CSP468 study, and NSTAPS study), multiple
neurocognitive tests were used to investigate the effects of STN DBS vs. GPi DBS on attention,
working memory and processing speed (Table 2). Our results show that STN DBS resulted in a

Fig 2. Risk-of-bias assessment of the included trials.

doi:10.1371/journal.pone.0156721.g002
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Table 2. Tests included in each neuropsychological domain.

Test GPi STN Studies K

Global cognitive Mattis dementia rating scale total# 86 66 C 1

functioning

Attention, working Digit span forward# 14 15 A 1

memory and Digit span backward# 14 15 A 1

processing speed WAIS-arithmetic# 14 15 A 1

WAIS -processing speed index# 84 64 C 1

WAIS -working memory index# 84 63 C 1

WAIS -letters and numbers# 58 56 D 1

WAIS -digit span# 58 56 D 1

Trail making test part A* 72 71 A, D 2

WAIS -Digit symbol# 14 15 A 1

Stroop word reading* 72 71 A, D 2

Stroop color naming* 72 71 A, D 2

Vienna test system1-reaction* 58 56 D 1

Vienna test system1-motoric* 58 56 D 1

Vienna test system3-reaction* 58 56 D 1

Vienna test system3-motoric* 58 56 D 1

Executive Stroop color-word interference* 224 218 A, C, D 3

functioning Trial making test part B* 72 71 A, D 2

Wisconsin card sorting test completed categories# 58 56 D 1

Wisconsin card sorting test No. of errors* 58 56 D 1

Wisconsin card sorting test perseverative response# 81 63 C 1

Wisconsin card sorting test perseverative error* 58 56 D 1

Verbal fluency Phonemic(letter) fluency# 180 157 A,B,C,D 4

Semantic(category) fluency# 180 157 A,B,C,D 4

Language Boston naming test# 157 134 A, C, D 3

BDAE-CIM# 14 15 A 1

WAIS -similarity# 58 56 D 1

Learning and Brief visuospatial memory test total# 99 80 A, C 2

memory Brief visuospatial memory test delayed recall# 99 80 A, C 2

RAVLT total and immediate recall # 72 71 A, D 2

RAVLT delayed recall# 72 71 A, D 2

Hopkins verbal learning test total# 85 64 C 1

Hopkins verbal learning test delayed recall# 85 64 C 1

RBMT total# 58 56 D 1

RBMT immediate recall# 58 56 D 1

RBMT delayed recall# 58 56 D 1

Depression Beck depression inventory* 121 99 A, B, C 3

Anxiety State trait anxiety inventory-State* 36 36 A, B 2

State trait anxiety inventory-Trait* 36 36 A, B 2

Quality of Life Parkinson’s disease questionnaire-39 total* 103 82 B, C 2

Parkinson’s disease quality of life questionnaire# 62 63 D 1

Data indicates the number of patients in each group.

Studies column indicates the specific studies using the cognitive test. A: Rothlind study, B: COMPARE trial, C: CSP468 study, D: NSTAPS study.

K = the number of studies evaluating each domain.

Abbreviations: BDAE-CIM: Boston diagnostic aphasia examination-complex ideational material, RAVLT: Rey auditory verbal learning test, RBMT:

Rivermead behavioral memory test, WAIS: Wechsler adult intelligence scale.

# A higher score indicates better functioning.

* A higher score indicates worse functioning.

doi:10.1371/journal.pone.0156721.t002
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significantly decreased score in the cognitive domain of attention, working memory and pro-
cessing speed compared to GPi DBS (SMD: -0.21, 95% CI: -0.31–-0.10, P< 0.0001), which was
associated with statistically non-significant heterogeneity (P = 0.65, I2 = 0%) (Table 3).

Effects of STN DBS vs. GPi DBS on executive functioning
Data about the effects of STN DBS vs. GPi DBS on executive functioning were reported in the
Rothlind study, CSP468 study, and NSTAPS study (Table 2). As described in Table 3, the
pooled SMD of executive functioning at the end of follow-up in patients who received STN
DBS compared to those who received GPi DBS was -0.12 (95% CI: -0.30–0.06, P = 0.19) and
was associated with statistically significant heterogeneity (P = 0.05, I2 = 48%), indicating that
STN DBS in PD patients did not result in a significant decline in executive functioning in com-
parison to GPi DBS.

Effects of STN DBS vs. GPi DBS on verbal fluency
All four of the included trials reported on the effects of STN DBS vs. GPi DBS on verbal fluency
(Table 2). Two components of verbal fluency, phonemic fluency and semantic fluency, were
differentially affected by PD [31]. The data on verbal fluency was initially analyzed as a cogni-
tive domain (phonemic fluency and semantic fluency together) and then disaggregated into
individual phonemic fluency and semantic fluency components to better explain the variance
in terms of separate groups.

As shown in Table 3, the pooled SMD for verbal fluency at the end of the follow-up period
for STN DBS compared to GPi DBS was -0.24 (95% CI: -0.39–-0.09, P = 0.002) and was associ-
ated with statistically non-significant heterogeneity (P = 0.49, I2 = 0%). Further subgroup anal-
ysis, based on the type of verbal fluency, indicated that between the STN DBS and GPi DBS
groups, only the difference in phonemic fluency was significant (MD: -2.93, 95% CI: -5.41–-
0.44, P = 0.02), while there was no remarkable difference in terms of semantic fluency between
the two groups (MD: -1.55, 95% CI: -3.14–0.04, P = 0.06). In addition, both of subgroup analy-
ses exhibited statistically non-significant heterogeneity.

