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Abstract

Deep brain stimulation (DBS) is an effective therapy for Parkinson’s disease (PD) patients 

experiencing motor fluctuations, medication resistant tremor, and/or dyskinesia. Currently, the 

subthalamic nucleus and the globus pallidus internus are the two most widely used targets, with 

individual advantages and disadvantages influencing patient selection. Potential DBS patients are 

selected using the few existing guidelines and the available DBS literature, and many centers 

employ an interdisciplinary team review of the individual’s risk-benefit profile. Programmed 

settings vary based on institution or physician specific protocols designed to maximize benefits 

and limit adverse effects. Expectations should be realistic and clearly defined during the evaluation 

process, and each bothersome symptom should be addressed in the context of building the risk-

benefit profile. Current DBS research is focused on improved symptom control, the development 

of newer technologies, and the improved efficiency of stimulation delivery. Techniques deliver 

stimulation in a more personalized way, and methods of adaptive DBS such as closed loop 

approaches are already on the horizon.
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Introduction

Deep brain stimulation (DBS) has been shown to be an effective therapy for patients with 

Parkinson’s disease (PD) who have motor fluctuations, medication resistant tremor, and/or 

troublesome dyskinesia.1,2 DBS has been established as an adjunctive treatment to address 

the cardinal PD motor symptoms (i.e. tremor, rigidity, and bradykinesia) and, for some 

patients, medication reduction can be achieved.1,2 The exact mechanisms of action for DBS 

applied in the most commonly used PD targets, the globus pallidus internus (GPi) and the 

subthalamic nucleus (STN), remain unknown. However recent evidence has shown that DBS 
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may provide modulation of abnormal neuronal signals that are propagated through nodes of 

a complex neural network.1

Target and patient selection are of great importance to the overall surgical process and 

efficacy of the procedure. Extensive preoperative discussions with surgical candidates 

regarding which specific troublesome symptoms may or may not respond to 

neuromodulation can set the foundation for a discussion of reasonable expectations. 

Postoperatively, target-specific expert programming by experienced clinicians can facilitate 

maximum benefit while minimizing side effects. In the long term, a plan for continued 

efficacy monitoring, stimulation-induced side effects, and hardware malfunctions is 

important in the care of patients with DBS. This article will briefly review the historical and 

clinical aspects of DBS therapy, the indications for treatment, DBS target selection, as well 

as long term programming strategies across different brain targets. Finally, we will review 

the future horizons of DBS therapy including new hardware and current research on novel 

paradigms and interventions.

DBS in PD: The era prior to DBS

The history of innovations impacting modern DBS in neurological and psychiatric disorders 

dates as far back as the late 1940’s, when Spiegel and Wycis described the stereotactic 

apparatus which, after adaptation to the human brain, allowed surgeons to target specific 

structures within the brain using tridimensional coordinates.3,4 In the 1950’s, pallidotomy 

became a popular surgical PD treatment, and intraoperative macrostimulation was initially 

used as part of localization of the globus pallidus target. According to reports drawn from 

the 1960’s, surgeons were able to suppress parkinsonian symptoms temporarily with pallidal 

macrostimulation during the intraoperative localization procedure.4. In the mid-1960’s, 

multiple electrodes were implanted as part of the process for identification of the ideal 

pallidotomy location, and it was observed by several surgeons that the electrodes could 

remain implanted for days to weeks.4 With the introduction of levodopa as a treatment for 

PD in 1968, pallidotomy became less commonly used in PD, and was largely restricted to 

severe or refractory cases, particularly for patients presenting with tremors as the dominant 

feature.4–6

The idea of using electrical stimulation as a modality for chronic therapy took shape in the 

1970’s, when thalamic electrodes were implanted and multiple sessions of high and low 

frequency stimulation were applied prior to a final surgical lesion.4 Around the same time, 

Medtronic trademarked the term “deep brain stimulation,” which was evolving in Europe as 

a treatment for chronic pain.4 The first reports of therapeutic DBS for movement disorders 

including PD occurred in the early 1980’s, when chronic stimulation of thalamic and 

subthalamic areas was observed to effectively suppress parkinsonian symptoms. Finally, in 

