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Abstract
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Deep brain stimulation was introduced as a treatment for patients with Parkinsonism and other
movement disorders in the early 1990s. The technique rapidly became the treatment of choice for
these conditions, and is now also being explored for other diseases, including Tourette syndrome,
gait disorders, epilepsy, obsessive-compulsive disorder, and depression. Although the mechanism
of action of DBS remains unclear, it is recognized that DBS works through focal modulation of
functionally specific circuits. The fact that that the same DBS parameters and targets can be used
in multiple diseases suggests that DBS does not counteract the pathophysiology of any specific
disorder, but acts to replace pathologic activities in disease-affected brain circuits with activity
that is more easily tolerated. Despite the progress made in the use of DBS, much remains to be
done to fully realize the potential of this therapy. We describe some of the most active areas of
research in this field, both in terms of exploration of new targets and stimulation parameters, and
in terms of new electrode or stimulator designs.
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Over the past decade, electrical high-frequency deep brain stimulation (DBS) has emerged
as a major therapeutic modality for movement disorders such as Parkinson’s disease (PD),
tremor, and dystonia, and is being studied for other neurologic disorders, including Tourette
syndrome, epilepsy, eating disorders, and headache. The use of DBS is also being explored
for several neuropsychiatric disorders, including obsessive compulsive disorder and
treatment resistant depression. DBS, a form of neuromodulation, is adjustable and
reversible, and less invasive than lesioning approaches, making it useful not only for
therapeutic but also for investigative purposes, when combined with neuroimaging,
neurophysiologic and other techniques [1, 2]. In this review we focus on DBS for movement
disorders (specifically, PD), discussing its historical roots, possible mechanism of action,
current challenges and technological advances.
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The current use of DBS for movement disorders arose out of prior experience with ablative
procedures such as thalamotomy and pallidotomy for the treatment of PD and tremor. These
interventions, which were empirically developed, were widely performed in the 1950s, at a
time when medical treatments of PD were not available [3, 4]. With the exception of
thalamotomy for treatment of tremor, the use of ablative procedures rapidly declined
following the introduction of levodopa for PD in the mid-1960s. However, over the next 20
years, it became clear that levodopa and other dopaminergic drugs have significant side
effects and limitations, including drug-induced motor fluctuations and dyskinesias. For this
reason, surgical treatment options for PD were revisited in the early 1990s. During the
preceding decade, basic science research had indicated that increased and abnormal activity
in basal ganglia output from the internal pallidum (GPi) contributes to the development of
parkinsonian motor signs, thus providing a clear rational for pallidotomy [5]. Lesions of the
posterior (sensorimotor) portion of GPi in patients with PD, placed with the help of newly
developed neuroimaging techniques, better electrophysiologic recording and improved
neurosurgical techniques, were subsequently demonstrated to abolish all of the cardinal
features of the disorder (tremor, rigidity and akinesia), as well as drug-induced dyskinesias
and motor fluctuations [e.g., ref. 6, 7]. The success with pallidotomy for PD subsequently
also led to a revival of this procedure for dystonia, and laid the groundwork for the renewed
acceptance of neurosurgical treatments for advanced PD and dystonia, which paved the way
for DBS.
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Although the specific method of chronic DBS was newly introduced in the early 1990s, the
therapeutic effects of electrical stimulation of the brain were already known to
neurosurgeons in the 1950s and 1960s [4]. Prior to making a lesion in the thalamus to treat
tremor, these surgeons would observe the response to stimulation through the lesioning
probe. Enhancement of tremor with low frequency stimulation (5–10 Hz), or its attenuation