Table 3. Results for the neuropsychological domains.

Heterogeneity SMD[95%CI] WMD[95%CI]

Global cognitive functioning — — -4.30[-7.98, -0.62]*

Attention, working memory and processing speed Chi² = 14.22, df = 17 (P = 0.65); I² = 0% -0.21 [-0.31, -0.10] * —

Executive functioning Chi² = 15.30, df = 8 (P = 0.05); I² = 48% -0.12 [-0.30, 0.06] —

Verbal fluency Chi² = 6.45, df = 7 (P = 0.49); -0.24 [-0.39, -0.09] * —

Phonemic fluency I² = 0% Chi² = 4.13, df = 3 (P = 0.25); — -2.93 [-5.41, -0.44] *

Semantic fluency I² = 27%Chi² = 3.47, df = 3 (P = 0.33); I² = 13% — -1.55 [-3.14, 0.04]

Language Chi² = 2.62, df = 4 (P = 0.62); I² = 0% 0.05 [-0.14, 0.24] —

Learning and memory Chi² = 11.68, df = 12 (P = 0.47); I² = 0% -0.16 [-0.27, -0.05] * —

Depression Chi² = 0.68, df = 2 (P = 0.71); I² = 0% — 1.37 [-0.57, 3.30]

Anxiety State anxiety Trait anxiety Chi² = 1.88, df = 3 (P = 0.60); -0.02 [-0.35, 0.31] —

I² = 0% Chi² = 0.58, df = 1 (P = 0.45); — -1.85 [-7.72, 4.02]

I² = 0% Chi² = 0.69, df = 1 (P = 0.41); I² = 0% — 1.51 [-3.22, 6.25]

Quality of Life Chi² = 7.43, df = 2 (P = 0.02); I² = 73% -0.15 [-0.61, 0.31] —

Abbreviation: SMD: standardized mean difference, WMD: weighted mean difference

* P <0.05.

doi:10.1371/journal.pone.0156721.t003
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Effects of STN DBS vs. GPi DBS on language
Data about the effects of STN DBS vs. GPi DBS on language functions were reported in three
studies other than the COMPARE trial (Table 2). As described in Table 3, the pooled SMD for
language at the end of the follow-up period using STN DBS compared to GPi DBS was 0.05
(95% CI: -0.14–0.24, P = 0.63) and was associated with statistically non-significant heterogene-
ity (P = 0.62, I2 = 0%), indicating that STN DBS in PD patients showed similar effects on lan-
guage function to the effects of GPi DBS.

Effects of STN vs. GPi DBS on learning and memory
As shown in Table 2, three trials (the Rothlind study, CSP468 study, and NSTAPS study)
explored the effects of STN DBS vs. GPi DBS on learning and memory, as assessed using multi-
ple neurocognitive tests. The data in Table 3 indicate that the pooled SMD for learning and
memory at the end of follow-up using STN DBS compared to GPi DBS was -0.16 (95% CI:
-0.27–-0.05, P = 0.005) and was associated with statistically non-significant heterogeneity
(P = 0.47, I2 = 0%), suggesting that STN DBS in PD patients might be accompanied by a stron-
ger decline in learning and memory than that observed following GPi DBS.

Effects of STN DBS vs. GPi DBS on depression
Data about the effects of STN DBS vs. GPi DBS on depression were reported in three studies
other than the NSTAPS trial, all of which used the Beck depression inventory as the assessment
scale (Table 2). As described in Table 3, the pooled WMD for depression at the end of follow-
up using STN DBS compared to GPi DBS was 1.37 (95% CI: -0.57–3.30, P = 0.17) and was
associated with statistically non-significant heterogeneity (P = 0.71, I2 = 0%), indicating that
STN DBS in PD patients had similar effects on depression to those of GPi DBS.

Effects of STN vs. GPi DBS on anxiety
As shown in Table 2, the Rothlind trial and the COMPARE trial studied the effects of STN
DBS vs. GPi DBS on anxiety as assessed using the StateTrait anxiety inventory. The data in
Table 3 indicate that the pooled SMD for anxiety at the end of the follow-up period using STN
DBS compared to GPi DBS was -0.02 (95% CI: -0.35–0.31, P = 0.92) and was associated with
statistically non-significant heterogeneity (P = 0.60, I2 = 0%). Further subgroup analysis based
on the type of anxiety was performed and did not change the outcome of the studies in either
the state anxiety or the trait anxiety subgroups, suggesting that STN DBS in PD patients had
similar effects on anxiety to those of GPi DBS.

Effects of STN vs. GPi DBS on quality of life
Data describing the effects of STN DBS vs. GPi DBS on quality of life was reported in three tri-
als other than the Rothlind study (Table 2). As described in Table 3, the pooled SMD for qual-
ity of life at the end of the follow-up period using STN DBS compared to GPi DBS was -0.15
(95% CI: -0.61–0.31, P = 0.52) and was associated with statistically significant heterogeneity
(P = 0.02, I2 = 73%), suggesting that there was no significant difference in quality of life in PD
patients between those who received STN DBS and GPi DBS.

