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Preface

Chronic deep brain stimulation (DBS) has been a rapidly evolving area of 
neurotherapeutics since its initial introduction for the treatment of Parkinson’s 
disease and essential tremor in the 1990s. For these conditions, DBS is now 
considered accepted therapy for patients failing to adequately respond to med-
ical treatment. Since the 1990s, new clinical indications, anatomic targets, and 
technologies have contributed to an expanding role for DBS in the treatment 
of other movement disorders such as dystonia and Tourette syndrome as well 
as for other neurologic disorders such as epilepsy and cluster headache. Early 
experience has also been reported for psychiatric syndromes, such as obses-
sive–compulsive disorder and depression. Experience with DBS in psychiatric 
disorders is very limited but is reviewed in this volume as neuropsychiatric 
indications are expected to grow in coming years.

Because of the rapidly increasing application of DBS for neurologic and 
psychiatric indications and the recruitment of increasing numbers of neuro-
logic, neurosurgical, and psychiatric clinicians to the field, it is appropriate to 
provide a resource that updates the underlying scientific background, describes 
methodologies and standards of treatment, and provides information on new 
technologies essential for clinical success and to advance the field. Deep Brain 
Stimulation in Neurological and Psychiatric Disorders begins with reviews 
of the functional anatomy and physiology of motor and nonmotor aspects 
of the basal ganglia and their connections, which underlie the application of 
DBS to neurological and psychiatric disorders. This is followed by proposed 
mechanisms of action of DBS based on functional neuroimaging, molecular, 
modeling, and neurophysiologic studies in animals and man. Discussions of 
patient selection, preoperative assessment, operative complications, and brain 
targeting are followed by chapters concerning microelectrode mapping as well 
as new and emerging brain imaging alternatives for target localization inside 
the operating room.

DBS for movement disorders, which remains the most common indication, 
is reviewed in chapters on essential and other tremors, Parkinson’s disease, 
atypical parkinsonism, dystonia, and Tourette syndrome. Postoperative man-
agement and treatment outcomes are reviewed in a series of chapters which 
address immediate and delayed complications, a particularly important chapter 
on programming. We have also included a discussion of DBS safety with 
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regard to MRI and other electronic devices, neuropsychological sequelae, and 
quality of life. Finally, interesting new areas of DBS applications are addressed 
by experts with experience in epilepsy, obsessive–compulsive disorder, 
depression, and cluster headache.

We have gathered a group of experienced and recognized authors to review 
the current state of DBS in neurologic and psychiatric disorders. We thank 
them for providing a conservative and level-headed approach to the use of 
DBS with emphasis on objective assessment of clinical outcomes, particularly 
in the new and emerging applications. We greatly appreciate the efforts of 
Richard Lansing and Michele Seugling at Humana Press, who have helped to 
make this work a reality. We also wish to thank our understanding families, 
without whose love and support this book would not have been possible. 
Finally, we dedicate this book to our patients and their families, whose continued 
courage and cooperation in the face of great personal adversity have allowed 
this work to progress toward providing some measure of relief for their 
difficult conditions.

Daniel Tarsy, MD
Jerrold L. Vitek, MD, PhD

Philip A. Starr, MD, PhD
Michael S. Okun, MD
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Part I

Overview of Deep Brain Stimulation



Abstract

During the last few years, our understanding of basal ganglia anatomy and 
 function has undergone major changes. It is now recognized that the basal 
ganglia participate in larger circuits that also involve regions of the cerebral 
cortex, thalamus, and brain stem. These circuits subserve motor and non-motor 
functions, and occupy separate territories within the basal ganglia. Specific 
abnormalities in the function of motor-related basal ganglia areas are thought 
to contribute to the signs and symptoms of movement disorders such as 
Parkinson’s disease or dystonia, while abnormalities in non-motor circuits may 
be relevant for the pathophysiology of some of the neuropsychiatric disorders.

The insight that relatively local abnormalities in the basal ganglia may con-
tribute to the pathophysiology of movement disorders has resulted in renewed 
interest in focal neurosurgical treatments for these conditions, such as deep 
brain stimulation, ablative techniques, or transplantation. This chapter dis-
cusses the results of anatomical and physiological studies that are relevant for 
our current understanding of the motor functions of the basal ganglia, and for 
the use of neurosurgical interventions in movement disorders.

Keywords: striatum, putamen, globus pallidus, subthalamic nucleus, substan-
tia nigra, dopamine, Parkinson’s disease, dystonia

Introduction

In recent years, much progress has been made toward a better understanding of 
the pathophysiologic basis of movement disorders such as Parkinson’s disease 
and dystonia. Besides opening the door to new pharmacologic therapies, this has 
resulted in renewed interest in neurosurgical techniques such as deep brain stim-
ulation (DBS) to treat these diseases. DBS involves the continuous application 
of electrical stimulation pulses at high frequency to specific brain regions via 
chronically implanted electrodes. This technique makes it possible for the first 
time to reversibly alter the function of small and highly specific brain regions.

3
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of the Basal Ganglia: Motor Functions
Yoland Smith and Thomas Wichmann
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4 Y. Smith and T. Wichmann

In most cases, movement disorders involve pathology in the basal ganglia 
or associated thalamocortical brain circuitry. This chapter discusses  anatomical 
and physiological aspects of the basal ganglia–thalamocortical network of 
 connections, which are important for the current use of DBS in these disorders. 
Specific information regarding the practical use of DBS to help patients with 
movement disorders is provided in other chapters of this book.

General Structure of Basal Ganglia Circuits

As shown in Figure 1.1, the primate basal ganglia are a group of function-
ally related subcortical nuclei that include the dorsal striatum (comprised of 
the caudate nucleus and the putamen), the external globus pallidus (GPe); 
the internal globus pallidus (GPi); the substantia nigra, which comprises the 
dopaminergic neurons in the pars compacta (SNc) and the GABAergic neurons 
in the pars reticulata (SNr); and the subthalamic nucleus (STN). In rodents, the 
caudate nucleus and putamen are part of a single nucleus (the caudate–puta-
men complex). The rodent GP and the entopeduncular nucleus (EPN) are the 
functional homologues of the primate GPe and GPi, respectively.

Anatomically and physiologically, the basal ganglia structures are related 
to the thalamus and cerebral cortex. The striatum, and, to a lesser extent, 
the STN, are the main stations at which movement-related cortical infor-
mation enters the basal ganglia circuitry, while GPi and SNr function as 
output nuclei, sending inhibitory (GABAergic) output to a variety of tar-
gets, including frontal areas of the cerebral cortex (via the ventral motor 
thalamic nuclei), as well as brainstem structures (superior colliculus, lateral 
habenular nucleus, pedunculopontine nucleus [PPN], parvicellular reticular 
formation). Basal ganglia outflow is also fed back into the basal ganglia via 
the thalamostriatal pathways.

All structures involved in the cortex-basal ganglia-thalamic-cortical circuits 
are topographically organized. Thus, each of the basal ganglia nuclei contains 
motor and non-motor areas. The motor circuit of the basal ganglia originates 
from frontal motor areas, and passes through the putamen (the motor portion 
of the striatum), as well as motor portions of GPe, STN, GPi, and SNr. GPi 

Figure 1.1 Anatomical structure of 
the basal ganglia circuitry. Red arrows 
denote excitatory (glutamatergic) 
connections, black arrows indicate 
inhibitory (GABAergic) connections. 
Abbreviations: GPe, external pallidal 
segment; STN, subthalamic nucleus; 
GPi, internal pallidal segment; SNr, 
substantia nigra pars reticulata; SNc, 
substantia nigra pars compacta; PPN, 
pedunculopontine nucleus; CM, centro-
median nucleus of the thalamus; VA/VL, 
ventral anterior and ventrolateral nucleus 
of the thalamus; M1, primary motor 
cortex; SMA, supple mentary motor 
area; PMC, premotor cortex; CMA, 
cingulate motor area. (To view this 
figure in color, see insert)



1 Motor Functions 5

and SNr project to portions of the ventral anterior (VA) and ventrolateral (VL) 
nucleus of the thalamus, and from there, back to motor and pre-motor (PM) 
areas of frontal cortex.

It remains debated whether motor and non-motor basal ganglia-
thalamocortical circuits are segregated throughout their entire course, or 
whether information from different domains converges at some levels of 
the circuitry. The anatomic concept of segregation is supported by evidence 
from electrophysiologic recording studies, which have shown that each basal 
ganglia region contains neurons that respond selectively to a narrow range 
of specific inputs or behaviors (at least within the experimental framework 
studied). For instance, the sensorimotor portion of the basal ganglia con-
tains specific areas with neurons that are concerned with active or passive 
limb movements (1–19). Furthermore, functional neurosurgical studies have 
demonstrated that lesions in the sensorimotor portion of the GPi alleviate the 
motor signs associated with parkinsonism without affecting cognitive func-
tions, while lesions outside of this region do not improve motor function but 
may affect cognition (see, e.g., refs. 20 and 21).

However, it is also clear that motor and non-motor circuits must converge to 
some extent, because the number of striatal neurons is much smaller than that 
of cortical neurons that project upon them, and much greater than the number 
of neurons in the nuclei that receive striatal inputs (see, e.g., refs. 22 and 23). 
Communication between the basal ganglia-thalamocortical circuits may also 
occur through communication between cortical neurons (24, 25). In addition, 
the spiral arrangement of the striato-nigro-striatal loops, which allows infor-
mation to be channeled from limbic to cognitive to motor circuits provides 
another substrate for cross-talk between functionally segregated basal ganglia 
circuits (see refs. 26 and 27).

The degree of interaction between neighboring circuits may also be 
dynamically regulated. Thus, release of dopamine or other neuromodula-
tors may act to modulate synaptic collateral interactions, particularly in the 
striatum (28–31). This could transiently affect the level of synchrony between 
neighboring basal ganglia neurons, for instance, during learning (22, 23), or 
more permanently, in states of dopamine depletion, as is seen in parkinsonism, 
where a greater level of inter-neuronal synchrony is observed throughout the 
basal ganglia (32–40).

Intrinsic Neuronal Organization of Basal 
Ganglia Nuclei

Motor and non-motor areas of the basal ganglia differ mostly by their extrinsic 
connections, while the intrinsic organization and the connectivity within the 
basal ganglia is the same for all of these circuits. Most of the considerations in 
this section are therefore equally true for non-motor and motor circuits.

Striatum

The intrinsic circuitry of the striatum and its relationship to cortical and stri-
atal inputs is shown in Figure 1.2. The predominant neuronal cell type in 
the striatum is the spiny neuron (MSN), characterized by an abundance of 
dendritic spines. These GABAergic neurons are the output neurons of the 
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striatum and can be further classified according to chemical and anatomical 
criteria. Neurons that contain enkephalin mRNA and express D2 dopamine 
receptors project preferentially to GPe as part of the so-called indirect 
 pathway of the basal ganglia, while neurons that contain substance P and 
dynorphin and express D1 dopamine receptors project mainly to GPi and SNr 
(41), constituting the direct pathway (see following paragraph).

Besides their classification as direct and indirect pathway neurons, MSNs 
can also be divided according to their association with the two distinct neuro-
chemical striatal compartments, namely the patch (or striosome) and matrix 
compartment (42, 43). Projections from sensorimotor cortices and most 
thalamic nuclei innervate preferentially the matrix (43–50), while the patch 
compartment may be more closely associated with non-motor areas of the 
thalamus and cortex. The behavioral importance of the patch-matrix organiza-
tion of the striatum is underscored by recent findings that a disturbance of the 
balance of activity between the patch and matrix compartments may lead to 
repetitive motor behaviors (51–53), and that selective neurodegeneration of 
patches occurs in X-linked progressive dystonia-parkinsonism (54). Another 
notable feature is that the dopaminergic innervation of patches seems to be 
more sensitive to the neurodegenerative processes underlying parkinsonism 
than the dopaminergic afferents to the matrix compartment (55–57).