with high frequency stimulation (50–100 Hz), was taken as a favorable sign for placing a
radiofrequency lesion in the same area. However, stimulation received little attention as a
therapeutic technique for movement disorders until a report in 1987 described the successful
use of chronic high frequency thalamic stimulation for tremor [8]. Following the
demonstration of the antiparkinsonian effects of inactivation of the STN in MPTP-treated
monkeys [9–11], studies demonstrating beneficial effects of STN-DBS were carried out in
the same animal model [12]. These encouraging results lead to clinical trials of STN DBS in
patients with PD, which was shown to be safe and highly effective [13–15]. Similarly
positive results were also described for DBS of the GPi [16]. Because DBS has the
advantage of being less invasive than lesioning, and DBS effects are adjustable, it did not
take long for DBS to replace pallidotomy and other ablative procedures as the neurosurgical
treatment of choice for PD patients (at least in developed countries).
DBS was also found to be effective against primary generalized and focal dystonia and is
currently under study for other hyperkinetic disorders, specifically Tourette syndrome, in
which DBS of the nodes of the basal ganglia circuits and caudal intralaminar nuclei of the
thalamus (i.e., the centromedian/parafascicular nucleus (CM/Pf)) are being studied [e.g., ref.
17]
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Circuit disorders and DBS targets
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One of the reasons why focal high-frequency stimulation of specific brain regions via
macroelectrodes is successful is that the stimulated brain networks are anatomically and
functionally segregated [figure 1 and ref. 18]. DBS is primarily applied to the basal ganglia,
where it acts upon highly segregated circuits that also engage the ventrolateral and ventral
anterior nucleus of the thalamus (VL, VA, respectively), as well as large areas of the
cerebral cortex: Topographic projections from different cortical areas reach spatially
separate domains of the basal ganglia, which, in turn, send their output to similarly
specialized areas of the thalamus. Projections from the thalamus to discrete areas of the
frontal cortical areas of origin complete the cortico-basal ganglia-thalamocortical loops [18,
19]. Reflecting the functions of the cortical region involved, a family of different corticobasal ganglia-thalamocortical circuits were labeled as “motor,” “oculomotor,” “prefrontal,”
(often referred to as “executive” or “associative”) and “limbic” circuits.
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DBS is considered to be circuit-, rather than disease-specific: Diseases that result from
dysfunction within specific stimulated circuits will respond to the stimulation, while
functions that involve other brain areas will not be affected. This is exemplified by the fact
that neurosurgeons use the same DBS targets in the basal ganglia for movement disorders as
clinically diverse as PD, dystonia, and hemiballismus, because these disorders all arise from
specific functional abnormalities of the basal ganglia-thalamocortical motor circuit [20].
This circuit originates from pre- and post-central sensorimotor areas and related post-central
sensory cortical areas, and engages motor portions of the basal ganglia and thalamus. By
contrast, DBS for neuropsychiatric disorders, such as OCD or Tourette syndrome, is
typically directed at nodes of the limbic circuit, such as the ventral striatum, or the fiber
tracts connecting them.
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Although DBS is also applied outside of the basal ganglia, the chosen DBS targets are
usually in areas that are closely related to these nuclei. One such target is the CM/Pf nuclear
complex which is currently used as (experimental) treatment for Tourette syndrome. CM/Pf
is topographically organized, receiving afferents from functionally specific areas of the basal
ganglia, and sending similarly specific projections back to the basal ganglia [21]. Another
more recent target for DBS is the pedunculopontine nucleus (PPN), a structure that also has
very tight links to the basal ganglia output nuclei [22]. This nucleus is targeted for treatment
of gait and balance disturbances in PD [see below, and ref. 23, 24].