Discussion
In the present meta-analysis of seven articles in four RCTs, we investigated the effects of STN
DBS vs. the effects of GPi DBS on cognitive function and psychiatric symptoms and assessed
their effects on quality of life in the PD patients. The main findings are as follows. (1)
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Compared to GPi DBS, STN DBS was associated with a decline in selected cognitive domains,
including global cognition, attention, working memory and processing speed, phonemic flu-
ency, as well as learning and memory, in PD patients after surgery. (2) There were no signifi-
cant differences in terms of quality of life and psychiatric effects such as depression and anxiety
between the STN DBS and GPi DBS groups.

DBS is a well-recognized treatment that is widely used in PD patients who have experienced
drug-induced complications or reduced responsiveness to the best medical therapies. However,
some issues, such as target selection, warrant further study. In a clinical setting, STN and GPi
are the two most commonly selected targets for the DBS procedure. There are long-standing
concerns about whether the best target in a PD patient is the STN or GPi. The first study that
retrospectively compared STN DBS to GPi DBS was completed in 1998[32], and it found that
STN DBS resulted in both greater improvements to akinesia and larger reductions in dopami-
nergic treatment compared with GPi DBS. This finding, together with subsequent case series
that reported that the initial efficacy of GPi DBS wanes over the 1–5 years after surgery [33],
led to STN DBS being the prevailing treatment for PD patients [34]. However, further RCTs
have indicated that STN DBS does not result in significantly increased improvements in motor
symptoms and that it may be accompanied by cognitive and behavioral complications [18].
This has triggered renewed interest in GPi DBS. To date, there is a consensus that both STN
DBS and GPi DBS are effective in addressing the motor symptoms of PD and the non-motor
outcomes such as cognition and behavioral outcomes also play an important role in the target
selection [35]. Recently, several important studies comparing the effects of STN DBS and GPi
DBS on non-motor symptoms, including the COMPARE trial [17,26], NSTAPS trial [21,30],
and CSP468 study [16,29], have been completed. These issues make it possible and necessary
to re-evaluate the effects of STN DBS on cognition and psychiatric changes in PD patients on
the basis of current evidence. Thus, our study provides timely and substantial evidence that
will be useful to clinicians during the selection of appropriate treatment strategies.

In the present meta-analysis, global cognitive function after DBS surgery, was reported in
only one out of four of the included RCTs [16,29]. The CSP 468 study group investigated the
effects of STN DBS and GPi DBS on global cognitive function using MDRS scores for up to
thirty-six months after surgery. They found that MDRS scores showed a gradual reduction in
both the STN and the GPi group over time and that the difference in MDRS scores between
two groups was significant at thirty-six months post-DBS (P = 0.01). However, considering
that PD patients in the STN DBS group performed slightly worse on average than patients in
the GPi DBS group in some baseline neurocognitive tests and that these covariates were not
adjusted for the subsequent analysis [16,29], the findings in the CSP 468 trial must be inter-
preted with care. Moreover, the results from previous RCTs comparing STN DBS to the best
medical therapy (BMT) indicated that there was no significant difference in MDRS total scores
at follow-up between the STN DBS and the BMT groups (139.6±3.8 and 140.0±3.5, respec-
tively, P = 0.25)[36]. In addition, the evidence from another meta-analysis that assessed global
cognition before and after STN DBS also showed that STN DBS did not change global cognitive
ability after adjusting for heterogeneity of variance in the study effect size[27]. Furthermore, an
epidemiological study of PD indicated that the point prevalence estimates for dementia in PD
patients ranges from 19.7 to 35.3%[37], which is in line with a previous study that suggested
that 24.5% of PD patients with STN DBS converted to dementia during the 3 years following
surgery[38]. All of these issues indicate that the gradual decline observed in global cognitive
function during PD may reflect the underlying progression of the disease rather than target
differences.

Our results demonstrate that while the neuropsychological effects of DBS surgery are gener-
ally comparable for the two brain targets, there are also differences in the domains of attention,
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working memory, processing speed, verbal fluency, and learning and memory. Previous study
by Perestelo-Perez et al explored the neurocognitive and psychiatric effects of DBS in compari-
son with pharmacological treatment[15]. And they found the figures ranging from nearly no
decline in memory and 0.15 SMD decline in global cognition (dementia rating) up to 0.56
SMD decline in phonemic fluency. Our findings are roughly in the same order of magnitude.
Moreover, another meta-analysis by Muslimovic et al examined the magnitude of decline
across multiple cognitive domains associated with disease progression in initially non-
demented, non-DBS treated, mid-stage PD patients, which demonstrated that cognitive decline
in the order of up to 0.3–0.4 effect size in several domains over a mean follow-up interval of 29
months[39]. Thus, the ‘Perestelo effects’ probably adds up to the ‘Muslimovic effects’, which, at
least in part, explains why STN DBS results in our study probably come on top of both of these
types of decline. However, the clinical relevance of these differences is unknown, because nei-
ther our study nor previous reports have shown that functional outcome scores [16,17,23] and
quality of life scores [29,30] differ between the two groups.