1987, Dr. Alim Benabid and colleagues reported the first series of tremor and PD patients 

undergoing bilateral chronic thalamic stimulation, and this set the stage for a new era of 

DBS targeted at alleviating tremor and some of the other symptoms of PD.7,8
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Deep brain stimulation in PD: two targets, one neural network

Following Benabid et al. (1987), various groups across the globe started evaluating the 

clinical effectiveness and efficacy of DBS in PD by targeting the globus pallidus internus 

(GPi) and subthalamic nucleus (STN). Both structures are nodes of the fronto-basal-ganglia-

thalamo-cortical networks that are involved in cognitive, behavioral and motor function. 

Abnormal signaling within this network has been closely associated with the motor and non-

motor features of PD.9

The STN is part of the indirect and hyper-direct pathways, and the GPi is the main outflow 

nucleus of the basal ganglia system (Figure 1).10 Following the first large scale DBS 

outcomes reported by Pollack and Benabid in 1993,11 the STN gained considerable early 

popularity as the preferred DBS target for PD. The rational for STN stimulation was largely 

driven by the hypothesis from DeLong and colleagues regarding hyper-excitability within 

the circuitry and changes in rate and pattern of neuromodulation between key nodes in the 

network,12 as demonstrated in their seminal paper in Science showing that lesioning the 

STN in a primate alleviated MPTP-induced parkinsonism.12 Concomitantly, and following 

the previous successes of pallidotomy in addressing PD cardinal motor symptoms as well as 

dyskinesia, Siegfried et al. (1994) reported chronic bilateral GPi DBS as a potential 

alternative approach to ameliorate human PD symptoms.13 Subsequent randomized and 

observational studies comparing conventional pallidotomy and DBS targeting either the STN 
14 or GPi 15 collectively revealed a reduction in Unified Parkinson’s Disease Rating Scale 

(UPDRS) OFF scores, an improvement in dyskinesia, suppression of tremor, and in some 

cases, medication reduction. Due to the increased risk of significant speech, swallowing, and 

cognitive deficits associated with lesioning surgery,14,15 DBS gradually became the 

procedure of choice for PD patients refractory to medical management.

As experience with both STN and GPI DBS has accumulated over time, important 

differences between outcomes has led to an “STN versus GPi” debate regarding which is the 

optimal target in patients with PD.16 Table 1 summarizes the critical findings from the 

largest studies published to date. In 2001 the Deep Brain Stimulation for Parkinson’s 

Disease Study Group reported the first blinded non-randomized study of 96 bilateral STN 

and 38 bilateral GPi DBS patients.17 The study concluded that bilateral DBS of either target 

was associated with significant symptomatic improvement in PD, and that neither GPi nor 

STN DBS was clearly superior; based on these results, both targets subsequently gained 

FDA approval in 2002.

Follow-up of this cohort at four18 and six19 years confirmed sustained clinical benefit 

without troublesome dyskinesias in both STN and GPi groups. However, only STN DBS 

provided a significant reduction in dopaminergic medications over time,18,19 though this was 

counterbalanced by a higher occurrence of side effects including cognitive dysfunction, 

depression, as well as speech and gait impairment in the STN patients.18,19 Subsequent 

results in Europe20,21 and the United States22,23 would add to the collective evidence 

supporting DBS therapy. The first randomized STN vs. GPi study was the unilaterally 

implanted NIH COMPARE cohort by Okun at al.23, randomizing 45 PD patients from a 

single center to either side. There were no statistically significant differences in motor 
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efficacy, nor in the occurrence of cognitive or psychiatric side effects captured by the scales 

collected. This was the first study to show that the most common cognitive side effect 

resulting from DBS (decreased verbal fluency) was mainly a surgical and not a stimulation 

induced issue.23 A larger randomized trial published a year later included six different U.S. 

based Veterans Affairs centers and studied a cohort of 299 patients randomized to either 

bilateral GPi or STN DBS.22 The findings replicated the unilateral NIH COMPARE cohort 

and showed a good clinical response in both targets.22 STN DBS patients experienced a 

significantly larger medication reduction, but also had a higher rate of psychiatric and 

cognitive side effects in long-term follow up of the cohort.22 Most recently in the 

Netherlands, a randomized trial of 128 patients implanted in either the STN or GPi reported 

similar motor benefits in both targets. The authors found a slightly higher reduction in 

UPDRS motor scores and total dopaminergic reduction in STN DBS at 120 and 3 years21, 

suggesting a slight advantage for STN DBS; however, direct comparisons to previous trials 

is limited by differences in primary outcome variables.