Aspiny striatal neurons are interneurons, and are less common than MSNs 
(58, 59). Some of the anatomic connections of these interneurons are shown in 
Figure 1.2. A common aspiny interneuron type is cholinergic. These cells can 
be physiologically identified as tonically active neurons (see refs. 60 and 61), 
and appear to play a role in reward-related learning and motivated behaviors 
(62–64). These neurons receive excitatory input from the caudal intralaminar 
nuclei of the thalamus, and, at least in rats, inhibitory input from MSNs that 
project to GPi and SNr (65, 66). Fifty percent of cholinergic interneurons 
co-express calretinin in the human striatum (67). Other interneuron types are 

Figure 1.2 Intrinsic striatal circuitry. Red arrows denote excitatory (glutamatergic) 
connections, black arrows show inhibitory (GABAergic) projections, and green arrows 
symbolize cholinergic projections. Abbreviations: Ach, striatal cholinergic interneu-
rons; GPe, external pallidal segment; GPi, internal pallidal segment; CM, centromedian 
nucleus of the thalamus; MSN (ind), striatal GABAergic medium spiny neurons, pro-
jecting to GPe as part of the indirect pathway; MSN (dir), striatal GABAergic medium 
spiny neurons, projecting to GPi as part of the direct pathway; PV striatal GABAergic 
interneurons containing parvalbumin. (To view this figure in color, see insert)
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GABAergic, but can be distinguished by their specific expression of neuropep-
tides or calcium-binding proteins. For instance, parvalbumin-containing cells 
correspond to the physiologic type of fast spiking interneurons that receive 
strong cortical inputs, and form axosomatic synapses on projection neurons. 
These neurons are connected to one another through gap junctions and provide 
fast feed-forward inhibition of striatal output neurons in response to cortical 
activation (59, 68). Other types of GABAergic interneurons contain nitric 
oxide synthase, neuropeptide Y and somatostatin, or calretinin (59, 67). An 
interesting population of tyrosine hydroxylase-immunoreactive interneurons 
has been identified in the striatum of animal models of parkinsonism and 
human patients with Parkinson’s disease. These neurons are significantly 
increased in number in Parkinson’s disease, are preferentially located in the 
associative striatum, receive very scarce extrinsic inputs and give rise to intras-
triatal terminals that co-express tyrosine hydroxylase and GABA (69–72). 
Striatal interneurons are selectively spared from the striatal degeneration 
which occurs in Huntington’s disease (73).

Other Basal Ganglia Nuclei

GPe and GPi are largely comprised of GABAergic projection neurons (74–76). 
GPe projection neurons generate axon collaterals that may contribute to local 
inhibition in GPe, and may provide strong inhibitory influences to GPi and SNr 
(77–79). Two populations of pallidal neurons have recently been identified in 
the rat GP (corresponding to the primate GPe), based on their location relative to 
the striatopallidal border (outer and inner neurons) and the number of intrinsic 
GABAergic terminals they give rise to (80). Two types of projection neurons 
have also been identified in the monkey GPi (81). The more common type 
consists of neurons that are located in the center of GPi and send projections 
to the ventral motor and caudal intralaminar nuclei of the thalamus, as well as 
the brainstem pedunculopontine region. Less numerous peripherally located 
neurons send axons to the lateral habenular nucleus (81). Pallidothalamic axons 
travel through two main tracts to reach their targets, i.e., the ansa lenticularis 
and the lenticular fasciculus (82). Of these, the lenticular fasciculus appears to 
contain most of the fibers that may carry movement-related information (83).

Axon collaterals of SNr neurons innervate neighboring SNr neurons and 
dopaminergic SNc neurons in a highly organized and topographic manner, 
thereby contributing to an indirect route through which the striatum can 
upregulate its level of dopaminergic transmission via disinhibition of nigros-
triatal neurons (84, 85). The SNc also interacts with the SNr through dendritic 
release of dopamine (see below).

The STN mainly comprises glutamatergic projection neurons to GPe and 
GPi, but also includes a small population of GABAergic interneurons in 
humans (78, 86, 87).

Inputs to the Basal Ganglia

Sensorimotor Corticostriatal Projections

The corticostriatal projection terminates in a strict topographical organization 
(88–91). In primates, the somatosensory, motor and PM cortices project in 
a somatotopically organized fashion to the post-commissural region of the 
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putamen (92–95). Projections from somatosensory and motor cortical areas 
related to the same body parts tightly overlap in the ipsilateral post-commissural 
putamen, while contralateral projections from the primary motor cortex (M1), 
except those from the face area, interdigitate with projections from the ipsilat-
eral somatosensory and M1 cortices (95).

The striatal neurons that give rise to either the direct or the indirect  pathways 
may differ in the type of cortical inputs they receive. Thus, in rats, cortical 
intra-telencephalic (IT) neurons, which project to contralateral cortices and 
striatum, appear to target preferentially D1-containing direct striatofugal 
neurons, while pyramidal tract (PT) neurons, which project to the brainstem 
and spinal cord, innervate preferentially D2-containing indirect striatofugal 
neurons (96). At the cortical level, corticostriatal IT neurons provide inputs 
to other IT neurons and PT neurons (25), whereas PT neuron projections to 
IT neurons are far less common.

Other studies have also shown that the corticostriatal system differentially 
regulates the two main populations of striatofugal neurons. For instance, stim-
ulation of sensorimotor cortices induces preferential immediate early gene 
expression in enkephalin-containing neurons in rats and monkeys (97, 98), 
and injections of herpes simplex virus, used as a trans-neuronal anterograde 
tracer, into monkey M1 result in relatively selective virus accumulation in 
GPe neurons (99). In monkeys, most data suggest that corticostriatal neurons 
are segregated from long-range corticospinal neurons (100–102), but a recent 
single axon tracing study demonstrated that this segregation may not be as 
strict as previously thought (103).

Dendritic spines of striatal output neurons are the main targets of corticostri-
atal afferents (104), although the GABA/parvalbumin-containing interneurons 
also receive significant cortical inputs in rats and monkeys (105). Recent in vivo 
electrophysiological data demonstrate that (spike) responses in these interneu-
rons occur earlier and can be induced by a lower intensity of cortical stimulation 
than required for activation of MSNs (68). In general, increased cortical activity 
facilitates responses in GABA/parvalbumin interneurons, while opposite effects 
are found in projection neurons, which indicates that feed-forward inhibition 
of GABA/parvalbumin interneurons filters cortical information transmitted to 
striatal output neurons (59, 68). Cortical inputs to other interneuron populations 
are sparse and often located on distal dendrites (106).

Thalamostriatal Projections

Most thalamic nuclei send topographically organized glutamatergic projec-
tions to the striatum (48, 107–110). Projections from the caudal intralaminar 
nuclear group, the centromedian (CM) and the parafascicular (PF) nuclei 
are by far the most prominent among these inputs (50, 104, 111, 112). 
We will focus here on a description of some of the properties of this projec-
tion. A comparison between these properties and those of other thalamostriatal 
projections is provided in Table 1.1. The CM/PF-striatal projection is also 
shown in Figure 1.2.

Compared to corticostriatal inputs, the CM/PF-striatal projections are 
more focused and give rise to a significantly larger number of terminals than 
individual corticostriatal axons (103, 108–110, 113, 114). In rodents, the 
CM/PF projection arises from a common nucleus (the PF), while in primates, 
this projection originates in two separate nuclei (CM and PF), and terminates 



1 Motor Functions 9

in different functional territories of the striatum (50, 115, 116). The medial 
portion of CM projects to the sensorimotor post-commissural putamen, 
whereas the lateral CM is reciprocally connected with the motor cortex and 
does not appear to contribute much to striatal innervation (50, 107, 115–118). 
CM inputs innervate preferentially the dendritic shafts of striatal output 
 neurons (112, 117, 119, 120).

It is also well known that CM outputs affect striatal interneuron activity (120, 
121), which, in turn may affect striatal projection neurons. In monkeys, striato-
fugal neurons that project to GPi are more frequently contacted by CM inputs 
than striato-GPe neurons (120), suggesting that CM may exert direct effects 
on the monosynaptic striato-GPi projection, while effects on GPe-projecting 
striatal neurons may be mediated via striatal interneurons. Surprisingly, a PF 
lesion prevents upregulation of enkephalin mRNA (marker of GPe-projecting 
neurons), but does not affect the downregulation of substance P mRNA (marker 
of GPi-projecting neurons) in 6-OHDA-treated rats (122, 123).

The functional roles of the thalamostriatal system remain(s) poorly 
understood and likely differ between projections that arise from CM/PF 
and those arising from other thalamic nuclei (107). Projections from CM/
PF to the striatum are more focused, more massive and innervate preferen-
tially the dendritic shafts of striatal projection neurons, whereas projections 
from other motor-related thalamic nuclei like VA/VL are more diffuse and 
target exclusively the spines of striatal output neurons (107, 124, 125). CM 
and PF may provide feedback information to the basal ganglia. In addi-
tion, Kimura and colleagues have proposed that the CM and PF supply 
striatal neurons with information that have attentional values (126–129). 
This is also supported by positron emission tomography (PET) studies in 

Table 1.1 Similarities and differences between thalamostriatal projections 
from CM/PF and from other thalamic nuclei.

Projection from CM/PF Projections from other thalamic nuclei

• Components of sub-cortical loops with 
basal ganglia and brainstem

• Components of basal ganglia-
thalamocortico-thalamic loops

• Innervate preferentially the striatum 
with collaterals to cortex

• Innervate preferentially the cortex 
with collaterals to striatum

• Neurons have reticular dendrites • Neurons have bushy dendrites
• Focal and highly convergent sites of 

termination in the striatum
• Diffuse and less convergent 

 innervation of the striatum
• Form axo-dendritic synapses (75%) • Form axo-spinous synapses (>95%)
• No relationships with dopaminergic 

afferents
• Converge with dopaminergic inputs 

onto common dendritic spines
• Discharge single spikes during cortical 

slow-wave activity
• Discharge low-threshold calcium bursts 

during cortical slow-wave  activity
• Sensitive to attention-related multisen-

sory information
• Respond to specific modalities (such 

as sensory, motor, or limbic signals)
• May provide the striatum with 

 attention-related information from 
brainstem

• May convey context- dependent 
 functionally specific cortical 
 information

• Partly degenerate in Parkinson’s disease • Do not degenerate in Parkinson’s 
 disease
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humans (130). Another interesting hypothesis is that the thalamostriatal 
 projections from intralaminar and non-intralaminar nuclei are part of 
 parallel,  functionally segregated subcortical loops (131).

Cortico- and Thalamo-Subthalamic Projections

The cortico-subthalamic projection is exclusively ipsilateral (132, 133), and 
arises in large part from the primary motor cortex (M1), with lesser contribu-
tions from prefrontal cortex, premotor cortex (PMC), supplementary motor, 
area (SMA), and cingulate motor area (CMA, 92, 132–135). M1-afferents are 
confined to the dorsolateral part of STN (132, 134), while afferents from the 
other motor areas innervate mainly the medial third of the nucleus (93, 132, 
134–136). The M1-STN projection is somatotopically organized with the face 
area projecting laterally, the arm area centrally and the leg area medially (7, 92, 
132, 134, 137). A similar somatotopic organization has been reported in the STN 
of humans with Parkinson’s disease undergoing microelectrode mapping during 
functional neurosurgical procedures (138). Input from the supplementary motor 
area (SMA) to the STN shows a somatotopy which is reversed to the one from 
M1 (134, 137). The cortico-striatal and cortico-subthalamic projections appear 
to originate from segregated populations of corticofugal neurons in monkeys 
(103), whereas in rats and cats, the cortical input to the STN is a collateral of 
descending pathways to the brainstem and spinal cord (139, 140).

A second source of excitatory inputs to the STN arises from CM/PF 
(50, 141–143), although the relevance of this finding for primate anatomy 
remains disputed (110). In the rat, the thalamo-subthalamic and thalamo-
striatal projections arise largely from segregated sets of neurons (for a 
discussion of these findings, see refs. 109 and 142). Excitatory cortical and 
thalamic inputs to the STN may provide a faster route of transmission of 
cortical information to the basal ganglia output structures than that provided 
by the trans-striatal pathways (137, 144–148).