DBS in Parkinson’s disease
Functional effects of DBS
As discussed, early models of basal ganglia dysfunction in movement disorders focused on
brain activity changes in basal ganglia output, postulating that increased (inhibitory) GPi
output would result in greater inhibition of thalamic and downstream targets, eventually
leading to rigidity and bradykinesia, while reduced basal ganglia output was thought to
contribute to the development of dyskinesias [25, 26]. Pallidotomy in PD was thought to
lower basal ganglia output, and ameliorate akinesia and bradykinesia by releasing
thalamocortical neurons from inhibition. The finding that DBS and ablative procedures had

Ann N Y Acad Sci. Author manuscript; available in PMC 2015 February 03.

DeLong and Wichmann

Page 4

NIH-PA Author Manuscript

remarkably similar effects, suggested that DBS might, in fact, work like ablation, by
reducing basal ganglia output. However, the view that either of these procedures works
through a simple reduction of basal ganglia output has several shortcomings, most obviously
the fact that ablation of GPi does not result in dyskinesias. Furthermore, studies in animal
models of PD and movement disorder patients treated with DBS have demonstrated that
DBS of the STN results in short-latency monosynaptic excitatory responses in the GPi,
followed by polysynaptic periods of inhibition and excitation [27], and that DBS also alters
firing patterns of neurons in thalamus, cortex, and brainstem. The task of explaining how
DBS works is further complicated by the fact that DBS stimulation parameters that are
currently used strongly bias the stimulation effects towards fiber pathways rather than cell
bodies, so that the effects of DBS of a specific basal ganglia nucleus like the STN are not
limited to cells, afferents or efferents within the stimulated nucleus itself, but may
prominently involve passing fibers within the range of stimulation [28].
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Studies of DBS effects have significantly contributed to ongoing revisions of models of the
pathophysiology of PD and movement disorders. According to recent models, these diseases
are no longer viewed as the result of global rate changes, but consequent to changes in
activity patterns of basal ganglia neurons, including the development of oscillations,
bursting and excessive synchrony of discharge which may be propagated throughout the
entire basal ganglia-thalamocortical network of connections [29]. DBS appears to override
and replace these abnormal activity patterns in the basal ganglia-thalamocortical circuitry
with patterns that are less disturbing [1, 30, 31]. For instance, DBS may specifically disrupt
pathologically synchronized ‘anti-kinetic’ beta-band oscillations in the basal ganglia, and
may allow thalamocortical relay neurons to more faithfully respond to cortical inputs [30].
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STN-DBS has been shown to normalize intracortical inhibitory mechanisms in transcranial
magnetic stimulation studies [32, 33], and functional imaging studies have shown that STNDBS induces widespread ‘normalization’ of activity in frontal motor areas both at rest and
with movement tasks [e.g., 34, 35]. In terms of STN-DBS, such effects may not only involve
the aforementioned trans-thalamic route of transmission, but may also result from
antidromically mediated effects, via activation of corticosubthalamic fibers [reviewed in ref.
36]. There is, indeed, little doubt that DBS causes stimulus-coupled changes of cortical
activities with very short latencies. However, the link between such changes and the
behavioral effect(s) of DBS remain unclear. It should be noted that DBS of GPi is much less
likely to invoke such antidromic effects on cortical circuits, given the distance of the
stimulation from adjacent corticofugal fibers and the absence of a direct innervation of GPi
by cortical inputs [reviewed in ref. 36].

Unsolved problems associated with currently used DBS methods
It is widely accepted that DBS is an effective treatment for advanced PD and other
conditions and that it is superior to medical therapy in improving measures of the quality of
life. Nonetheless, there remain a number of unsettled clinical issues [37]. One of these is the
question of target selection. While the STN has been the most commonly targeted node of
the motor circuit in the treatment of PD, GPi-DBS may offer comparable benefit, perhaps
even with a lower rate of side-effects for certain subgroups of patients [37, 38]. Based on
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other differences between these procedures, such as the fact that GPi-DBS is particularly
effective for dyskinesias, or the experience that patients treated with GPi DBS cannot lower
their medications to the same extent as patients with STN-DBS, it is recommended that the
choice of the stimulation target be individualized to the patient’s specific condition and
needs.
Another unsettled question for DBS treatment of patients with advanced PD is whether DBS
leads should be implanted bilaterally in a single session, or whether the lead implantation
should be performed first on one side, and only if needed on the other. Our experience, and
that of others, is that unilateral procedures, contralateral to the most affected side, have
fewer side effects than bilateral procedures, and often provide symptom relief (even on the
ipsilateral side) sufficient to obviate the need for the second procedure [39, 40].
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Because the ultimate measure of success with DBS is not simply the reduction of
parkinsonism, but improved quality of life, many factors other than the motor signs and
symptoms of the disease are important in selecting patients for DBS procedures. The
importance of factors such as patient age, response to levodopa therapy, and the presence of
certain clinical features, such as levodopa-unresponsive balance and gait impairments,
impulsivity, and cognitive and psychiatric disturbances, remain topics for discussion and
further study.