Currently, the mechanisms underlying the observed differences in selective cognitive domains
remain unknown. Two potential factors may be responsible for these differences. Firstly, the
most common and consistent cognitive side-effect after DBS[34] is a worsening in verbal fluency.
However, it seems to be related to the surgical procedure itself rather than the stimulation
because no substantial differences have been found between the results of on stimulation and off
stimulation[17,34,40]. This indicates that some of the factors involved in DBS surgery, such as
lead location and trajectory, may play roles in neurocognitive outcomes. Recently, Witt K et al
explored the impact of varying cortical lead entry point, subcortical electrode path, and the posi-
tion of the active electrode contacts on neuropsychological changes following STN DBS [41].
They found that passing the STN DBS lead through the head of the caudate increased the risk of
decline in global cognition and working memory performance. In addition, this study also indi-
cated that PD patients with a decline in cognition after STN DBS showed a different position of
the active DBS electrodes in comparison to the one without a decline in the cognition. Thus, the
finding fromWitt et al together with the finding that the GPi target is more lateral to midline
structures than the STN target[42] infers that the DBS lead trajectory required to target the GPi
passes laterally or along a steeper angle that may theoretically spare the caudate area, which may
lead to a lower risk of cognitive decline. However, to the best of our knowledge, no studies have
reported on the relationship between the GPi DBS procedure itself and neurocognitive outcomes
in PD patients. This inference needs further verification in subsequent studies. Secondly, it has
been demonstrated that STN DBS is associated with a significant reduction in levodopa-equiva-
lent dosages after DBS compared with GPi DBS[16,23,30]. Mounting evidence suggests that med-
ication withdrawal following DBS in PD patients exacerbates neuropsychological symptoms and
may be undesirable in some patients [43,44]. Furthermore, the potential role of medication
reductions in the neurocognitive sequelae is supported by the findings of the Rothlind study,
which indicated that the differences in Digit Symbol performance (which belongs to the domain
of attention, working memory and processing speed) between the two groups were no longer sig-
nificant after adjusting for the reduction in dopaminergic medication [28]. Further studies are
needed to clarify these issues, and these studies may assist researchers in identifying the factors
that underlie these differences.

In addition, our research found that STN DBS and GPi DBS showed similar depression
scores after DBS, which was inconsistent with the previous report that showed greater
improvement in depression from baseline after GPi DBS compared with STN DBS [23]. We
considered that different assessment time-points account for this discrepancy. In both our
research and the Liu et al study[23], the same three studies (Rothlind study, COMPARE trial
and CSP 468 study) were included for analysis of depression. However, in our research, the
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follow-up periods were 15, 36, and 7 months after surgery in Rothlind study, CSP 468 study
[29] and COMPARE trial[17], respectively. And, in Liu et al study, the follow-up periods were
6, 24, and 6 months after surgery in Rothlind study, CSP 468 study[16] and COMPARE trial
[26], respectively, which indicating the longer periods of follow-up analyzed in our research.
Previous meta-analysis [25] has demonstrated that the improvement of depression is signifi-
cantly related with the follow-up time, and the effect of DBS on depression seems to wane in
later assessments after initial improvement. More research is necessary to further explore the
mechanisms underlying depression outcome following DBS.

There are some limitations to the present study. Chief among these limitations is the limited
sample size. Although we have attempted to bring together all of the relevant RCTs in this
meta-analysis, our analysis of primary and secondary outcomes remains limited by the small
number of included patients and trials. Whereas the effects found in verbal fluency were based
on total samples of 180 and 157 patients from all four of the include trials, some other effects,
such as Digit span forward, were based on fewer than 20 individuals, and only one effect
included in the trial reported the primary outcome (Table 2). Moreover, there may be loss of
follow-up or withdraw in some studies, which leads to a decreased sample size at final analysis.
It is probable that in the near future, the results of an ongoing randomized clinical trial
(NCT01870518) will shed light on this issue. Furthermore, we should notice that the included
four RCTs in our study have tested the PD patients at different time points after surgery. As
described previously, the different periods of follow-up may influence the effects of DBS on the
cognition and affectivity. Thus, it is hard for us to strictly differentiate whether the worsening
of cognitive domains is the result of DBS surgery or the disease progression based on current
evidence. Further studies with uniform reporting formats in the follow-up period may be of
benefits to address this issue. In addition, as assessed using MDRS scores, the baseline global
cognitive function in the four included trials were comparable between the two groups
(Table 1). However, the results of the baseline neurocognitive tests in each included trials are
more complicated. For example, the scores in some baseline neurocognitive tests were slightly
worse in the STN DBS group than in the GPi DBS group in the CSP 468 study [16]. The COM-
PARE trial reported baseline task scores only for verbal fluency but not for other neurocogni-
tive tests [17]. Baseline neurocognitive test scores were not compared between STN DBS and
GPi DBS in the Rothlind study and were not reported in the NSTAPS study [21,28]. The results
of future RCTs may be more convincing if balanced baseline parameters are established for all
neurocognitive tests. Finally, individual patient data, such as age, levodopa-equivalent dosage,
lead trajectory, and the final location of the implanted lead, are not generally included in the
existing literature. These factors have been shown to affect the outcome and the size of effects.
A future meta-analysis that is stratified by these potential outcome factors may be of benefit in
identifying the factors that underlie cognitive morbidity and can be used to determine which
PD patients are most likely to benefit from DBS treatment.