Although some studies have suggested that STN may be the preferred target for PD patients 

with problematic tremor,24,25 there have been no studies directly comparing STN and GPi 

DBS that have been specifically focused on tremor. Large multicenter trials have actually 

reported similar motor outcomes in all the cardinal symptoms inclusive of tremors for both 

GPi and STN.18,20–23,26–30 STN DBS does, however, allow for a more significant reduction 

of dopaminergic medication compared to GPi DBS, a finding that has been replicated by 

several large multicenter trials.18,19,22,29,31 On the other hand, this reduction is often 

instituted to avoid troublesome dyskinesias,32,33 which may limit flexibility in levodopa 

dosing later in the disease course. GPi DBS has been shown to be a better suppressor of 

dyskinesias, and to allow more flexibility in adjusting medications short- and long-term.33

Across most comparative studies, STN DBS has been associated with a greater incidence of 

stimulation-induced side effects, neuropsychiatric issues, and cognitive side effects in the 

post-operative period,18,23,29,34–43 although a few recent studies have found no differences 

in depression or cognitive dysfunction between STN and GPi DBS.21,44 Although less 

extensively studied, other side effects that have been reported at a higher incidence in STN 

DBS include dysphagia,36,41,45 speech abnormalities20,26,46 as well as gait and balance 

dysfunction.41,47 In addition to basal ganglia structures targeted by DBS, lead depth and 

placement accuracy have also been shown to influence side effect profiles. The COMPARE 

cohort demonstrated that when patients underwent cognitive testing after being randomized 

to activation of an optimal DBS contact on the DBS lead versus a more ventral contact 

(deeper), the latter condition was associated with a greater occurrence of mood and cognitive 

side effects in both GPi and STN targets,23 thus suggesting that optimal lead location could 

play an important role in outcomes. The 2005 paper on DBS failures48 further emphasized 

this point, revealing that half of all DBS failures were due to suboptimal lead placement.

Patient Screening and Individualized Target Selection

The studies described do not support a “one size fits all” approach to target selection, but 

rather a choice of DBS target that is individualized for each patient. This process begins with 

careful patient selection and (where possible) a multi-disciplinary evaluation.49,50 A 
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thorough history and clinical evaluation will ensure that previous attempts at optimal 

medical management were adequate, and that the symptoms targeted are those most likely to 

improve with DBS. Typically, a disease course of at least five years of progressive levodopa-

responsive parkinsonism with at least a 30% improvement in UPDRS with dopaminergic 

therapy can help to identify those patients likely to benefit from DBS 51 and to avoid 

operating on patients with atypical parkinsonism (a notable exception is levodopa-resistant 

PD tremor, which can still respond to DBS therapy)48,52,53. The EarlyStim study has 

identified that earlier use of DBS systems (within 3 years of motor fluctuations) is associated 

with benefit compared to best medical therapy54,55. The FDA has indeed changed its 

recommendation for DBS from advanced PD to patients with motor complications not 

properly controlled by best medical therapy and of at least 4-year duration.54 However, early 

DBS implantation will bring some challenges in terms of recognizing earlier stages of 

atypical parkinsonian syndromes which can overlap with PD and may only unmask 

themselves later in the disease course, leading to reservations regarding formal 

recommendations for widespread DBS implantation in parkinsonian patients at earlier 

stages.56,57

It is critical to set patient expectations in concrete terms of potential benefits and risks. 

Common misconceptions observed in practice include the notion that DBS will 1) be a 

replacement to all medications (e.g. becoming drug free); 2) delay disease progression; and 

3) ultimately ameliorate all PD symptoms including those that do not respond to levodopa 

(e.g. gait, balance, voice, swallowing, and cognition). Table 2 summarizes examples of PD 

symptoms that commonly do or do not respond to DBS.