Intrinsic Basal Ganglia Connections

Direct and Indirect Pathways

The topographical organization of the corticostriatal system and intrinsic basal 
ganglia connections provide the substrate for functionally segregated motor, 
limbic, associative, and oculomotor basal ganglia-thalamocortical loops (88). 
Within the boundaries of each of these circuits, striatofugal pathways are 
divided into the so-called direct and indirect striatofugal projections, named 
after their presumed connection patterns to the basal ganglia output nuclei 
GPi and SNr (149–151). The direct pathway arises from striatal MSNs that 
project directly to neurons of GPi and SNr. The indirect pathway involves a 
striatal projection to GPe (41), and subsequent projections to GPi and SNr. 
In monkeys, GPe terminals account for more than 50% of the total number of 
terminals in contact with the perikarya of GPi neurons (152–155). A portion 
of the indirect pathway passes through the intercalated STN (154, 156–161). 
The STN also sends projections to GPe, the striatum (115, 162, 163) the SNc 
(159, 164, 165), the pedunculopontine nucleus (PPN) (163, 164, 166), and the 
spinal cord (167). STN output is highly collateralized in the rat (168, 169), but 
may be more specific in primates (160, 163, 169–171).
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The true extent of separation between direct and indirect pathways contin-
ues to be debated (172–177). In favor of pathway segregation, findings in the 
recently developed EGFP-D1- and D2-transgenic mice have strongly supported 
the notion that D1 and D2 receptors are segregated in the striatum and along 
 striatofugal projections to the GP and substantia nigra (175, 176). However, 
 single cell filling studies have reported a fairly high degree of axon collater-
alization of striatofugal neurons (174, 177–179). In addition, striatal MSNs 
are known to form an extensive intrinsic axon collateral arbor that connects 
neighboring MSNs and interneurons. Although these connections were origi-
nally thought to be a substrate for lateral inhibition in the striatum (152, 180, 
181), electrophysiological and anatomical studies have demonstrated that these 
 connections are weak and distal on the dendritic tree of striatal neurons so that 
their influence on neighboring neurons is likely to be subtle (59, 182, 183).

Dopaminergic Projections

Dopamine is a key modulator of basal ganglia activity. The SNc (A9), 
ventral tegmental area (VTA, A10) and retrorubral field (RRF, A8) are the 
main sources of dopamine to the basal ganglia. The striatum is the main 
target of axons from neurons in these areas (70). Both the caudate nucleus 
and putamen receive strong dopaminergic inputs from segregated popula-
tions of SNc and RRF neurons, while the VTA innervates mainly the ventral 
striatum (41, 184, 185).

Most movement-related areas of the basal ganglia receive their dopamin-
ergic inputs from the SNc. This nucleus contains two main populations 
of dopaminergic neurons that can be differentiated by their location and 
by the relative concentration of calbindin D28k and dopamine transporter 
(186). The ventral tier of the SNc (SNc-v) comprises a densocellular part 
located dorsomedially and more ventrally located cell columns and clusters 
that interdigitate with the SNr. The sensorimotor striatum receives its main 
dopaminergic innervation from cell columns in the SNc-v. SNc-v neurons 
degenerate early in patients with Parkinson’s disease and in animal models of 
parkinsonism. In contrast, calbindin-containing neurons in the dorsal tier of 
the SNc (SNc-d) and those of the VTA are relatively spared (57, 187, 188). 
The two populations of dopaminergic SNc neurons provide specific patterns 
of innervation to the rat striatum (189–191); SNc-v neurons innervate prefer-
entially the patch compartment, whereas SNc-d neurons mainly project to the 
matrix (189, 192). However, the relationships between nigrostriatal projec-
tions from subpopulations of SNc neurons and the regional or compartmental 
organization of the striatum appear to be more complex in primates (27).

Dopaminergic inputs functionally regulate the activity of striatal MSNs 
through pre- and postsynaptic interactions with dopamine receptors belong-
ing to the D1- and D2-family of receptors. Activation of D1-family recep-
tors (which includes D1 and D5 receptors) exerts excitatory effects, while 
activation of D2-family receptors (D2, D3, and D4 receptors) is generally 
inhibitory towards striatofugal MSNs (193, 194).

The distribution of dopaminergic receptors throughout the basal ganglia is 
shown in Table 1.2. In the striatum, postsynaptic D1 and D2 receptors are largely 
found in dendrites and spines of direct and indirect striatofugal neurons, respec-
tively, where they may regulate corticostriatal transmission at dendritic spines, 
which receive glutamatergic terminals (152, 195, 196). In addition, pre-synaptic 
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D2 receptors also play an important role in regulating corticostriatal glutama-
tergic activity. In rats, the dopamine regulation of glutamatergic inputs is highly 
specific and filters out selectively less active cortical inputs (197, 198).

Another mechanism by which dopamine regulates intrinsic striatal activity 
is via dopamine receptors expressed in cholinergic interneurons. Most studies 
have focused on D2 receptors (70), but D5 receptors may also be involved in the 
modulation of acetylcholine release (199, 200). The dopaminergic regulation of 
striatal acetylcholine release is thought to play a role in the striatal processing 
of extrinsic inputs and learning (194, 201, 202). The cholinergic interneurons 
also mediate some of the dopamine-regulated interactions between direct and 
indirect pathway neurons (see Figure 1.2). The cross-talk between cholinergic 
interneurons and MSNs is critical for the development of long-term synaptic 
plasticity in both populations of striatofugal neurons (194, 202, 203).

In addition to its striatal actions, dopamine may also directly regulate 
pallidal, subthalamic and nigral activity (see Figure 1.3; refs. 70 and 204). 
Dopamine is released from terminals of SNc projections to the rat GP and 
STN (204, 205). In the SNr, dopamine is released from dendrites of SNc 
neurons that extend ventrally into the SNr (70, 206). Neurons in these nuclei 
express pre- and post-synaptic D1- and D2-family dopamine receptors that 
may mediate the effects of dopaminergic ligands on GP, STN, and SNr neu-
rons (70, 207–213). Widespread dopamine innervation of the monkey thala-
mus has also been recently demonstrated (214, 215). Albeit more modest than 
the massive nigrostriatal system, these extrastriatal dopaminergic projections 
may directly regulate basal ganglia outflow (70).

Table 1.2 Distribution of dopamine receptors (D1–D5) in the basal ganglia 
and thalamus.

Striatum

• Presynaptic: D2 (on nigro- and corticostriatal projections)
• Postsynaptic:

 ° Medium spiny neurons, direct pathway: D1 >> D2
 ° Medium spiny neurons, indirect pathway: D2 >> D1
 ° Cholinergic interneurons: D2, D5
 ° Parvalbumin-positive interneurons: D5

GPe

• Presynaptic: D2 (striatal projection to GPe)
• Postsynaptic: D2, D3, D4, D5

GPi

• Presynaptic: D1 (striatal projection to GPi), D2 on SNc projection to GPi
• Postsynaptic: D3, D4, D5

STN

• Presynaptic: D1, D2 on glutamatergic inputs
• Postsynaptic: D1, D2, D3, D5

SNr

• Presynaptic: D1 (on striatal projection to SNr)
• Postsynaptic: D4, D5

Thalamus

• Presynaptic: D2 (on SNc projection to thalamus)
• Postsynaptic: D5
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Output Projections of the Basal Ganglia

Nigrofugal Pathways

Based on the arrangement of striatal inputs and nigral outputs, the SNr in rats 
can be subdivided into a dorsolateral sensorimotor and a ventromedial asso-
ciative territory (216). Recent single axon-tracing studies in rats and monkeys 
(84, 217–219) have shown that SNr neurons are highly heterogeneous in 
their degree of innervation and axonal collateralization to thalamic and other 
targets (217–219). Most SNr output to the thalamus appears to be related to 
non-motor functions. However, neurons in the lateral part of the SNr project 
preferentially to the lateral posterior region of the VAmc and to different parts 
of the mediodorsal nucleus (MD). These areas of the thalamus are predomi-
nately related to posterior regions of the frontal lobe including the frontal eye 
field and areas of the premotor cortex, respectively (220–222). In monkeys, 
the SNr also provides a projection to PF as part of an associative basal ganglia-
thalamostriatal loop that involves the caudate nucleus (107, 118).

Other SNr projections reach the superior colliculus, PPN and the medullary 
reticular formation. Nigro-collicular fibers terminate mainly on tectospinal 
neurons in the intermediate layers of the superior colliculus (131, 223). The 
nigro-collicular system is thought to play a role in the regulation of visual 
saccades (131, 223). Nigro-tegmental projections terminate predominantly on 
noncholinergic neurons in the medial two-thirds of the PPN (224, 225), while 
the nigro-reticular projection terminates in the parvicellular reticular forma-
tion, which is directly connected with orofacial motor nuclei (226–228).

Pallidofugal Pathways

The motor territory of the basal ganglia output nuclei is mostly contained 
within GPi. Sensorimotor information is conveyed almost exclusively to the 
posterior part of the ventrolateral nucleus (VLo in macaques; refs. 229–231). 
Via the  thalamus, sensorimotor output from GPi is projected towards the SMA 
(232–235), M1 (234–241), and PM cortical area (237). Virus transport studies 

Figure 1.3 Targets of dopaminergic projections arising in the substantia nigra pars 
compacta (SNc). The projection targeting the substantia nigra pars reticulata utilizes 
dendritic release of dopamine release. At all other projections sites, dopamine is 
released from axon terminals. Abbreviations: GPe, external segment of the globus 
pallidus; GPi, internal segment of the globus pallidus; LP, lateral posterior nucleus of 
the thalamus; MD, mediodorsal nucleus of the thalamus; STN, subthalamic nucleus; 
VA/VL, ventral anterior and ventrolateral nuclei of the thalamus
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have suggested that the pallidal projections directed at cortical areas MI, PM, and 
SMA arise from segregated populations of GPi neurons in monkeys (237, 242).

Most GPi neurons that project to VA/VLo also send axon collaterals to 
the caudal intralaminar nuclear group (CM/PF), which, in turn, projects pre-
dominately to the striatum (see previous paragraphs; ref. 229). Neurons in the 
sensorimotor territory of GPi project exclusively to CM (107, 118).

In monkeys, a large portion of GPi neurons that project to the VA/VLo also 
sends axon collaterals to the noncholinergic portion of the PPN (243–247). 
This projection is than the GPi projections to the thalamus (243). The PPN, in 
turn, gives rise to descending projections to the pons, medulla, and spinal cord 
as well as prominent ascending projections to the basal ganglia, the thalamus 
and the basal forebrain (see, e.g., refs. 248 and 249).

The Role of the Basal Ganglia in Motor Control

Voluntary movements are thought to be initiated at the cortical level of the 
motor circuit with simultaneous output to the brainstem and spinal cord, as 
well as to multiple subcortical targets, including the thalamus, putamen, and 
the STN. Insights into the anatomical organization of the basal ganglia have 
strongly influenced our view of the function of these circuits.

One line of reasoning has focused on the proposed dichotomy of direct and 
indirect pathways. It is thought that cortical movement-related inputs may 
activate striatal direct pathway neurons, resulting in inhibition of basal ganglia 
output, and subsequent disinhibition of thalamocortical neurons. In contrast, 
activation of indirect pathway neurons would result in activation of GPi output 
and inhibition of thalamocortical neurons. According to one hypothesis, interac-
tions between the two pathways may be important for basal ganglia regulation 
of motor control. Cortical activity related to an intended movement may activate 
specific portions of the direct pathway, resulting in appropriate reduction of 
inhibitory basal ganglia output to the thalamus and facilitation of cortical activ-
ity related to the intended movement. Activation of the indirect pathway would 
have opposite effects, acting to suppress unintended movement (137, 250–255). 
The most common change in GPi activity during movement is increased activ-
ity. Thus, suppression of unintended movements may be a particularly important 
role of the basal ganglia. Another possibility is that striatal output would first 
inhibit specific neuronal populations in GPi/SNr via the direct pathway, facilitat-
ing movement, followed after a delay by disinhibition of the same GPi/SNr neu-
ron via inputs over the indirect pathway, leading to an inhibition of the ongoing 
movement. The resulting sequence of facilitation and inhibition would regulate 
the amplitude or velocity of individual movements (256). Conceivably, neurons 
with short latency responses to movement could play such a role (239, 257–
265). Recent PET studies have reported that basal ganglia activity is modulated 
in relation to low-level parameters of movement, such as force or movement 
speed (266, 267), thus supporting such a scaling function of the basal ganglia.

However, it is likely that interactions between basal ganglia circuits at a 
smaller scale strongly contribute to information processing in these circuits. 
For instance, transmission via local axon collaterals or interneurons may con-
tribute to center-surround inhibition in the basal ganglia that are not accounted 
for in the simple direct/indirect pathway scheme mentioned previously. There 
is evidence for the existence of such collateral inhibition in the striatum. While 
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some MSNs are directly activated by glutamatergic inputs from the cortex, 
neighboring neurons may be inhibited via axon collaterals of the activated 
neuron, or via intercalated fast-spiking interneurons (68, 183, 268), thus favor-
ing the (locally) strongest focus of corticostriatal stimulation, and reducing the 
excitability of neighboring areas of the striatum and related circuitry.