Future directions for DBS
DBS has been in routine clinical use for nearly two decades, but the technology has
remained largely unchanged. Since its introduction, the stimulating leads have provided four
equally spaced contacts along the shaft which can be used for stimulation in multiple monoand bipolar combinations, and implanted pulse generators generate continuous electrical
impulses which can be adjusted in terms of voltage, pulse duration and frequency [41] The
stimulation parameters in use have been derived largely by trial and error, based on their
observed clinical effects. These vary depending on the targeted structure and the particular
disorder.
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The apparent lack of technical progress or change may reflect, to some extent, the overall
success of the currently available technique. However, there continues to be a need for
greater efficacy, reduced side-effects, and benefit for currently non-responsive symptoms.
The field is ripe for innovation in the use of alternative programming algorithms, more
accurate procedures for placing the electrodes, on-demand stimulation, alternative electrode
designs, and alternative stimulation regimes.
Alternative targets for treatment of PD
The nodes and fiber connections of the cortico-basal ganglia-thalamo cortical circuits are all
possible targets for DBS. Thus far, clinicians have largely limited themselves to DBS at GPi,
STN and thalamic targets. As mentioned above one of the other targets that are currently
under study is the PPN, a region of the brainstem locomotor region, which appears to
provide benefits for refractory gait and balance problems (so-called axial symptoms) in PD,
following encouraging studies of DBS of the PPN on gait in MPTP-treated monkeys [42].
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The PPN is a major target of descending GPi output as well as providing inputs to the basal
ganglia and thalamus. Moderately positive effects of low-frequency (10–25 Hz) stimulation
of the PPN on balance problems and falls have been described in several studies [for
instance, ref. 24, 43, 44], but questions remain as to the exact position of the electrodes and
the degree and durability of improvement.
DBS of the caudal zona incerta (ZI) region of the thalamus has also been shown to have
beneficial effects, specifically in patients with prominent proximal limb tremor, patients
with PD and, possibly, also patients with dystonia [e.g., 45, 46]. The experience with this
target remains relatively limited at this time, but stimulation at this site is reported to have
fewer cognitive or emotional side effects than STN- or GPi-DBS [e.g., 47]. As in the case of
the PPN, the exact location of the most effective target remains uncertain. Bilateral
simultaneous ZI and PPN stimulation has been reported to be beneficial for untreatable ‘on’
state axial symptoms of PD [23].
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For decades researchers have viewed the basal ganglia-thalamocortical and the cerebellarthalamocortical circuits as separate systems and viewed movement disorders as either basal
ganglia or cerebellar in origin. There is now evidence that the cerebellum and the basal
ganglia are, in fact, anatomically interconnected [48, 49], and that some forms of dystonia,
including specifically primary generailized dystonia, may involve dysfunction within the
cerebellar thalamo-cortical circuitry [50–52]. If this is the case, the use of DBS of the
cerebellar cortex or cerebellar outflow pathways should be considered as a possible
treatment for these patients. It is noteworthy that stimulation of the cerebellar cortex was, in
fact, used in the 1970’s for spasticity and ‘athetoid’ forms of cerebral palsy with favorable
results, but then fell out of favor in part because of shortcomings with the pacemaker
technology available at that time [53].
Engineering and technologic advances
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Several important technical changes are currently being evaluated which should lead to
greater efficacy and fewer side effects of DBS treatment in the future. One area of
innovation is the development of strategies to ‘sculpt’ the electrical field around the
electrode in order to adjust it better to the patient’s needs, and to limit the speech, cognitive
and behavioral side effects of DBS. The currently available DBS devices already allow
programmers to assign positive and negative polarities to any combination of electrodes
along the lead, permitting considerable flexibility to shape the electrical field. This readily
available method of shaping the electrical field is under-utilized. Modeling studies suggest
that more extensive and detailed sculpting of the electrical field induced by DBS may be
possible through the use of electrodes with more contacts than the currently used ones [54,
55].
For years, it has been discussed whether novel stimulation regimes might lead to improved
clinical outcomes. The commercially available stimulators are open-loop constantfrequency, constant-voltage devices. Changes in these stimulator characteristics are
currently being investigated, specifically with regard to the treatment of PD. For instance,
constant current devices have recently been introduced by different manufactures, as an
alternative to constant voltage devices. Although available for implantation in patients with
Ann N Y Acad Sci. Author manuscript; available in PMC 2015 February 03.
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movement disorders, there is no known advantage of constant-current stimulation over
constant-voltage stimulation. Modeling has suggested the possibility of greater activation of
targeted neuronal populations, while sparing nearby fiber pathways by current steering with
multiple independent sources than with a single current source [56].
Another heavily researched area is the possibility that the recording of feedback signals
could help to tailor the stimulation to the patient’s needs. Recent animal experiments
involving MPTP-treated primates have shown that feedback-triggered (closed-loop)
stimulation may be advantageous compared to conventional open-loop stimulation [57].
These studies indicate, moreover, that closed-loop paradigms that utilize electrical feedback
signals recorded in the basal ganglia or cortex (local field potentials or single-neuron
spiking) may act to modulate oscillatory discharge in these areas, suggesting that the
observed amelioration of parkinsonism with these stimulation methods may involve
disruption of synchronized cortico-basal ganglia oscillations, and that outcomes are better
than continuous stimulation [see also, ref. 58]
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Researchers have shown that continuous high-frequency stimulation with irregular stimuli is
less effective than continuous high-frequency stimulation with constant rates [59]. However,
continuous stimulation may not be necessary, as recent experiments utilizing trains of highfrequency stimuli (rather than constant stimulation) have shown significant promise [see
figure 2, and ref. 57, 60]. One of the basic benefits of the use of trains of stimuli is that they
would utilize less battery charge than conventional DBS methods.
A more radical departure from currently used stimulation methods is the use of coordinated
reset stimulation, a method designed through neural network modeling studies that aims to
alter aberrant plasticity in basal ganglia circuits and to break up abnormally synchronized
network oscillations [61]. Coordinated reset stimulation can be used in open-loop
configurations with regular DBS electrodes, and may consist of the application of short
trains of pulses to different regions of the (hyper-synchronized) target nucleus. These pulse
trains act to systematically reset activities of sub-populations of neurons within the
stimulated nucleus, thereby reducing synchrony with other, not stimulated, populations of
neurons within the same nucleus [62].
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Future improvements may also be expected with the use of better techniques of optimizing
electrode placement, such as the use of high-field strength MRI for pre-operative
localization [63] and improved electrophysiological recording techniques [64], or the use of
intraoperative MRI [65].