DBS has in almost all cases failed to replace medication therapy, and it has not been shown 

to slow disease progression. In cases with aggressive medication reduction, apathy and other 

symptoms have emerged.58 Additionally, non-motor symptoms may become a main source 

of disability and are, in many cases, unchanged by DBS, though there have been some minor 

non-motor improvements reported post-DBS.59

Once disabling symptoms that are potentially DBS responsive are identified, patients should 

be evaluated by an experienced multidisciplinary team. Teams vary in their composition, but 

typically include a movement disorders neurologist, a neurosurgeon, rehabilitation services 

(physical, occupation, speech and swallow therapies), a psychiatrist, a neuropsychologist 

and, if possible, a social worker (for pre- and post-operative care planning).52,60 The 

potential surgical candidates can then be discussed and the input from all specialists used to 

establish a risk-benefit profile prior to deciding on a brain target and approach for DBS 

surgery (unilateral vs. bilateral; simultaneous versus staged, etc.) Higuchi et al. recently 

evaluated 166 patients undergoing a multidisciplinary DBS screening approach, and patients 

were stratified into major, minor, or no concerns for DBS surgery.60 Patients with major 

concerns had higher rates of post-operative hospitalization (89% on major versus 33% on 

minor and 3% on no concerns), and worse quality of life scores at 12-months post-surgery.60

The results from the interdisciplinary evaluation inform the decisions for final candidacy 

including bilateral versus unilateral surgery, implantation of simultaneous DBS leads versus 

staging them over time (e.g. one lead at a time), and for target selection. Surgical decisions 

Almeida et al. Page 5

Semin Neurol. Author manuscript; available in PMC 2018 October 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



should consider the patient’s impression of the most troublesome or disabling symptoms and 

preference for avoiding adverse events.52 Motor fluctuations coupled with a strong desire for 

medication reduction without significant dyskinesias might support the use of STN DBS, 

while a known underlying psychiatric or cognitive problem or severe dyskinesias may favor 

GPi as the optimal DBS target.

DBS programming in PD

Following lead and pulse generator (IPG) implantation, patients will usually undergo initial 

programming in the outpatient neurology or neurosurgery clinic. The purpose of the initial 

visit is to identify the therapeutic and side effect thresholds for each electrode on the lead 

(monopolar survey). The clinician programmer usually sets a fixed pulse width and 

frequency, and then the voltage is gradually increased in a monopolar configuration until 

benefit and/or side effect is reached at each sequential electrode. Picillo et al. recently cited 

rigidity as a quick and consistent responder to effective stimulation, and thus rigidity may be 

useful during threshold mapping and setting DBS devices.61 There are, however, other 

symptoms such as tremor and occurrence of side effects that are useful during programming. 

Following the identification of clinical thresholds for benefits and side effects, currently 

available devices allow clinicians to program multiple patient-programmable group settings. 

Patients are encouraged to try these group settings systematically until their subsequent 

follow-up visit. The information from this threshold mapping and setting trials can be used 

to guide further DBS programming adjustments, which typically takes 3–6 months to find 

the optimal IPG settings.

We have found in our practice that it is important to examine all of the motor and cognitive 

symptoms relevant to an individual patient during DBS programming sessions to maximize 

benefit and minimize side effects. Continued medication adjustments and screening for 

symptoms such as falls, apathy, and depression can help to reduce adverse events such as 

suicide or neuropsychiatric decline due to over-aggressive medication reduction.

When PD patients do not respond to DBS: The need for troubleshooting

Troubleshooting the patient with a suboptimal response to DBS should be systematic and 

comprehensive. Possible explanations for a suboptimal response to DBS include erroneous 

diagnosis, inappropriate patient selection, hardware failure, suboptimal programming, 

inadequate medical management, delayed lead migration, and suboptimal placement. 

Suboptimal patient selection, including inaccurate diagnosis, accounts for approximately 

10% of the suboptimal DBS responses.62 Often clues suggesting atypical parkinsonism, 

such as a poor response to levodopa, rapid progression, and early postural instability and gait 

impairment, were overlooked during the patient selection process. These features can be 

overlooked by inexperienced clinicians or if DBS is performed early in the disease course.