Other proposed motor functions of the basal ganglia include roles in internally 
generated movements, in motor learning and movement sequencing (e.g., refs. 
24, 269–272). For instance, both dopaminergic nigrostriatal neurons and toni-
cally active neurons in the striatum develop transient responses to sensory con-
ditioning stimuli during behavioral training in classical conditioning tasks (270, 
273–275). This supports a role of these cells, and of basal ganglia areas whose 
activity they influence, in motor learning. Shifts in the response properties of 
striatal output neurons during performance of a maze task that involved learning 
have been demonstrated in the rat (276). In addition to these concepts, a number 
of other theories have gained varying degrees of popularity including concepts 
that the basal ganglia may globally act to extract cortical information through 
dimensionality reduction (23) or may assist in resource allocation (131).

Consequences of Abnormalities of Basal 
Ganglia Function

It is beyond the scope of this chapter to discuss disorders of basal ganglia func-
tion in detail. Thus, the spectrum of basal ganglia dysfunction is only briefly 
discussed, contrasting the effects of lesions of the basal ganglia output nuclei 
with those of alterations of the firing patterns in these structures.

Lesions of the Basal Ganglia Output Nuclei

Perhaps surprisingly, complete cessation of basal ganglia output has few behav-
ioral effects. Thus, in most studies, pallidal lesions in animals and humans 
produce either no or only short-latency effects on skilled fine movements or 
mild bradykinesia (277–287). A notable exception is a study by Mink and 
Thach (255, 288, 289) in which co-contractions were observed after lesioning 
or inactivation of GPi, although this may have been due to inadvertent involve-
ment of GPe in these experiments. While these studies could serve as evidence 
that the effects of the basal ganglia are only subtle or highly specialized, they 
most likely indicate that the motor system is, in fact, sufficiently redundant to 
be able to quickly compensate for complete loss of basal ganglia function. The 
fact that basal ganglia lesions appear to have few (negative) behavioral con-
sequences has been exploited for decades in neurosurgical ablative treatments 
such as pallidotomy for Parkinson’s disease or dystonia.

Parkinson’s Disease

Parkinsonism is the prototypical hypokinetic movement disorder. The pri-
mary movement abnormalities in Parkinson’s disease or parkinsonism include 
bradykinesia (slowness of movement), tremor at rest, and muscular rigidity. It 
is thought that these signs are due to degeneration of dopaminergic neurons 
in the SNc and their projections to the striatum, which then results in striatal 
dopamine depletion, and subsequent activity changes in basal ganglia output, 
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which are highly disruptive to movement. Recent evidence indicates that 
reduced dopaminergic inputs to basal ganglia regions other than the striatum 
(including GPi, SNr, and STN) may also play a role in the development of the 
motor signs of the disease. At least in the early stages of Parkinson’s disease, the 
dopamine depletion preferentially affects the motor circuit, and the symptoms 
are often greatly ameliorated by administration of pharmacologic dopamine 
replacement therapy, such as levodopa or dopamine receptor agonists.

Although mechanistically not fully explained, dopamine depletion in the 
basal ganglia induces prominent changes in neuronal activity within the 
motor circuit. Thus, neuronal activity in GPi and STN is increased in parkin-
sonian animals and humans, and abnormal oscillatory activity and increased 
synchrony of neuronal discharge has been observed throughout all elements 
of the motor circuit (see example in Figure 1.4 and recent reviews [290, 
291]). In addition to the frequently discussed abnormalities in the intrinsic 
basal ganglia circuitry, increased activity of the thalamo-subthalamic projec-
tion may also contribute to the increased (metabolic) activity of STN neurons 
in Parkinson’s disease (292).

While the link between specific basal ganglia discharge abnormalities and 
the behavioral manifestations of parkinsonism remains uncertain, it is likely 
that some or all signs of the disease arise from the fact that the abnormally 
patterned basal ganglia output functionally disables related thalamic and corti-
cal areas. Functional imaging studies have demonstrated that changes in basal 
ganglia activity are associated with abnormal activation patterns in cortical 
motor (and other) areas both at rest and with movement. DBS within the motor 
portions of the STN or the GPi largely reverses these abnormalities. Curiously, 
DBS at these locations tends to treat specifically those parkinsonian signs 
that are also amenable to dopaminergic therapy, adding support to the notion 
that abnormalities in these dopamine-modulated circuits are at the core of the 
development of parkinsonian abnormalities.

DBS of other portions of the motor circuits in individuals affected by 
Parkinson’s disease have also been described. For instance extradural motor 
cortex stimulation may have antiparkinsonian effects (293, 294). Another 
target for DBS in Parkinson’s disease is the PPN. Inactivation of the PPN 
induces akinesia in animals (295), and low-frequency stimulation of the 
PPN may have antiparkinsonian efficacy, specifically against gait and balance 
problems (296, 297).

Figure 1.4 Examples of traces of 
 neuronal activity, recorded with  standard 
extracellular electrophysiologic  recording 
methods in a monkey before (A) and 
after (B) induction of  parkinsonism 
with intracarotid injections of the 
 dopaminergic neurotoxin 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP). The traces neurons are each one 
second long
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Hemiballism

Hemiballism is a typical hyperkinetic disorder in which patients generate 
large-amplitude hemi-body limb movements. In humans, hemiballism results 
most often from lesions involving the STN, often due to discrete ischemic 
or hemorrhagic lesions of the nucleus (e.g., ref. 298). Studies in monkeys 
have demonstrated that STN lesions that included at least 20% of the nucleus 
result in long-lasting, ballistic-appearing, choreiform movements (299, 300). 
Similarly, small fiber-sparing lesions of the STN also result in dyskinesias of 
shorter duration (301).

STN lesions interrupt the portion of the indirect pathway that traverses 
the STN. Metabolic and physiologic studies (302, 303) have demonstrated 
that STN lesions reduce neuronal activity in both GPe and GPi, and reduce the 
proportion of cells that respond to joint rotation with increases in discharge 
in GPe and GPi (303). Thus, hemiballism is another disorder in which altered 
basal ganglia output appears to be highly disruptive to movement.

As is true for other movement disorders, changes in overall basal ganglia 
output are likely not the only reason for the development of hemiballism. 
Abnormally patterned activity may underlie the development of ballismus 
as well as other hyperkinetic disorders, and may, in fact, shape the specific 
 features of the disorder in question.

Dystonia

Dystonia is characterized by involuntary twisting movements, abnormal 
postures, muscular agonist/antagonist co-contraction, and muscle activa-
tion overflow phenomena. Dystonia is a highly heterogeneous condition. 
Neuroimaging studies in dystonic patients and other studies have demon-
strated that portions of the motor circuit (cortical and subcortical) are often 
affected by dystonia (304). Based on single cell recording studies in patients, 
it appears that at least some cases of dystonia are similar to Parkinson’s dis-
ease with regard to the changes in the activity patterns of basal ganglia output, 
but that overall GPi activity is reduced in dystonia, while it is increased in 
Parkinson’s disease (305). In cases of focal dystonia, there is electrophysi-
ologic evidence for reduced cortical inhibition, and aberrant organization of 
somatosensory cortical maps (306). These findings, together with the delayed 
effects of surgery, support the concept that abnormal neuroplasticity may play 
a role in dystonia.

Conclusions

There is a wealth of knowledge regarding the interactions between the 
basal ganglia, thalamus, cerebral cortex, and brainstem. Basal ganglia-
thalamocortical circuitry is topographically organized into motor and  non-
motor portions. Given the anatomical and functional similarities between 
motor and non-motor circuits, information processing within these differ-
ent circuits is likely similar. While it remains unclear which fundamental 
function(s) are carried out by this network of connections, testable hypoth-
eses have been generated that will help us to elucidate this issue in the 
future. The role of the basal ganglia nuclei in movement disorders is more 
clearly defined than their normal functions. Neurosurgical interventions 
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 targeting individual portions of these circuits have become a highly effica-
cious method of treatment for Parkinson’s disease and other conditions.
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Abstract

While typically associated with motor control, the basal ganglia are also 
involved in reward-based learning, decision making, and habit formation. The 
cortico-basal ganglia circuitry constitutes a system in which frontal cortex 
exploits the basal ganglia for additional processing of reward and cognition 
to effectively modulate learning that leads to the development of action plans 
and motor behaviors. This chapter first addresses basic basal ganglia anatomy 
and circuitry. Second, it focuses on the non-motor pathways associated with 
prefrontal cortex, in both limbic and cognitive areas. While each basal ganglia 
structure can generally be divided along limbic, cognitive, and motor path-
ways, recent evidence supports the hypothesis that complex interactions may 
occur between these functional systems. This chapter discusses the potential 
routes by which information can cross functional (limbic, cognitive, and motor 
control) domains thereby providing a network that supports both parallel and 
integrative function across motor and nonmotor circuits.

Keywords: ventral striatum, dorsal striatum, ventral pallidum, dorso-lateral 
prefrontal cortex, orbital cortex, cingulate cortex, dopamine, reward, cogni-
tion, motor control

Introduction

The basal ganglia (BG) and cortex work in concert to orchestrate and execute 
planned behaviors. While the BG are best known for their motor functions, they 
also play an equally important role in motivation and cognition. Indeed, the role 
of the BG in cognitive and emotional behaviors is now well accepted. Areas 
within each of the BG nuclei are associated with limbic and cognitive aspects 
of behavior in addition to motor control regions. The dorsolateral striatum is 
the area generally associated with motor control (for review, see refs. 1 and 2). 
Central BG areas are involved in cognitive functions such as procedural learning 
and working memory tasks (3–6). The ventro-medial regions play a key role 
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in reward and reinforcement (7–10) and are important in the development 
of addictive behaviors and habit formation (11–13). Diseases affecting motor 
control as well as mental health, including schizophrenia, drug addiction, and 
obsessive–compulsive disorder, are all linked to pathology in the BG (13–17). 
The association of different BG regions with specific functions has lead to the 
concept of parallel and separate processing of functional information (motor, 
cognitive, and emotional) via segregated channels (18). A major drawback of 
completely separate functional pathways is that most actions do not occur in 
isolation of motivation and cognition, but rather are the result of a combination 
of these behaviors requiring complex information processing. The develop-
ment and execution of appropriate responses to environmental stimuli require 
continual updating and learning to adjust the response. A segregated system 
would create a system without sufficient temporal flexibility to change behav-
iors under different conditions. Indeed, the emerging consensus is that BG also 
plays a key role not only in the execution of behaviors, but also in the learning 
process and the development of action plans.

Recent physiological and imaging data show changes during learning which 
occur not only in cortex, but also within the BG. These studies show BG 
involvement in set shifting, response learning, and the development of behavioral 
guiding rules, and habit formation (19–25). Indeed, there are a growing number 
of anatomical studies that clearly demonstrate a complex pattern of cortico-BG 
connections, providing an anatomical substrate for integrative processing across 
functional domains. This chapter first reviews basic BG anatomy and circuitry. 
Second, it discusses the non-motor pathways and addresses the evidence for 
integration across the functional domains of frontal cortical BG circuits.

Basal Ganglia Structures and Connectivity

The primary structures of the BG are the striatum (the caudate nucleus, puta-
men, and n. accumbens), the globus pallidus, substantia nigra (SN), and the 
subthalamic nucleus (STN; Figure 2.1). The BG are divided into dorsal and 
ventral systems, associated with motor and cognitive functions (dorsal stria-
tum) and motivational functions (ventral striatum), respectively. The concept 
of the ventral system was introduced with the recognition that medial and 
ventral portions of BG structures are connected to cortical and subcortical 
areas mediating emotion and motivation (26, 27). The ventral system includes 
the ventral striatum (the n. accumbens, the ventromedial parts of the rostral 
caudate, and putamen), the ventral pallidum, the ventral tegmental area (VTA) 
and the medial region of the STN. The pallidal complex is comprised of the 
external (GPe) and internal segments (GPi) of the globus pallidus (the dorsal 
pallidum) and the ventral pallidum (specifically connected to the ventral stria-
tum). The GPe and GPi, along with the putamen, form the lentiform nucleus. 
The ventral pallidum is that part of the pallidal complex that receives input 
from the ventral striatum. The ventral pallidum is located ventral to the ante-
rior commissure and extends rostrally where it invades parts of the ventral 
striatum (Figure 2.1B). Caudally it occupies the ventral and medial extremes 
of the external and internal pallidal segments. The SN is divided into two parts, 
the pars compacta (SNc), and the pars reticulata (SNr); (1, 28, and 29).

The basic cortical-BG pathway flows from the cortex through BG struc-
tures, to the thalamus and back to cortex. This basic pathway is further divided 
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into two circuits: (1) A direct circuit in which the striatum projects to the 
GPi/SNr and back to cortex via the thalamus; and (2) an indirect circuit via the 
GPe which projects to the STN, then from the STN to the GPi/SNr and back 
to cortex via the thalamus (Figure 2.2).