Conclusions
A selective decline in frontal-subcortical cognitive functions is observed after STN DBS in com-
parison with GPi DBS, which should not be ignored in the target selection for DBS treatment
in PD patients. In addition, compared to GPi DBS, STN DBS does not affect depression, anxi-
ety, and quality of life.

Supporting Information
S1 PRISMA Checklist. PRISMA checklist.
(DOC)

STN versus GPi DBS in PD

PLOSONE | DOI:10.1371/journal.pone.0156721 June 1, 2016 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0156721.s001


S1 Search Strategy. Search strategy with details.
(DOCX)

S1 Table. Inclusion criteria of the four included trials.
(DOCX)

Author Contributions
Conceived and designed the experiments: YJL. Performed the experiments: JWW YQZ. Ana-
lyzed the data: JWW YQZ JPL. Contributed reagents/materials/analysis tools: XHZ YPW JPL.
Wrote the paper: JWW.

References
1. de Lau LM, Breteler MM. Epidemiology of Parkinson's disease. Lancet Neurol. 2006; 5:525–35. doi: 10.

1016/S1474-4422(06)70471-9 PMID: 16713924

2. Pringsheim T, Jette N, Frolkis A, Steeves TD. The prevalence of Parkinson's disease: a systematic
review and meta-analysis. Mov Disord. 2014; 29:1583–90. doi: 10.1002/mds.25945 PMID: 24976103

3. Willis AW, Schootman M, Kung N, Evanoff BA, Perlmutter JS, Racette BA. Predictors of survival in
patients with Parkinson disease. Arch Neurol. 2012; 69:601–7. doi: 10.1001/archneurol.2011.2370
PMID: 22213411

4. de Lau LM, Schipper CM, Hofman A, Koudstaal PJ, Breteler MM. Prognosis of Parkinson disease: risk
of dementia and mortality: the Rotterdam Study. Arch Neurol. 2005; 62:1265–9. doi: 10.1001/archneur.
62.8.1265 PMID: 16087767

5. Athauda D, Foltynie T. The ongoing pursuit of neuroprotective therapies in Parkinson disease. Nat Rev
Neurol. 2015; 11:25–40. doi: 10.1038/nrneurol.2014.226 PMID: 25447485

6. Olanow CW, Schapira AH. Therapeutic prospects for Parkinson disease. Ann Neurol. 2013; 74:337–
47. doi: 10.1002/ana.24011 PMID: 24038341

7. Jankovic J, Sherer T. The future of research in Parkinson disease. JAMANeurol. 2014; 71:1351–2. doi:
10.1001/jamaneurol.2014.1717 PMID: 25178587

8. Jankovic J, PoeweW. Therapies in Parkinson's disease. Curr Opin Neurol. 2012; 25:433–47. doi: 10.
1097/WCO.0b013e3283542fc2 PMID: 22691758

9. Pahwa R, Lyons KE. Treatment of early Parkinson's disease. Curr Opin Neurol. 2014; 27:442–9. doi:
10.1097/WCO.0000000000000113 PMID: 24950010

10. Giugni JC, Okun MS. Treatment of advanced Parkinson's disease. Curr Opin Neurol. 2014; 27:450–60.
doi: 10.1097/WCO.0000000000000118 PMID: 24978634

11. SchuepbachWM, Rau J, Knudsen K, Volkmann J, Krack P, Timmermann L, et al. Neurostimulation for
Parkinson's disease with early motor complications. N Engl J Med. 2013; 368:610–22. doi: 10.1056/
NEJMoa1205158 PMID: 23406026

12. Williams A, Gill S, Varma T, Jenkinson C, Quinn N, Mitchell R, et al. Deep brain stimulation plus best
medical therapy versus best medical therapy alone for advanced Parkinson's disease (PD SURG trial):
a randomised, open-label trial. Lancet Neurol. 2010; 9:581–91. doi: 10.1016/S1474-4422(10)70093-4
PMID: 20434403

13. Weaver FM, Follett K, Stern M, Hur K, Harris C, Marks WJ, et al. Bilateral deep brain stimulation vs best
medical therapy for patients with advanced Parkinson disease: a randomized controlled trial. JAMA.
2009; 301:63–73. doi: 10.1001/jama.2008.929 PMID: 19126811

14. Deuschl G, Schade-Brittinger C, Krack P, Volkmann J, Schafer H, Botzel K, et al. A randomized trial of
deep-brain stimulation for Parkinson's disease. N Engl J Med. 2006; 355:896–908. doi: 10.1056/
NEJMoa060281 PMID: 16943402

15. Perestelo-Perez L, Rivero-Santana A, Perez-Ramos J, Serrano-Perez P, Panetta J, Hilarion P. Deep
brain stimulation in Parkinson's disease: meta-analysis of randomized controlled trials. J Neurol. 2014;
261:2051–60. doi: 10.1007/s00415-014-7254-6 PMID: 24487826