Tertiary care DBS centers frequently encounter suboptimally placed DBS leads and lead 

migration, the latter of which can occur due to cap failure (e.g. failure to secure the lead) or 

inadvertent traction during IPG replacement. Cortical atrophy may also play a role in lead 

shifts over time.63 Three dimensional reconstruction and measurement of DBS lead location 
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using neuroimaging can be helpful in uncovering such issues as the cause of poor response 

and/or side effects. Occasionally, revisiting a monopolar survey might yield an alternative 

programming strategy. If attempts to reprogram the device fail or suboptimal lead location is 

excessive, lead revision or implantation of an additional rescue DBS lead should be 

considered. A common error in the management of patients who lose clinical benefit after a 

period of good response to DBS is exhaustive programming trials. In actuality, device 

settings will typically need to change very little once an optimal programming setting is 

achieved. Once settings are optimized, long-term management of implanted patients is 

typically focused on monitoring battery life and addressing issues related to the medication 

regimen and non-motor symptoms of the disease.

Future of DBS in PD: Technologies and research

The clinical use of DBS as an adjunctive therapy for PD is now in its third decade, and DBS 

is now considered the standard of care for patients with motor complications and 

dyskinesias, or those refractory to medical management. Researchers and clinicians have 

reached a reasonable level of comfort in developing institutional guidelines, however the 

field lacks standardization in patient selection and targeting, surgical techniques, and device 

programming. Current limitations in lead technology limit control of stimulation-induced 

side effects. Rechargeable devices capable of reducing long-term morbidity from surgical 

IPG replacements have been slowly improving in technology and usability. There is also a 

drive to develop wireless stimulation systems, further decreasing the surgical morbidity.64 

More advanced power solutions will be required as remote monitoring becomes available to 

avoid battery drain. These factors have encouraged researchers to seek hardware and 

software improvements.

Traditionally, IPG systems operated using a constant voltage. Newer systems are using 

constant current. The constant current systems adjust the voltage of stimulation with changes 

in tissue impedance, allowing a more constant tissue stimulation.65

The avoidance of stimulation-induced side effects is another important area of DBS 

research. These side effects occur when current spills into undesired tissues/pathways such 

as the internal capsule as a result of a suboptimal placement of the lead.54,66 To avoid side 

effects, different programming techniques can be used such as using bipolar configuration or 

interleaving settings, though often with limited success or worsening of symptom control.54 

Newer DBS leads have been introduced that are capable of current shaping or steering.1,67 

These new DBS leads provide directional stimulation rather than the traditional elliptical-

shaped field (Figure 2), widening the therapeutic threshold.68 Some of the leads shape the 

field of stimulation through multiple independent current control (MICC) of their different 

contacts as well as steer it through segmented electrodes. The Versice system from Boston 

Scientific55,66 uses a MICC system, and the St. Jude Infinity system, recently approved in 

the USA, can utilize a segmented lead. Other systems, through the use of multiple small 

segmented elliptical electrodes (such as the Sapiens system), allow current steering by 

directing the current in all of the quadrants.54 This new technology will facilitate shaping the 

stimulation into the area of interest within a structure and/or fiber bundle and away from 

undesired areas where stimulation results in untoward effects. Current steering technologies 
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have been aimed at changing the size of the stimulation field and also by using segmented 

contacts to point stimulation toward beneficial regions and away from suboptimal areas (e.g. 

internal capsule). Contarino et al68 in a questionnaire survey of DBS providers in the 

Netherlands identified that an average of 21% of patients might benefit from using steering 

technology, as they were limited by side effects of dysarthria and muscle contractions. 

Interestingly, they reported that a higher proportion of patients with GPi and thalamic leads 

could benefit from steering compared to STN leads (respectively, 48% and 39% versus 

13%),68 however many experts would consider STN-related side effects a very attractive use 

for this technology.

Recent research has focused on software modifications (updated firmware) that may 

facilitate delivery of different pulses in different pulse shapes, potentially enhancing 

outcomes.69 Akbar et al.69 investigated several novel stimulation strategies including square 

biphasic pulses (with active depolarization and repolarization phases). This approach 

provided statistically significant improvements in UPDRS scores. Updates to the firmware 

may be an important horizon for DBS therapy.