The Striatum

Afferent Connections
The striatum is the main input structure of the BG. Its afferent projections are 
derived from three major sources: (1) it receives a massive and topographic 

Figure 2.1 Photomicrographs at coronal levels using different markers to illustrate 
specific basal ganglia structures in the non-human primate brain (A–C stained for 
enkephalin immunoreactivity, D stained for Nissl, E stained for tyrosine hydroxylase 
immunoreactivity). (A) the rostral striatum; (B) at the level of the anterior commissure; 
(C) at the level of both the internal and external segments of the globus pallidus; (D) 
at the level of the thalamus and subthalamic nucleus; (E) at the level of the substantia 
nigra. AC, anterior commissure; C, caudate nucleus; GPe, globus pallidus external 
segment; GPi, globus pallidus internal segment; IC, internal capsule; MD, mediolateral 
nucleus of the thalamus, P, putamen; OT, optic tract; SNc, substantia nigra, pars com-
pacta; SNr, substantia nigra, pars reticulata; STN, subthalamic nucleus; VL, ventral 
lateral nucleus of the thalamus; VP, ventral pallidum; VS, ventral striatum; VTA, 
ventral tegmental area
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input from all of cerebral cortex; (2) the second largest input is derived from the 
thalamus; and (3) the third major input is from the brainstem, primarily from 
the dopaminergic cells of the midbrain (Figure 2.2). Afferent projections to the 
striatum terminate in a general topographic manner, such that the  dorsolateral 
striatum receives cortical input from sensory-motor areas, the central striatum 
receives input from associative cortical areas, and the ventromedial striatum 
receives input from limbic areas. Within this organization, afferent projections 
terminate in a dense and patchy manner (30). In addition to the dense, or focal 
projections, each cortical area sends axons that travel long distances to inner-
vate a broad striatal region (31). Indeed, intracellular tracer injections of single 
cortical neurons show that these cortico-striatal axons can innervate up to 14% 
of the striatum (32). These projections (referred to as diffuse projections), not 
only expand the borders of the focal projections, but also extend into striatal 
territories, which are innervated by focal projections derived from other func-
tion regions of cortex.

Thalamo-striatal inputs are also topographically organized. The midline 
and intralaminar nuclei are the source of the most widely reported thalamo-
striatal projections (33–40). However, there is an equally large projection to 
the striatum from the BG relay thalamic nuclei, including, the mediodorsal 
(MD), ventral anterior (VA) and ventral lateral (VL) nuclei in primates (38, 
40–42). These thalamic nuclei are associated with limbic, association, and 
motor systems, respectively, by virtue of their connectivity with cortical and 
subcortical regions (43–46).

The ascending midbrain dopaminergic striatal afferents terminate on the 
spines of the medium spiny projection neurons, in close apposition to corti-
cal synapses, and are in a position to influence cortical input (47). In this 
way, a relatively smaller midbrain projection to the striatum has a large 
impact on modulation of the larger cortical projection. This dopamine (DA) 
projection has a mediolateral topographic arrangement as well as an inverse 
dorsoventral topography. The ventral SNc neurons project to the dorsal 

Figure 2.2 Diagram demonstrating the connections of the basal ganglia, including 
the direct and indirect pathways. 5HT, serotonin; DA, dopamine; GPe, globus pallidus 
external segment; GPi, globus pallidus internal segment; SNr, substantia nigra, pars 
reticulata; STN, subthalamic nucleus
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striatum and the dorsally located DA neurons project to the ventral striatum 
(48). Medium spiny neurons (MSNs) are divided into two groups based on 
DA receptor distributions. Those that contain high mRNA expression levels 
for the D1 receptors also co-contain substance P (SP) and those that contain 
high mRNA expression levels for the D2 receptor subtype also co-contain 
enkephalin (ENK) (49). Inputs to the striatum also include projections from 
the dorsal and median raphe nuclei and from other components of the BG 
including the external globus pallidus (and comparable regions of the ven-
tral pallidum. In addition to the extrinsic inputs, the projection neurons also 
receive input from interneurons and from local collaterals of other medium 
spiny cells (50–53).

Intrinsic Cells of the Striatum
The striatum contains two general cell groups: projection neurons and interneu-
rons. Projection neurons are the most common cell type and are referred to as 
MSNs or the principal neurons of the striatum (Figure 2.3). In non-primate 
species, they account for more than 90% of the cells. They account for about 
70% of cells in primates (54–56). These medium-sized cells (14–20 µm) 
have four to seven radiating dendrites that are densely covered with spines. 
This dendritic arbor extends in all directions with a radius of up to 0.5 mm. 
Extracellular physiological recordings in awake, behaving monkeys show 
that the MSNs are phasically active neurons (PANs), with a low spontaneous 
discharge rate (0.5–1 spike/s), but a relatively high firing rate associated with 
behavior, including the performance of learned tasks (5, 57, 58). PANs are 
activated antidromically from either GPe or GPi, thus identifying them as the 
projection neurons. MSNs are bistable, shifting between two membrane states: 
an upstate and a downstate (59, 60). In the downstate, the membranes are 
hyperpolarized and cannot generate action potentials. In the upstate, the mem-
branes are relatively depolarized and close to threshold for spike generation. 
Movement from a downstate to an upstate occurs in response to the combined 

Figure 2.3 (A) Photomicrograph of a medium spiny neuron (MSN) filled with Lucifer 
Yellow. (B) Enlargement of the dendritic tree shown (framed in A), demonstrating the 
dense spines
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effects of temporally coherent and convergent excitatory input from cortex 
and/or thalamus. Neurons in the upstate are primed to fire in response to fur-
ther depolarization. However, in the absence of the coherent excitatory input, 
the membrane returns to the downstate. Therefore, it is generally believed that 
a relatively large (temporally and spatially coordinated) excitatory input is 
required to move the MNS from the downstate to the upstate in order to result 
in activation. Both cortical and thalamic fibers provide this input via their 
dense, focal projections that terminate primarily on the dendritic spines of the 
MSN. These terminals form asymmetric, glutamatergic synapses (61, 62).

There are four classes of aspiny interneurons (63, 64). Cholinergic cells 
comprise the largest striatal cells (30–40 µm) and represent approximately 
1% of the population, both receiving input from and projecting to the MSN. 
A central role for the functional balance between dopaminergic/cholinergic 
populations is well documented in both Parkinson’s disease and in experimen-
tal animal models (65, 66). The cholinergic interneurons are spontaneously 
active and referred to as tonically active neurons (TANS). In contrast to the 
membrane properties responsible for the physiological (up and down) states 
of the MSNs that are controlled by extrinsic connections, the TANS spontane-
ous firing patterns are a function of their intrinsic membrane properties (67). 
TANs are involved in the detection of stimuli that have inherent motivational 
significance and are associated with the delivery of primary rewards through-
out the striatum, including the dorsal region (68–70). A second population 
of interneurons co-contains the calcium binding protein, parvalbumin. These 
cells are fast spiking neurons that receive a powerful input from cortex. Their 
response to cortical activation is faster and earlier than the response of the 
MSNs to cortical input. Moreover, they appear to have an inhibitory affect 
on MSNs, as their firing is associated with a decrease in MSN activity (71, 
72). There are two additional interneuron types: a GABA-containing interneu-
rons that stain positively for the neuropeptides somatostatin and neuropeptide 
Y, and co-contain nitric oxide synthase (NOS); and GABA-containing cells 
that co-contain calretinin, a calcium-binding protein (50, 73).

The Ventral Striatum
While the ventral striatum is similar to the dorsal striatum in most respects, 
nonetheless, there are some unique features (27). The ventral striatum con-
tains a subterritory, called the shell (Figure 2.1A; ref. 74). Experiments show 
that this area plays a particularly important role in the circuitry underlying 
goal-directed behaviors, behavioral sensitization, and changes in affective 
states (75–79). While several transmitter and receptor distribution patterns 
distinguish the shell, lack of calbindin-positive staining is the most consistent 
marker (80). Embedded within the ventral striatum are the islands of Calleja. 
Finally, while the basic cortical BG loop is similar in all BG circuits, the ven-
tral striatum alone receives an additional subcortical input from the amygdala 
and from the hippocampus, for which there is no comparable input to the other 
BG territories (82, 83).

The Pallidal Complex and the SN, SNr

The main output from the striatum is to the GP and the SNr. Based on histo-
chemical localization of neuropeptides, there are two general types of medium 
spiny cells: one that co-contains SP and GABA; and one that co-contains 
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ENK and GABA. SP-containing MSNs project primarily to the GPi/SNr, 
while the ENK-containing cells project primarily to the GPe (84). The dorsal 
globus pallidus is divided by the internal medullary lamina into the external 
(GPe) and internal (GPi) pallidal segments. The ventral pallidum (VP) extends 
ventrally, below the anterior commissure and rostrally to invade the rostral 
and ventral portions of the ventral striatum, sending finger-like extensions into 
the anterior perforated space (84). The pallidal complex is primarily made of 
large cells (20–60 µm) that give rise to thick, long, dendrites (85–87). These 
dendrites are densely ensheathed with synapses originating primarily from the 
striatum and STN. All pallidal neurons use GABA as their transmitter (88). 
While the projections of the two dorsal pallidal segments GPe and GPi (and 
comparable parts of the ventral pallidum) differ, their main input is from the 
striatum. ENK/D2R-positive MSNs project primarily to GPe and parts of the 
VP. In contrast, the SP /D1R-postive MSNs send fibers to the GPi and parts of 
the VP (Figure 2.4). In addition to this GABAergic striatal input, there is the 
well-characterized glutamatergic input from the STN nucleus to all pallidal 
components (89, 90). Terminals from STN intermingle with the much larger 
GABAergic innervation from the striatum (91). Both the GPi and GPe also 
receive input from the midbrain DA cells (92).

The GPi (and parts of the VP) project directly to the thalamus and brainstem 
(Figure 2.4). These projection fibers are divided into three bundles, the ansa 
lenticularis, the lenticular fasciculus, and the pallidotegmental fibers (93, 94). 
Fibers in the ansa lenticularis arise from the outer portion of the GPi, forming 
a clearly defined bundle that sweeps ventromedially and rostrally, around the 
internal capsule and continuing caudally to merge with Forel’s field H. Fibers 
of the lenticular fasciculus arise from the medial portion of the GPi, traverse the 
internal capsule, and form a discrete bundle, ventral to the zona incerta. This 

Figure 2.4 Diagram demonstrating the connections of the two segments of the globus 
pallidus. The tissue is processed for SP immunoreactivity to highlight the internal 
pallidal segment. The main connections (black lines) and less prominent connections 
(gray lines) are indicated. GPe, globus pallidus external segment; GPi, globus pallidus 
internal segment; IM, intralaminar nuclei of the thalamus; MD, mediodorsal nucleus of 
the thalamus; STN, subthalamic nucleus, VA/VL, ventral anterior/ventral lateral nuclei 
of the thalamus
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bundle joins the ansa lenticularis in Forel’s field H and both fiber groups then 
become part of the thalamic fasciculus to terminate in different thalamic nuclei 
(95, 96). GPi fibers projecting to the thalamic relay nuclei also give off collat-
erals that terminate in the centromedian and parafasicular intralaminar nuclei 
(96–98). The third fiber bundle arising from the GPi, the pallidotegmental 
fibers, terminates in the pedunculopontine n (99). While projections from the 
GPi to the ventral tier nuclear group of the thalamus have been considered to 
be segregated from cerebellar inputs to the thalamus, recent evidence suggests 
that there may be some overlap between them (100–102). The GPe projects 
primarily to the STN, via the subthalamic fasciculus. It also projects to the 
striatum, to the internal pallidal segment, and to the midbrain. Neurons in the 
GPe segment have been further classified according to their projection targets: 
those that target the STN and SNr; those that target the internal segment and 
STN; and those that target the striatum (103). Although the GPe and GPi have 
different firing patterns, they are both tonically active and change their firing 
in relationship to behavioral activity (104, 105). These changes are presum-
ably due to a combination of excitatory, glutamatergic inputs from STN and/or 
inhibitory, GABAergic inputs from the striatum (106, 107).