16. Follett KA, Weaver FM, Stern M, Hur K, Harris CL, Luo P, et al. Pallidal versus subthalamic deep-brain
stimulation for Parkinson's disease. N Engl J Med. 2010; 362:2077–91. doi: 10.1056/NEJMoa0907083
PMID: 20519680

17. 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; 65:586–95. doi: 10.1002/ana.21596 PMID: 19288469

STN versus GPi DBS in PD

PLOSONE | DOI:10.1371/journal.pone.0156721 June 1, 2016 13 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0156721.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0156721.s003
http://dx.doi.org/10.1016/S1474-4422(06)70471-9
http://dx.doi.org/10.1016/S1474-4422(06)70471-9
http://www.ncbi.nlm.nih.gov/pubmed/16713924
http://dx.doi.org/10.1002/mds.25945
http://www.ncbi.nlm.nih.gov/pubmed/24976103
http://dx.doi.org/10.1001/archneurol.2011.2370
http://www.ncbi.nlm.nih.gov/pubmed/22213411
http://dx.doi.org/10.1001/archneur.62.8.1265
http://dx.doi.org/10.1001/archneur.62.8.1265
http://www.ncbi.nlm.nih.gov/pubmed/16087767
http://dx.doi.org/10.1038/nrneurol.2014.226
http://www.ncbi.nlm.nih.gov/pubmed/25447485
http://dx.doi.org/10.1002/ana.24011
http://www.ncbi.nlm.nih.gov/pubmed/24038341
http://dx.doi.org/10.1001/jamaneurol.2014.1717
http://www.ncbi.nlm.nih.gov/pubmed/25178587
http://dx.doi.org/10.1097/WCO.0b013e3283542fc2
http://dx.doi.org/10.1097/WCO.0b013e3283542fc2
http://www.ncbi.nlm.nih.gov/pubmed/22691758
http://dx.doi.org/10.1097/WCO.0000000000000113
http://www.ncbi.nlm.nih.gov/pubmed/24950010
http://dx.doi.org/10.1097/WCO.0000000000000118
http://www.ncbi.nlm.nih.gov/pubmed/24978634
http://dx.doi.org/10.1056/NEJMoa1205158
http://dx.doi.org/10.1056/NEJMoa1205158
http://www.ncbi.nlm.nih.gov/pubmed/23406026
http://dx.doi.org/10.1016/S1474-4422(10)70093-4
http://www.ncbi.nlm.nih.gov/pubmed/20434403
http://dx.doi.org/10.1001/jama.2008.929
http://www.ncbi.nlm.nih.gov/pubmed/19126811
http://dx.doi.org/10.1056/NEJMoa060281
http://dx.doi.org/10.1056/NEJMoa060281
http://www.ncbi.nlm.nih.gov/pubmed/16943402
http://dx.doi.org/10.1007/s00415-014-7254-6
http://www.ncbi.nlm.nih.gov/pubmed/24487826
http://dx.doi.org/10.1056/NEJMoa0907083
http://www.ncbi.nlm.nih.gov/pubmed/20519680
http://dx.doi.org/10.1002/ana.21596
http://www.ncbi.nlm.nih.gov/pubmed/19288469


18. Anderson VC, Burchiel KJ, Hogarth P, Favre J, Hammerstad JP. Pallidal vs subthalamic nucleus deep
brain stimulation in Parkinson disease. Arch Neurol. 2005; 62:554–60. doi: 10.1001/archneur.62.4.554
PMID: 15824252

19. Rodriguez-Oroz MC, Obeso JA, Lang AE, Houeto JL, Pollak P, Rehncrona S, et al. Bilateral deep brain
stimulation in Parkinson's disease: a multicentre study with 4 years follow-up. Brain. 2005; 128:2240–9.
doi: 10.1093/brain/awh571 PMID: 15975946

20. Volkmann J, Allert N, Voges J, Weiss PH, Freund HJ, Sturm V. Safety and efficacy of pallidal or subtha-
lamic nucleus stimulation in advanced PD. Neurology. 2001; 56:548–51. doi: 10.1212/WNL.56.4.548
PMID: 11222806

21. Odekerken VJ, Boel JA, Geurtsen GJ, Schmand BA, Dekker IP, de Haan RJ, et al. Neuropsychological
outcome after deep brain stimulation for Parkinson disease. Neurology. 2015; 84:1355–61. doi: 10.
1212/WNL.0000000000001419 PMID: 25724233

22. Combs HL, Folley BS, Berry DTR, Segerstrom SC, Han DY, Anderson-Mooney AJ, et al. Cognition and
Depression Following Deep Brain Stimulation of the Subthalamic Nucleus and Globus Pallidus Pars
Internus in Parkinson’s Disease: A Meta-Analysis. Neuropsychol Rev. 2015. doi: 10.1007/s11065-015-
9302-0

23. Liu Y, Li W, Tan C, Liu X, Wang X, Gui Y, et al. Meta-analysis comparing deep brain stimulation of the
globus pallidus and subthalamic nucleus to treat advanced Parkinson disease. J Neurosurg. 2014;
121:709–18. doi: 10.3171/2014.4.JNS131711 PMID: 24905564