In additional to its utility as a treatment modality, DBS provides PD researchers with a 

window into the functioning basal ganglia-thalamo-cortical network in humans, and 

increases our understanding of the underlying pathophysiological mechanisms of the disease 

and the behavior of neural populations within a complex network. Basal ganglia neuronal 

oscillations play a variety of roles in cognitive, emotional, and motor function, and represent 

synchronized neuronal activity propagated throughout functional circuits. In PD, aberrant 

coupling between the phase of activity in the beta band and the amplitude of activity in the 

gamma band has been reported, and is thought to be associated with at least some of cortical 

dysfunction that gives rise to the symptoms of the disease.70 Additionally, abnormal beta 

band activity and its excessive phase-amplitude coupling to broad-band gamma activity both 

appear to respond to neuromodulation, making them exciting potential electrical biomarkers 

of the disease.1,71–73

The identification of electrical biomarkers is critical for the development of adaptive closed-

loop approaches to DBS therapy in PD. Current generation DBS devices are programmed in 

a “set it and forget” manner, in which settings are programmed by providers at clinical visits 

and remain constant until the next clinical visit. In this paradigm, patients are programmed 

with specific settings that provide stimulation at a constant voltage without any feedback. 

The identification of potential electrical biomarkers of abnormal network activity has opened 

the possibility for devices to deliver “responsive” or “smart” stimulation, in which the 

parameters of stimulation self-adjust as needed in real time based on brain activity. This 

technique has been referred to as closed-loop or adaptive DBS (Figure 3). Closed-loop DBS 

is capable of delivering therapy that can be customized to individual patient and pathology 

status, and may provide more effective therapeutic benefit with less side effects and 

increased battery longevity. Currently only manual on/off or simple cycling modes are 

available to patients to adjust stimulation parameters based on their activities or to 

compensate for DBS-related side effects (e.g. dysphagia, speech changes). Realization of 

closed-loop DBS could dramatically increase the degree to which stimulation can be 

individualized in future patients with PD.
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Early experiments in developing a closed loop paradigm have focused on sensing or 

recording from electrodes not being actively used for stimulation or from 

electrocorticography (additional motor cortical strips), or from the use of peripheral sensors 

including surface electromyography electrodes and/or accelerometers. A variety of research 

groups are pursuing closed loop DBS to target specific symptoms such as resting tremor71 

and medication-induced dyskinesias.74 Our group at the University of Florida is currently 

investigating a closed-loop system for freezing of gait (utilizing leads placed in both the GPi 

and peduncolopontine nucleus (PPN), analyzing the physiological relationship between 

these two structures and a potential responsive mechanism of stimulation for this refractory 

symptom). Others are exploring closed loop DBS for dyskinesia and tremor.75 Though the 

breadth and variety of disabling motor and non-motor features may ultimately limit the 

usefulness of a closed loop approach, promising findings are already being reported.76

The future goals of DBS therapy should include the treatment of symptoms that are 

disabling yet not currently effectively treated using current medical and surgical approaches. 

Levodopa-resistant signs and symptoms such as gait and postural instability, dysarthria, and 

cognitive and affective dysfunction are of particular relevance. Advances in stimulation 

delivery through directional current steering, novel patterns of stimulation, and adaptive or 

closed loop systems may provide a mechanism of addressing current limitations in 

treatment. More research will be needed to expand our understanding of the biological 

changes in the brain resulting from both the disease and the effects of chronic electrical 

stimulation. Finally, we will need to consider the costs required infrastructure of providing 

more and more patients with potentially expensive and complicated new therapeutic options. 