The SNr cells of the SN, are GABAergic and, like the pallidum, are pri-
marily large neurons with long, thick dendrites, which are almost completely 
ensheathed with synaptic contacts with dense SP-positive striatal fibers (84, 
86). However, it is important to point out that in primates, a clear demarcation 
between the SNc and the SNr is often difficult to visualize, particularly in cau-
dal regions, due to the invasion into the SNr by DA neurons and their dendritic 
arborizations (see Figure 2.1E). The connections of the SNr are also similar 
to those of the GPi. Moreover, changes in firing patterns in association with 
behavioral activity are consistent with those seen with cells of the GP (108). 
However, the SNr also receives a major serotonergic input from the dorsal 
raphe nucleus (109, 110). In addition, the SNr projects to the superior collicu-
lus, a pathway which arises primarily from the lateral SNr and is important in 
the control of eye movements associated with specific behavioral tasks (111).

The STN

The STN is a well-defined compact oval structure, located medial to the pedun-
cular portion of the internal capsule at its rostral level, which extends caudally to 
overlie the rostral part of the SN (see Figure 2.1E). The principal neurons in the 
STN nucleus are medium to large cells (25–40 µm) and are pyramidal, or round 
in shape and give rise to dendritic trees, which branch extensively to cover a 
large area of the nucleus (112). STN neurons are glutamatergic and project to all 
pallidal components (Figure 2.5; ref. 113). The external segment of the globus 
pallidus and parts of the ventral pallidum provide one of its most massive affer-
ent projections (93, 114). Connections of the STN include inputs not only from 
the pallidum, but also from the brainstem, including the midbrain DA cells (92, 
115). Interest in the direct DA innervation of the STN has increased recently 
due to the recognition of its hyperactivity in Parkinson’s disease and the fact that 
at least a subpopulation of the DA cells that project to the STN are vulnerable 
to degeneration in Parkinson’s disease and in animal models of PD (116, 117). 
Additional brainstem inputs to the STN are derived from cholinergic cells of the 
pedunculopontine region, more medially placed cells that are noncholinergic, 
and cells from the laterodorsal tegmental nucleus (118, 119).



2 Non-motor Circuits Through the Basal Ganglia 41

In addition to input from the pallidum and brainstem, the STN receives 
a direct afferent projection from cortex. This pathway is referred to as the 
hyperdirect pathway (120). Through this connection, information from cor-
tex reaches the STN prior to that from the GPe whose signal first must pass 
through the striatum. The STN projects to all pallidal regions including the 
GPe, GPi, and VP, and SN, primarily terminating in the SNr. These target 
structures receive input from collateral axons. One population of STN cells 
project to all three target regions, the GPi, GPe, and SN; a second population, 
the largest, sends axons to the GPi and GPe; a third group of cells innervates 
only the GPe (121). In addition, the STN also projects back to the pedunculo-
pontine tegmentum (118).

The SN, SNc and VTA

Organization and Connections of the Midbrain DA Cells
The midbrain DA neurons are divided into the SN, SNc, and the VTA (Figure 
2.6). The SNc is further divided into three groups: a dorsal group; a main, 
 densocellular region; and a ventral group, or the cell columns (122, 123). The 
dorsal group of neurons is composed of loosely, horizontally oriented cells, 
which extend dorsolaterally and circumvent the ventral and lateral superior 
 cerebellar peduncle and the red nucleus. These cells merge with the immediately 
adjacent DA neurons of the VTA and form a continuous mediodorsal band of 
cells. Calbindin (CaBP), a calcium-binding protein, is a marker for both the 
VTA and the dorsal SNc, but not for the ventral cell groups (the densocellular 
group and the cell columns), which are calbindin negative (123, 124). The den-
dritic arborizations of the ventral cell groups are oriented  ventrally and occupy 
the major portion of the SNr in primates. The densocellular group and the cell 

Figure 2.5 Diagram demonstrating the connections of the subthalamic nucleus 
(STN). Direct afferent and efferent projections of the STN are shown in thick lines. 
Connections between the other basal ganglia nuclei are indicated with thin lines. GPe, 
globus pallidus external segment; GPi, globus pallidus internal segment; PPN, pedun-
culopontine nucleus; SNr, substantia nigra, pars reticulata
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columns, in addition to being calbindin-negative, have high expression levels 
for DA transporter (DAT) and for the D2 receptor mRNAs. Based on the 
phenotypic characteristics of the DA neurons, they are divided into two tiers: 
a dorsal tier (calbindin-positive) and a ventral tier (Figure 2.6A; ref. 123). The 
ventral tier cells are more vulnerable to degeneration in Parkinson’s disease and 
to N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced toxicity, 
while the calbindin-positive dorsal tier cells are selectively spared in these 
disorders (125, 126).

Input to the midbrain DA neurons is from the striatum, from both the 
external segment of the globus pallidus and the ventral pallidum, and from the 
pedunculopontine nucleus (Figure 2.6B). In addition, there are projections to 
the VTA and the dorsomedial SNc from the bed nucleus of the stria terminalis, 
from the sublenticular substantia innominata and the extended amygdala (114, 
127–131). These DA cells project massively to the striatum. The dorsal tier 
cells also project widely throughout cortex. The DA innervation of primate 
cortex is more extensive than in rats and found not only in granular areas 
but also in agranular frontal regions, parietal cortex, temporal cortex, and 
albeit sparsely, in occipital cortex (132–134). The majority of DA cortical 
projections are from the parabrachial pigmented nucleus of the VTA and the 
dorsal SNc (135, 136). The ventral tier does not project extensively to cortex. 

Figure 2.6 (A) Midbrain dopamine cell groups, dorsal tier, cells = light gray; ventral 
tier cells, dark gray. (B) Diagram demonstrating the connections of the dorsal and 
ventral tiers of midbrain dopamine neurons. GPe, globus pallidus external segment; 
PPN, pedunculopontine nucleus; R, red nucleus; SNc, substantia nigra, pars compacta; 
VTA, ventral tegmental area
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In addition, DA cells from the VTA and the adjoining dorsal SNc innervate the 
amygdala (Figure 2.6; refs. 137–139).

Functional Correlates of the DA Cells
The midbrain DA neurons play a unique role in BG and cortical circuits 
in modulating a broad range of behaviors including reward, learning, and 
“working memory” to motor control. In fact, while the subpopulations of DA 
neurons have been associated with these different functions based on the con-
nections to the striatum, physiological studies suggest their primary function 
is to focus attention on significant and rewarding or salient stimuli (140, 141). 
DA cells fire tonically at about 5 spikes/s but are activated when a rewarding or 
salient stimuli is not expected. However, when the animal expects the reward, 
cells no longer respond to the reward, but rather respond to the signal that 
indicates the beginning of a trial that might result in a reward (140). Moreover, 
DA neurons pause if a predicted reward fails to occur (142; see also ref. 143). 
These and other experiments clearly show that it is not the movement but the 
relevance of the stimulus that is important (144). Thus, unlike other major 
inputs to the striatum, the DA cells are more difficult to categorize based on 
their association with different cortical functions. Rather, as a group, they 
appear to mediate aspects of the reward or salient response. In this respect the 
DA system has been an intense focus of productive research in the develop-
ment of reward-based learning, drug addiction, and plasticity (145–149).

Integration Across Cortico-BG Circuits

The BG are tightly linked to frontal cortex both anatomically and physiologi-
cally and, as indicated above, are involved not only in motor control, but also in 
the learning process and habit formation. The components of the frontal cortex 
that mediate behaviors, including motivation and emotional drive, coupled with 
planning and cognitive components to plan actions, and finally, the movement 
itself, are reflected in the organization, physiology, and connections between 
areas of frontal cortex and the striatum. While the functional topography of 
these inputs has been extensively studied (for review, see refs. 1 and 2), recent 
experiments demonstrate that convergence between functional regions also 
occurs. Anatomical studies show that cortico-striatal inputs from different 
functional regions are not strictly segregated (31), rather there are clear areas 
of convergence between cortico-striatal dense terminal fields (or focal projec-
tions) from different functional regions of cortex. Moreover, in addition to these 
well-described focal projections, there are the diffuse cortical projections that 
invade regions which receive focal projections from other functional cortical 
areas. Additional potential interactions between functional circuits are again 
seen at the level of the GP/SNr and its outputs (150–152). Finally, there are 
connections between limbic, cognitive, and motor regions of the striatum via 
non-reciprocal networks in the midbrain DA cells and thalamo-cortical path-
ways (101, 153, 154).

Functional Organization of Frontal Cortical Striatal Projections

The main input to the striatum is from cortex. The BG project back primarily 
to the frontal cortex. The frontal cortex is often considered the cortex of action 
and divided into regions that mediate motivation and emotion, cognition, and 
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motor control. The anterior cingulate cortex (ACC) and orbital frontal cortex 
(OFC) are involved in different aspects of emotional expression, reward-based 
behaviors, error prediction and the choice between short and long-term gains 
(155–158). The OFC and ACC project primarily to the rostral and ventral 
striatum (the medial caudate N., the medial and ventral rostral putamen, and 
the nucleus accumben), including both the shell and the core [159, 160]. The 
shell receives the densest innervation from medial areas 25, 14, and 32 and 
from agranular insular cortex, areas involved in monitoring the internal milieu. 
The entire reward-related striatum, as defined by ACC/OFC inputs, occupies a 
large rostral region and encompasses at least 22% of the entire striatum. This 
region is not limited to the ventral striatum at rostral levels, but extends into 
a large medial and central area, occupying much of the rostral pole before 
tapering off caudally. Diffuse projections from these areas extend the projec-
tion influence of the ACC/OFC, by invading other functional domains of the 
striatum (31). Moreover, consistent with the anatomical distribution of OFC 
and dACC focal and diffuse projections, reward-responsive activation is not 
limited to the ventral striatum, but rather found throughout a large dorsal-
ventral striatal region (Figure 2.7; refs. 161–166).

The dorsolateral prefrontal cortex (DLPFC) plays an important role in 
executive functions (167–170). The DLPFC projects primarily to the rostral 
central region of the caudate N. and extends from the rostral pole of the 
striatum through its caudal extent (171, 172). Consistent with input from 
this cortical area, cells in the head of the caudate nucleus discharge during 
the delayed portion of the task resembling activity observed in the DLPFC 
(3, 173, 174). Furthermore, imaging studies support the idea that the head of 
the caudate is instrumental in delayed tasks, particularly in specific work-
ing memory tasks (175–178). Taken together, a particularly large part of the 
head of the caudate nucleus N, is involved in working memory and strategic 

Figure 2.7 Diagram illustrating focal projections (black filled area) and diffuse projec-
tions (line drawings) following an injection of an anterograde tracer into the dorsola-
teral prefrontal cortex
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planning processes. Importantly innervation from the DLPFC interfaces with 
inputs from  several other cortical areas, including those from both the ACC 
and OFC (31). Although each cortical projection (limbic and cognitive) does 
occupy its own territory to some extent, projections from all prefrontal corti-
cal areas converge in a central, rostral region, with each cortical projection 
extending into non-overlapping zones. As with limbic projections, the diffuse 
cortical fibers from the DLPFC extend deeper into other functional territories 
(Figure 2.7). Convergence between these projection fields is less prominent 
caudally, and there is almost a complete separation of DLPFC and ACC/OFC 
focal projections just rostral to the anterior commissure (31). However, at the 
level of the anterior commissure, there is convergence between DLPFC fibers 
and rostral motor control areas. Thus, there is convergence between terminals 
from the DLPFC with those from limbic cortical regions in rostral striatal 
areas and with motor control cortical regions more caudally.

The dorsolateral putamen and caudate nucleus form the striatal area associ-
ated with motor control. This region receives input from the motor, premotor, 
supplementary motor, and cingulate motor cortices (for review, see refs. 1 and 2). 
Moreover, physiological and imaging studies support its involvement in motor 
control and motor planning (57, 179–182). Taken together, the motor and 
premotor areas (including the frontal eye fields) mediate different aspects of 
motor behavior. However, as indicated above, there are specific areas within 
the striatum that receive a convergent input from motor control areas, specifi-
cally rostral areas, and the DLPFC. These regions are likely to play a specific 
role in planning and learning and action.

Some convergence between focal projections from different functional 
domains appears to be a consistent rule in fronto-striatal circuitry. Indeed, EM 
studies show that cortico-striatal terminals from the sensory and motor sys-
tems converge in the striatum where they synapse onto the same parvalbumin 
interneuron. These fast spiking GABAergic interneurons, as mentioned previ-
ously, are more responsive to cortical input than the medium spiny cells (72, 
183–186). Because MSNs have a large dendritic field, regions of convergence 
between the focal terminal fields from different functional cortical areas are 
likely to be larger than can be determined by the area of each focal projection. 
These regions of converging terminals may represent hot spots of plasticity 
required for updating an action plan. Given that behavioral guiding rules are 
developed from different aspects of reward-related information, cognition, and 
motor control, regions of converging inputs may be particularly critical for the 
coordination of these processes.