24. SakoW, Miyazaki Y, Izumi Y, Kaji R. Which target is best for patients with Parkinson's disease? A
meta-analysis of pallidal and subthalamic stimulation. Journal of Neurology, Neurosurgery & Psychia-
try. 2014; 85(9):982–6. doi: 10.1136/jnnp-2013-306090

25. Couto MI, Monteiro A, Oliveira A, Lunet N, Massano J. Depression and anxiety following deep brain
stimulation in Parkinson's disease: systematic review and meta-analysis. Acta Med Port. 2014; 27
(3):372–82 PMID: 25017350

26. Parsons TD, Rogers SA, Braaten AJ, Woods SP, Troster AI. Cognitive sequelae of subthalamic
nucleus deep brain stimulation in Parkinson's disease: a meta-analysis. Lancet Neurol. 2006; 5:578–
88. doi: 10.1016/S1474-4422(06)70475-6 PMID: 16781988

27. Rothlind JC, Cockshott RW, Starr PA, MarksWJ. Neuropsychological performance following staged
bilateral pallidal or subthalamic nucleus deep brain stimulation for Parkinson's disease. J Int Neuropsy-
chol Soc. 2007; 13:68–79. doi: 10.1017/S1355617707070105 PMID: 17166305

28. Zahodne LB, Okun MS, Foote KD, Fernandez HH, Rodriguez RL, 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. 2009; 256:1321–9. doi: 10.1007/s00415-009-5121-7 PMID:
19363633

29. Weaver FM, Follett KA, Stern M, Luo P, Harris CL, Hur K, et al. Randomized trial of deep brain stimula-
tion for Parkinson disease: Thirty-six-month outcomes. Neurology. 2012; 79(1):55–65. doi: 10.1212/
WNL.0b013e31825dcdc1 PMID: 22722632

30. Odekerken VJ, van Laar T, Staal MJ, Mosch A, Hoffmann CF, Nijssen PC, et al. Subthalamic nucleus
versus globus pallidus bilateral deep brain stimulation for advanced Parkinson's disease (NSTAPS
study): a randomised controlled trial. Lancet Neurol. 2013; 12:37–44. doi: 10.1016/S1474-4422(12)
70264-8 PMID: 23168021

31. Henry JD, Crawford JR. Verbal fluency deficits in Parkinson's disease: a meta-analysis. J Int Neuropsy-
chol Soc. 2004; 10:608–22. doi: 10.1017/S1355617704104141 PMID: 15327739

32. Krack P, Pollak P, Limousin P, Hoffmann D, Xie J, Benazzouz A, et al. Subthalamic nucleus or internal
pallidal stimulation in young onset Parkinson's disease. Brain. 1998; 121:451–7. doi: 10.1093/brain/
121.3.451 PMID: 9549521

33. Volkmann J, Allert N, Voges J, Sturm V, Schnitzler A, Freund HJ. Long-term results of bilateral pallidal
stimulation in Parkinson's disease. Ann Neurol. 2004; 55:871–5. doi: 10.1002/ana.20091 PMID:
15174022

34. Castrioto A, Lhommée E, Moro E, Krack P. Mood and behavioural effects of subthalamic stimulation in
Parkinson's disease. Lancet Neurol. 2014; 13:287–305. doi: 10.1016/S1474-4422(13)70294-1 PMID:
24556007

35. Bronstein JM, Tagliati M, Alterman RL, Lozano AM, Volkmann J, Stefani A, et al. Deep brain stimulation
for Parkinson disease: an expert consensus and review of key issues. Arch Neurol. 2011; 68:165. doi:
10.1001/archneurol.2010.260 PMID: 20937936

36. Witt K, Daniels C, Reiff J, Krack P, Volkmann J, Pinsker MO, et al. Neuropsychological and psychiatric
changes after deep brain stimulation for Parkinson's disease: a randomised, multicentre study. Lancet
Neurol. 2008; 7:605–14. doi: 10.1016/S1474-4422(08)70114-5 PMID: 18538636