A multi-disciplinary approach that includes physicians, advanced care providers, and 

technology support staff will pave the way to the coming bionic PD generation.
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DBS Deep Brain Stimulation

FDA Food and Drug Administration

GPi Globus pallidus interna
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IPG Implantable pulse generator

MICC Multiple independent current control

NIH National Institutes of Health

PD Parkinson’s disease

PPN Pedunculopontine nucleus

STN Subthalamic nucleus

UPDRS Unified Parkinson’s Disease Rating Scale
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Figure 1 |. 
Comparison of the proposed fronto-basal ganglia-thalamic-cortical circuits. Three circuits 

are described: hyperdirect, indirect and direct. The direct circuit is associated with increased 

excitation of the motor cortex and a resultant facilitation of movement while the indirect 

circuits induce an opposite effect. The hyperdirect pathway is hypothesized to widely inhibit 

the cortex allowing direct pathway activity to release a selected motor program. PD is 

thought to be associated with an imbalance of activity of these circuits, characterized by a 

decrease in the direct pathway circuit activity and an increase in the hyperdirect and indirect 

pathways. Green arrows indicate a glutamatergic (excitatory) synaptic connections, red point 

arrows indicate GABAergic (inhibitory) synaptic connections and the blue arrows indicate 

dopaminergic input from the substantia nigra to the striatum. Yellow and gray highlighting 

of the cortex indicates excitation and inhibition, respectively.
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Figure 2 |. 
Representation of directional DBS electrode lead designs. BSC, Boston Scientific 

Neuromodulation; STJ, St. Jude Medical; MDT, Medtronic.
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Figure 3 |. 
Cartoon of a closed-loop DBS system. Signals are transmitted from peripheral sources (such 

as accelerometers) and central sources (such as the local field potential measured by the 

implanted electrode) toward the implanted programmable generator (IPG). The IPG 

analyzes the data and adaptively responds by altering the stimulation settings.

Almeida et al. Page 17

Semin Neurol. Author manuscript; available in PMC 2018 October 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Almeida et al. Page 18

Table 1.

Main outcomes of principal clinical trials comparing STN and GPi

Study Year Outcomes

DBS for PD Study Group17

STN vs GPi
2001 STN and GPi DBS have similar and significant improvements in motor function, ADLs, total “on” 

time and reduction in dyskinesias at both 3 and 6 months.

Rodriguez-Oroz et al.18

STN vs GPi
2005 STN and GPi DBS have similar and significant improvement in motor function, ADLs and total “on” 

time at 3 to 4 years.
There was a 35% reduction of daily levodopa dosing in the STN group only.
Adverse events, such as cognitive decline, speech difficulty, instability, gait disorders and depression 
were more common in the STN group.

COMPARE / Okun et al23

STN vs GPi
2009 STN and GPi DBS showed no significant difference in mood and cognitive outcomes at 7 months.

STN and GPi DBS showed similar motor improvements.
STN DBS may lead to worsenign of verbal fluency when compared to GPi.

Moro et al.19

STN vs GPi
2010 STN and GPi DBS showed significant, sustained improvement in motor function, ADLs and 

dyskinesias at 5 to 6 years.
STN DBS required lower levodopa dosages at 5 to 6 years. GPi showed no such reduction.
STN DBS was associated with more frequent adverse events at 5 to 6 years.

Follett et al (VA Study)22

STN vs GPi
2010 STN and GPi DBS showed no significant difference in motor function and QoL at 2 years.

STN DBS required lower levodopa doses when compared to GPi.
STN and GPi DBS showed no significant difference in adverse events of surgery.

NSTAPs study / Oderkerken 
et al.20

STN vs GPi

2013 STN and GPi DBS showed no significant difference in disability, cognitive, mood or behavioral 
symptoms at 1 year.
STN DBS showed larger improvements in off-drug motor scores than GPi.

NSTAPs study / Oderkerken 
et al.21

STN vs GPi

2016 STN DBS showed significantly more improvement in off-drug motor scores than GPi at 3 years.
STN DBS required lower levodopa doses when compared to GPi at 3 years.
STN and GPi DBS showed no significant differences in adverse events (including cognition, mood 
and behavior).
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Table 2.

Response of PD symptoms to DBS

Symptoms that typically respond to DBS Symptoms that may respond to DBS Symptoms that do not respond to DBS77

Bradykinesias Camptocormia*78 Autonomic Dysfunction

Rigidity Pisa Syndrome*79 Dysphagia

Tremor Fatigue* Dysphonia

Dystonia Inner restlessness* Cognition or Verbal Fluency

Dyskinesia Depression Postural Instability

Total “On” Time Freezing of Gait*

Motor fluctuations

*
Response is conditional to levodopa response
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