In addition to its focal projection, each cortical area sends terminal fibers 
that extend outside of the dense, focal projection field. This diffuse projection 
invades striatal regions that receive their focal input from other cortical areas 
(Figure 2.7; ref. 31). The distribution and extent of these fiber clusters is con-
sistent with the distance a single cortical axon travels within the striatum (32). 
As mentioned previously, activation of MSNs requires a large coordinated 
glutamatergic input, and therefore little attention has been paid to these fib-
ers. Nonetheless, they are a prominent feature of all frontal projections. While 
their numbers may not be sufficient to activate MSNs in a given region, they 
may serve a separate function from the denser, focal projection fields. First, 
taken together, diffuse projections from widespread cortical areas collectively 
represent a large population of axons invading each focal projection field. 
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Under certain conditions, if these axons were activated as a group, they could 
provide the recruitment strength necessary to modulate the incoming focal 
signal. Second, these invading clusters of axons might target a different popu-
lation of striatal cells, such as the tonically active cholinergic interneurons, a 
subpopulation of interneurons that are specifically activated by motivationally 
salient stimuli and found throughout the striatum (187, 188). Alternatively, 
clusters of cortical axons that invade other functional territories may interact 
more specifically with thalamic glutamatergic input, providing a small, but 
potentially significant and functionally diverse signal. While a specific role 
for the diffuse projections is unclear, it likely serves to broadly disseminate 
cortical activity to a wide striatal region.

Pathways of the GP/SNr

The pathways that flow from the striatum and back to cortex via the GP/SNr 
and thalamus, are also somewhat topographically organized (for review, see 
refs. 1 and 2). Despite the general topographic arrangement of these pathways, 
anatomical studies also demonstrate some integration between functional 
systems in the GP/SN connections that may underlie meditation of complex 
behaviors. The dendrites of both the GP and SNr are long and stretch across 
multiple functional regions (85, 150, 189). The distal regions of these den-
drites therefore receive input from several functional regions via their striatal 
projections. Indeed, while physiological studies demonstrate the continuity of 
striatal functional areas in the pallidal complex, particularly in motor control 
function (104, 190–192), these studies do not support the role of GP neurons 
in the initial activation of muscles, but rather in the coordination of voluntary 
actions. Consistent with an integrative role for these pathways, a growing body 
of evidence suggests that GPi neurons are selectively modulated during move-
ment behaviors performed in different behavioral contexts, including learning 
paradigms (193). Moreover, descending projections from different functional 
regions of the GP converge within their hypothalamic and brainstem targets. 
In particular, those from the GPe that project to the STN converge with those 
from the VP that project to the medial STN at the border with the lateral 
hypothalamic nucleus. These convergent regions may account for the fact 
that, functional segregation is only partially maintained in the STN, following 
activation of different cortical regions (151, 152, 194).

The Striato-Nigro-Striatal Network

While behavioral and pharmacological studies of DA pathways have lead to 
the association of the mesolimbic pathway and nigrostriatal pathway with 
reward and motor activity, respectively, more recently both of these cell groups 
have been associated with the development of reward-based learning, the 
acquisition of newly acquired behaviors, and plasticity (142, 149, 195–199). 
As described previously, while the midbrain DA cells project to the striatum, 
the striatum is also a main input to the DA cells. There is an inverse dorsal-
ventral topographic organization to this reciprocal projection system. Thus, the 
dorsal aspects of the striatum terminate in the ventral regions of the midbrain, 
while the ventral areas terminate dorsally (48, 131, 154, 200–202). In addition 
to the inverse topography, there is also a differential ratio of DA projections to 
the different striatal areas. The DA input to the ventral striatum is derived from 
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the most limited midbrain region, while the input to the dorsolateral striatum is 
derived from the largest midbrain area. In contrast, projections from the ven-
tromedial striatum to the midbrain are the most extensive projecting to a wide 
mediolateral range of dopaminergic cells including much of the densocellular 
SNc. The dorsolateral striatal projection to the DA cells is the most limited 
and terminates in a relatively confined ventrolateral region of the SNr and the 
dopaminergic cell columns that extend into this region.

Thus, when considered separately, each limb of the system (striato-nigral 
or nigro-striatal pathway) creates a loose topographic organization indicating 
that the VTA and medial SN are associated with the limbic system, and the 
lateral and ventral SN are related to the associative and motor striatal regions 
(Figure 2.8). However, the ascending and descending limb for each func-
tional area of the striatum differs in their proportional projections.The ventral 
striatum influences a wide range of DA neurons, but is itself influenced by 

Figure 2.8 Diagram of the organization of striato-nigro-striatal (SNS) projections 
(156). The gray scale gradient illustrates the organization of functional corticostriatal 
projections. Light gray, input from limbic cortical areas; medium gray, input from asso-
ciation cortical areas; dark gray, input from motor control cortical areas. Midbrain pro-
jections from the ventral striatum target both the VTA and ventromedial SNc. Midbrain 
projections from the VTA to the ventral striatum forms a “closed,” reciprocal SNS loop 
(light gray arrows). Projections from the medial SN feed-forward to the dorsal striatum 
forming the first part of a spiral (medium gray arrow). The spiral continues through the 
SNS projections (medium and dark gray arrows), projecting more dorsally (dark gray 
arrows). In this way, ventral striatal regions influence more dorsal striatal regions via 
spiraling SNS projections. DLPFC, dorsal lateral prefrontal cortex; ACC, anterior cin-
gulate cortex; DS, dorsal striatum; OFC, orbital frontal cortex; SNc, substantia nigra, 
pars compacta; VS, ventral striatum; VTA, ventral tegmental area



48 S.N. Haber 

a relatively limited group of DA cells. In contrast, the dorsolateral striatum 
influences a limited midbrain region, but is affected by a relatively large 
midbrain region. Moreover, for each striatal region there is one reciprocal 
and two non-reciprocal connections with the midbrain. Dorsal to the recip-
rocal connection lies a group of cells that project to the striatal region, but 
does not receive projections from it. Ventral to the reciprocal component lie 
efferent terminals without an ascending reciprocal connection. Finally, these 
three components for each SNS projection system occupy a different position 
within the midbrain. The ventral striatum system lies dorsomedially, the dor-
solateral striatum system lies ventrolaterally, and the central striatum system 
is positioned between the two (156).

With this arrangement, information from the limbic system can reach 
the motor system through a series of connections. For example, the ven-
tral striatum, which receives input from the limbic cortical areas, sends an 
efferent projection to the midbrain that extends beyond its reciprocal con-
nection, terminating lateral and ventral to it. This terminal region projects 
to the central (or associative) striatum. The central striatum is reciprocally 
connected to the densocellular region but also projects ventrally and thus 
in a position to interact with cells projecting to the dorsolateral (or motor) 
striatum. Taken together, the interface between different striatal regions via 
the midbrain DA cells is organized in an ascending spiral which intercon-
nects different functional regions of the striatum and creates a feed-forward 
organization (Figure 2.8). Information can thus be channeled from limbic 
to cognitive to motor circuits. Pharmacological, physiological and func-
tional imaging data support this flow of information and the recruitment of 
the dorsal striatum following activation of the ventral striatum and limbic 
circuits (21, 203, 204).

Thalamo-Cortico-Thalamic Interface

The thalamic-cortical pathway is the last link in the cortico-BG circuit and is 
often treated as a simple relay back to cortex. However this pathway does not 
transfer information passively but rather plays a key role in regulating cortical 
ensembles of neurons through its projections to different cortical layers (205–
208). Moreover, the emphasis on the thalamic link in cortico-BG processing 
is placed on the thalamocortical projection. However, the most massive input 
to thalamus, including the BG relay nuclei, is from the cortex, not from the 
GP/SNr. The cortical connection to the VA/VL and MD is far more extensive 
than its reciprocal thalamocortical projection, a concept that is seen in other 
corticothalamocortical systems (205, 206, 209–212). Of particular importance 
here is that the cortical innervation of the BG relay nuclei of the thalamus will 
activate these cell groups prior to information that flows via the striatum and 
GP/SNr to the thalamus thereby priming the thalamus for BG input, before 
sending those signals back to cortex. Furthermore, in addition to the reciprocal 
connection, there is a non-reciprocal cortico-thalamic connection, such that, 
projections to the VA/VL/MD are derived from cortical areas not innervated 
by the same thalamic region. For example, the central MD has reciprocal con-
nections with the lateral and orbital prefrontal areas and also a non-reciprocal 
input from medial prefrontal areas; VA has reciprocal connections with dorsal 
premotor areas, and caudal area DLPFC and also a non-reciprocal connec-
tion from medial prefrontal areas; and VL has reciprocal connections with 
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caudal motor areas along with a non-reciprocal connection from rostral motor 
regions (205). The potential for relaying information between circuits through 
thalamic connections, therefore, can be accomplished through these non-
 reciprocal cortico-thalamic pathways (Figure 2.9). Therefore, like the striato-
nigro-striatal system described previously, the cortico-thalamo-cortical system 
is in a critical position for integrating information across functional circuits.

A Role for Both Parallel Circuit and Integrative Networks

The BG serves, in part, as a throughput system back to cortex that allows 
smooth execution of action plans that can be maintained and reproduced over 
time. Consistent with this important function, there are cortico-BG-thalamic 
connections that link regions of these structures that are associated with simi-
lar functions (maintaining parallel networks). However, the cortex and the BG 
must also work together in the learning process, to acquire new behaviors, and 
for the modification of those behaviors (20, 58, 144, 168, 196, 213–220). For 
this to occur, integration between circuits is critical. Thus, a key component 
of BG function must also be a mechanism for integration across functional 
domains. Information must to be channeled through limbic, to cognitive, to 
motor circuits, allowing the animal to respond appropriately to environmen-
tal cues. Parallel and integrative circuits must therefore both be present for 
coordinated behaviors to be maintained and focused (via parallel networks), 

Figure 2.9 Diagram of potential information transfer through functional circuits via a 
non-reciprocal connection to the thalamic relay nuclei. ACC, anterior cingulate cortex; 
GPi, globus pallidus internal segment; M, motor control areas of cortex; OFC, orbital 
frontal cortex; SNr, substantia nigra, pars reticulata; VP, ventral pallidum
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but also to be modified and changed according the appropriate external and 
internal stimuli (via integrative networks). Indeed, the inability to maintain 
and focus in the execution of specific behaviors, as well as the inability to 
adapt appropriately to external and internal cues, are key deficits in all dis-
eases affecting the BG.

Neurocircuitry of Obsessive–Compulsive Disorder (OCD) 
and Depression

While the pathophysiology of OCD and depression remain incompletely 
understood, converging lines of evidence point to abnormalities in the medial 
and orbital frontal–BG circuit for these disorders (221, 222). The structures 
associated with this network are: the ACC, the OFC, the striatum, the thala-
mus, and the amygdala and hippocampus. For example, in OCD, there are sub-
tle differences in OFC, striatal and thalamic volumes in subjects with OCD vs. 
controls (223–227) and functional neuroimaging studies show hyperactivity at 
rest in this circuit when comparing OCD subjects to controls. This regional 
hyperactivity is accentuated during provocation of the OCD symptomatic state 
versus control states (16, 221). Conversely, there is a reduction in activity in 
these regions following successful treatment of OCD including pharmacologi-
cal, behavioral, and neurosurgical therapies (228–231) Pretreatment regional 
activity within OFC predicts subsequent response to treatment with medica-
tion or behavior therapy (232–234). Moreover, effective treatments for OCD 
are obtained by modulating the activity in this circuitry (235).