Conclusions
The renaissance in functional neurosurgery triggered by the introduction of DBS has
brought profound benefits for patients afflicted with a number of severe neuropsychiatric
disorders, and shows promise for several other. A primary action of DBS is the modulation
of dysfunctional neuronal networks underlying these disorders. Simultaneously it has
proven, when combined with neuroimaging, neurophysiology and other investigative
approaches, to be a novel investigative tool for understanding the functions of these
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networks and the abnormalities underlying neuropsychiatric disorders. The field is ripe for
technologic innovation and testing of novel stimulation paradigms.
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Figure 1.

Motor and limbic cortex-basal ganglia-thalamocortical circuits. The targets of current DBS
treatments are shown in red, and movement disorders and neuropsychiatric disorders caused
by dysfunction of these circuits are listed below the circuit diagrams. Abbreviations: ACA,
anterior cingulate area; CMA, cingulate motor area; M1, primary motor cortex; MD,
mediodorsal nucleus of thalamus; MOFC, medial orbitofrontal cortex; OCD, obsessivecompulsive disorder; PMC, premotor cortex; SMA, supplementary motor area; TS, Tourette
syndrome; VApc, ventral anterior nucleus of thalamus, pars parvocellularis; VAmc, ventral
anterior nucleus of thalamus, pars magnocellularis; VLm, ventrolateral nucleus of thalamus,
pars medialis; VLo, ventrolateral nucleus of thalamus, pars oralis. See text for other
abbreviations. Modified from a figure in ref. [66], used with permission.
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Example of the possible use of alternative stimulation regimes [60]. Conventional DBS
pulses consist of an initial cathodal stimulation pulse, followed immediately by an anodal
(recharge) pulse. This study modeled the impact of introducing a gap between the two
pulses, and of reversing the order of cathodal and anodal pulse steps. The two pulse shapes
are shown in the top row, where the figure under A. shows the conventional order of
stimulation, while the figure under B shows the reversed order. The diagrams on the bottom
show the color-coded results of such stimulation. Introduction of a gap within the standard
pulse order (A) resulted in a more effective stimulation than conventional stimulation (gap =
0). As shown under (B), reversing the order of stimulation resulted in a similar outcome,
although the necessary stimulation strengths were higher than for the conventional order of
stimulation pulses. Figure reproduced from figures in [60], used with permission.
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