STN versus GPi DBS in PD

PLOSONE | DOI:10.1371/journal.pone.0156721 June 1, 2016 14 / 15

http://dx.doi.org/10.1001/archneur.62.4.554
http://www.ncbi.nlm.nih.gov/pubmed/15824252
http://dx.doi.org/10.1093/brain/awh571
http://www.ncbi.nlm.nih.gov/pubmed/15975946
http://dx.doi.org/10.1212/WNL.56.4.548
http://www.ncbi.nlm.nih.gov/pubmed/11222806
http://dx.doi.org/10.1212/WNL.0000000000001419
http://dx.doi.org/10.1212/WNL.0000000000001419
http://www.ncbi.nlm.nih.gov/pubmed/25724233
http://dx.doi.org/10.1007/s11065-015-9302-0
http://dx.doi.org/10.1007/s11065-015-9302-0
http://dx.doi.org/10.3171/2014.4.JNS131711
http://www.ncbi.nlm.nih.gov/pubmed/24905564
http://dx.doi.org/10.1136/jnnp-2013-306090
http://www.ncbi.nlm.nih.gov/pubmed/25017350
http://dx.doi.org/10.1016/S1474-4422(06)70475-6
http://www.ncbi.nlm.nih.gov/pubmed/16781988
http://dx.doi.org/10.1017/S1355617707070105
http://www.ncbi.nlm.nih.gov/pubmed/17166305
http://dx.doi.org/10.1007/s00415-009-5121-7
http://www.ncbi.nlm.nih.gov/pubmed/19363633
http://dx.doi.org/10.1212/WNL.0b013e31825dcdc1
http://dx.doi.org/10.1212/WNL.0b013e31825dcdc1
http://www.ncbi.nlm.nih.gov/pubmed/22722632
http://dx.doi.org/10.1016/S1474-4422(12)70264-8
http://dx.doi.org/10.1016/S1474-4422(12)70264-8
http://www.ncbi.nlm.nih.gov/pubmed/23168021
http://dx.doi.org/10.1017/S1355617704104141
http://www.ncbi.nlm.nih.gov/pubmed/15327739
http://dx.doi.org/10.1093/brain/121.3.451
http://dx.doi.org/10.1093/brain/121.3.451
http://www.ncbi.nlm.nih.gov/pubmed/9549521
http://dx.doi.org/10.1002/ana.20091
http://www.ncbi.nlm.nih.gov/pubmed/15174022
http://dx.doi.org/10.1016/S1474-4422(13)70294-1
http://www.ncbi.nlm.nih.gov/pubmed/24556007
http://dx.doi.org/10.1001/archneurol.2010.260
http://www.ncbi.nlm.nih.gov/pubmed/20937936
http://dx.doi.org/10.1016/S1474-4422(08)70114-5
http://www.ncbi.nlm.nih.gov/pubmed/18538636


37. Russell A, Drozdova A, WangW, Thomas M. The impact of dementia development concurrent with
Parkinson's disease: a new perspective. CNS Neurol Disord Drug Targets. 2014; 13:1160–8. doi: 10.
2174/1871527313666140917122739 PMID: 25230219

38. Aybek S, Gronchi-Perrin A, Berney A, Chiuve SC, Villemure JG, Burkhard PR, et al. Long-term cogni-
tive profile and incidence of dementia after STN-DBS in Parkinson's disease. Mov Disord. 2007;
22:974–81. doi: 10.1002/mds.21478 PMID: 17443691

39. Muslimovic D, Schmand B, Speelman JD, de Haan RJ. Course of cognitive decline in Parkinson's dis-
ease: a meta-analysis. J Int Neuropsychol Soc.2007; 13: 920–32. doi: 10.1017/S1355617707071160
PMID: 17942010

40. Witt K, Pulkowski U, Herzog J, Lorenz D, Hamel W, Deuschl G, et al. Deep brain stimulation of the sub-
thalamic nucleus improves cognitive flexibility but impairs response inhibition in Parkinson disease.
Arch Neurol. 2004; 61:697–700. doi: 10.1001/archneur.61.5.697 PMID: 15148146

41. Witt K, Granert O, Daniels C, Volkmann J, Falk D, van Eimeren T, et al. Relation of lead trajectory and
electrode position to neuropsychological outcomes of subthalamic neurostimulation in Parkinson's dis-
ease: results from a randomized trial. Brain. 2013; 136:2109–19. doi: 10.1093/brain/awt151 PMID:
23801735

42. Dormont D, Seidenwurm D, Galanaud D, Cornu P, Yelnik J, Bardinet E. Neuroimaging and Deep Brain
Stimulation. Am J Neuroradiol. 2010; 31:15–23. doi: 10.3174/ajnr.A1644 PMID: 19749225

43. Weaver F, Follett K, Hur K, Ippolito D, Stern M. Deep brain stimulation in Parkinson disease: a meta-
analysis of patient outcomes. J Neurosurg. 2005; 103:956–67. doi: 10.3171/jns.2005.103.6.0956
PMID: 16381181

44. Thobois S, Ardouin C, Lhommee E, Klinger H, Lagrange C, Xie J, et al. Non-motor dopamine with-
drawal syndrome after surgery for Parkinson's disease: predictors and underlying mesolimbic denerva-
tion. Brain. 2010; 133:1111–27. doi: 10.1093/brain/awq032 PMID: 20237128

STN versus GPi DBS in PD

PLOSONE | DOI:10.1371/journal.pone.0156721 June 1, 2016 15 / 15

http://dx.doi.org/10.2174/1871527313666140917122739
http://dx.doi.org/10.2174/1871527313666140917122739
http://www.ncbi.nlm.nih.gov/pubmed/25230219
http://dx.doi.org/10.1002/mds.21478
http://www.ncbi.nlm.nih.gov/pubmed/17443691
http://dx.doi.org/10.1017/S1355617707071160
http://www.ncbi.nlm.nih.gov/pubmed/17942010
http://dx.doi.org/10.1001/archneur.61.5.697
http://www.ncbi.nlm.nih.gov/pubmed/15148146
http://dx.doi.org/10.1093/brain/awt151
http://www.ncbi.nlm.nih.gov/pubmed/23801735
http://dx.doi.org/10.3174/ajnr.A1644
http://www.ncbi.nlm.nih.gov/pubmed/19749225
http://dx.doi.org/10.3171/jns.2005.103.6.0956
http://www.ncbi.nlm.nih.gov/pubmed/16381181
http://dx.doi.org/10.1093/brain/awq032
http://www.ncbi.nlm.nih.gov/pubmed/20237128