Significant subpopulations of OCD and depressive patients are refractory 
to available psychological and pharmacological treatments (236). Stereotactic 
neurosurgical lesions in the anterior limb of the internal capsule, the anterior 
cingulate, and/or the subcaudate region, all of which interrupt the medial and 
orbital frontal descending circuits, are effective in the treatment of refractory 
OCD and depression (237). The development of implantable, programmable 
chronic stimulating devices and improved stereotactic MRI localization has 
revolutionized the field of functional neurosurgery over the last 15 years. 
Deep brain stimulation (DBS), a proven therapy for intractable tremor in 
Parkinson’s disease, is now being actively investigated for mental health 
disorders including OCD and depression, with encouraging initial clinical 
results (238–240). The most effective targets have been either: (1) centered 
down the middle of the anterior limb of the capsule with extension into the 
caudal nucleus accumbens, at the border of the anterior commissure in the 
coronal plane; or (2) in the white matter bundle adjacent to area 25 in the 
ventral, medial prefrontal cortex. Connections between the ACC/OFC and 
subcortical regions are carried, in part through the ventral internal capsule. 
The most ventral region of ventral internal capsule breaks up into relatively 
small bundles that are imbedded within the ventral striatum. These bundles 
merge rostrally with the underlying subcaudate white matter. The subcau-
date white matter lies immediately ventral to the caudate nucleus rostral to 
the nucleus accumbens. As it extends laterally, circumventing the caudate 
nucleus, it divides into the external and extreme capsules. Cortico-cortical 
and descending fibers from the OFC/ACC, along with ascending fibers to 
these cortical regions, enter either the internal capsule, remain in the sub-
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caudate white matter, or pass through the ventral striatum. Importantly, fibers 
passing through this region include not only cortico-striatal and thalamic bun-
dles, but also connections with the amygdala, whose role in fear conditioning 
is now well established (241), and the hippocampus. The demonstration of 
effective DBS targets for depression and OCD along the trajectories of these 
white matter tracts is consistent with current hypotheses of pathophysiology 
underlying these mental health disorders.
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Abstract

Neuroscientists have long attempted to use external electrical signals to modu-
late brain function. Brain stimulation has evolved from the early application 
of torpedo fish to the use of modern anatomic and functional imaging methods 
to implant chronic stimulating electrodes into deep centers of the brain for a 
variety of neurologic and psychiatric disorders, many of which are reviewed 
in this volume. With the future evolution of technology and neurophysiology, 
applications of this technique will likely continue to increase.

Keywords: deep brain stimulation, electricity, Parkinson’s disease, dystonia

Electrical Stimulation Up to 1700

The human fascination with electricity has been well documented and spans 
many centuries. The ancient Greeks believed that Zeus’ main weapon, a 
lightning strike, was “sacred.” Temples were commonly built at the sites of 
lightening strikes in an effort to allay the anger of the gods. Although the 
Greeks were not aware that lightning possessed the properties of electricity, 
they appreciated some of its electrical properties. The word “electricity,” 
first coined by William Gilbert (1544–1603) in 1600, was derived from the 
Greek word for amber (1). However, the actual discovery of electricity was 
credited to the ancient Greek scholar Thales of Miletus (2). His writings from 
approximately 600 B.C. detailed the attraction of straw particles to fur rubbed 
with amber. This phenomenon, known as static electricity, was the result of 
the generation of a charge on the surface of the fur. Centuries later Benjamin 
Franklin (1706–1790) discovered the electrical properties of lightning with his 
famous kite experiment (1).
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The first medical use of electricity is credited to the Roman physician 
Scribbonius Largus, who used the electric torpedo fish to treat ailments such as 
headache and gouty arthritis. Largus’ text, Compositiones Medicae, outlined a 
number of remedies using these special fish, and many of his works were later 
incorporated into those of Galen. The fish discharged an electrical shock when 
laid across the forehead of headache sufferers. Alternatively, this effect was used 
to treat conditions such as gout by placing the fish under the feet. Moreover, 
numbing effects of the electrical discharge were used to transiently relieve 
 musculoskeletal pain. For several centuries the electric torpedo fish and electric 
eel represented the only harnessed sources of therapeutic electricity (3).

Electrical Stimulation of the Nervous System, 
1700–1900 (Table 3.1)

By the late 1600s, it was more fully appreciated that electricity could be gener-
ated via mechanical means, allowing physicians and scientists to embark on 
important experiments. The era of electrical stimulation in medicine exploded 
in 1745 when Pieter von Musschebroek (1692–1761) revealed that an electri-
cal charge could be stored in a Leyden jar and could later be discharged (4). 
This observation impacted and influenced Galvani’s later description of the 
theory of animal electricity. Galen, the great Roman physician, had posited 
that the central nervous system was a large secretory center supplying spirits 
or humors. The spirit was conducted through the nerves, which were believed 
to serve as simple hollow tubes for transport. Galen’s theory remained widely 
accepted until 1791 when Luigi Galvani (1737–1798) published his theory of 
animal electricity. His work was based on an ability to stimulate a frog’s legs 
with sparks of electricity. He stated that the brain secreted animal electric-
ity, and he believed this electricity was stored in muscles and then carried by 
nerves (5). Galvani’s staunchest opponent, Allesandro Volta (1745–1827), 
developed the “voltaic” pile in 1800, which led to the widespread availability 
of more powerful electric currents for experimentation and therapeutic appli-
cation (6). Volta’s pile was later used in experiments whose results supported 
Galvani’s theory, rather than his own (7).

Over the next 75 years, other scientists, including Galvani’s nephew, 
Giovanni Aldini (1762–1834) conducted experiments and public displays of 
the effects of electricity on nervous system tissue (8). Aldini and others stimu-
lated the exposed brains of oxen and the spinal cords of decapitated criminals, 

Table 3.1 Early Advances in Neurostimulation.

Year/Person Event Reference

600 B.C./Thales of Miletus Discovers electricity 2

47 A.D./Scribbonius Largus Electric fish used to treat human disease 3

1600/William Gilbert Coins the term “electricity” 1

1874/Roberts Bartholow Stimulates the cortex of human brain 13

1948/J Lawrence Pool Implants human electric stimulators 15

1950/Robert G Heath Uses a stereotactic apparatus  16
  to implant electrodes in a human

1960/Rolf Hassler Describes the effect of stimulation on tremor 17
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causing visible contractions of the extremities, thus proving that electricity 
could be applied centrally with peripheral effects. This was an advance over 
the work of Galvani, who had excited only peripheral nerves.

The career of Karl Weinhold (1782–1829) provides an extreme example of 
a scientist’s fascination with animal electricity (9). Weinhold claimed to have 
removed the brain and spinal cord of a cat and replaced it with a crude zinc and 
silver battery. His published report in 1817 (9) argued that the nervous system was 
similar to a galvanic cell. The cat survived his experiment for an unspecified time 
period. This story, as well as others like it, influenced Mary Shelley’s famous hor-
ror novel, Frankenstein, which was authored in the same historical period.

Roberts Bartholow (1831–1904) is credited as the first person to electri-
cally stimulate the human brain (10–12). In 1874, he supplied an electric 
current to the cortex and dura of Mary Rafferty in Cincinnati (13). Rafferty 
was described as a “feeble-minded servant girl” who presented with a cancer-
ous ulceration on her scalp. This ulceration extended through the cranium 
and eroded into the dura, thus allowing easy access to the cerebral cortex. 
Bartholow used faradic current to electrically stimulate the exposed cortex. He 
described the production of muscle contractions in the right arm and leg when 
conducting wires were inserted into the left pre-central gyrus. Similarly, the 
left side began to spasm when the right parietal lobe was stimulated. When the 
wire was further inserted on the left, the patient experienced a tingling sensa-
tion on the right side of the body. When the electrical current was increased 
she had a generalized seizure and then slipped into a coma. Two days later, 
Rafferty developed a right hemiparesis and expired on the third day of the 
experiment. Although Barthelow claimed to have received consent from the 
patient for these experiments, he was ostracized by the Medical College of 
Ohio and was forced to move to Philadelphia where he continued his work at 
Thomas Jefferson Hospital (14).

Electrical Stimulation of the Brain, 
1900–1987 (Table 3.2)

As neurosurgery blossomed during the early part of the 20th century and 
came into its own as a surgical specialty, greater strides were made in apply-
ing electricity to the study of the brain. One of the great pioneers in the field 
was Wilder Penfield (1891–1976) who stimulated a variety of cortical regions 
(18, 19) in patients undergoing epilepsy surgery at the Montreal Neurological 
Institute (the so-called “Montreal procedure”) (20). With these investigations, 
he was able to construct a map correlating cerebral architecture with function. 
His 1937 landmark paper introduced his seminal map of the sensorimotor 

Table 3.2 Early Applications of Deep Brain Stimulation for Pain.

Year/Person Target Reference

1952/Heath Limbic system 34

1962/Mazars Hypothalamus 36

1967/Shealy Dorsal columns 37

1973/Hosobuchi Thalamus 38
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cortex that is now referred to as “the homunculus” (21). The promulgation 
of this map and others like it involving the thalamus and other brain regions 
served as the starting point for further acquisition of knowledge about cerebral 
centers involved in complex neurological functions such as movement, sensa-
tion, and memory.

During the first half of the 20th century, a primary therapeutic use of brain 
surgery was in the performance of ablative procedures for psychiatric disorders. 
Early operations were largely based on observations that ablating areas of the 
cortex in monkeys, dogs, and other experimental animals changed or improved 
behavior (22). In the 1930s prefrontal lobotomy and prefrontal topectomies 
emerged as a treatment for institutionalized mentally ill patients (23).

J. Lawrence Pool (1906–2004), working at Columbia University in New York, 
was an advocate of such operations (24–27). Influenced by early lesioning 
and resective procedures, Pool took the next major step by exploring electri-
cal stimulation of the brain for psychiatric disease. In 1948, he attempted to 
treat an elderly woman’s anorexia and depression by implanting a stimula-
tion electrode in the patient’s caudate nucleus. Pool performed a traditional 
craniotomy and implanted the electrodes (Figure 3.1). The stimulator was 
used daily for a period of 8 weeks with favorable results, according to Pool, 
until one of the wires was found to be fractured. Pool’s patient may have been 
the first example of a permanently implanted stimulation system used on the 
human brain (15).

Figure 3.1 Electrodes implanted by Dr. Pool in 1948 into the caudate nucleus (15)
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The procedure for implantation of deep electrodes would not have been 
widely accepted without the subsequent development of the stereotactic 
frame, which greatly improved targeting accuracy. In 1947, Ernest Spiegel 
(1895–1985), an Austrian trained neurologist who fled from Vienna during 
World War II, along with his student Henry Wycis (1911–1971), developed the 
first stereotactic frame for use on humans at Temple University in Philadelphia 
(28, 29). This new method employed an apparatus similar to a prototype first 
introduced by Clarke and Horsely in 1906 and was based on intracerebral 
landmarks such as the pineal body (30). The Spiegel-Wycis device, introduced 
in 1947 for human use, was a ring that was fixed to the skull and stabilized by a 
custom plaster casting of the patient’s head (Figure 3.2). A frame was attached 
to the ring and coordinates were determined using radiographic landmarks, 
such as the pineal body. Spiegel and Wycis subsequently published the first 
atlas for stereotactic surgery in 1952 (31). These advances were critical for the 
future of stereotactic approaches in implanting neurostimulators (32).

Figure 3.2 An example of the apparatus introduced by Spiegel and Wycis (178)
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In 1954, Robert Heath (1915–1999), a neurosurgeon at Tulane University 
in New Orleans and Pool’s former pupil, published the first account of an 
electrical stimulator implanted utilizing stereotactic techniques (16). Many 
of Heath’s studies had bizarre underpinnings and some were controversial 
and ethically questionable. His studies centered on the limbic system, and he 
stimulated the human brain with the goal of elucidating emotional responses. 
For example, Heath stimulated the septal region and other reward areas of the 
brain in homosexual men with an ultimate goal of converting the men from 
homosexual to heterosexual (33). These experiments were precursors of later 
efforts at treatment of pain with brain stimulation (34).

During the 1960s and 1970s the most common therapeutic application of 
chronic brain stimulation was to treat intractable pain (Table 3.2). In 1960, 
Mazars reported a series of 14 patients treated with intermittent hypotha-
lamic stimulation for painful syndromes that he believed resulted from 
“lack of proprioceptive information” (35). Mazars reported that the pain was 
completely resolved in 13 of these cases. Another series of patients catego-
rized by Mazars as having pain with “excessive nociceptive stimuli” such 
as neoplastic pain were not helped by this therapy (36). In 1967, Norman 
Shealy implanted neurostimulators in the dorsal columns to treat intractable 
pain (37). In 1973, Hosobuchi reported five patients with anesthesia dolo-
rosa resulting from rhizotomy who were treated successfully with chronic 
thalamic stimulation (38). Four of the patients had favorable relief of facial 
pain. Mundinger also reported the use of thalamic stimulation for chronic 
pain (39–42).

During the 1950s and 1960s, two ablative procedures, pallidotomy and 
thalamotomy, were introduced for the relief of symptoms associated with 
movement disorders such as Parkinson’s disease (PD; refs. 43–50). In the 
course of localizing the region to be ablated, it was routine to perform stimu-
lation within the basal ganglia and other areas of interest prior to performing 
definitive coagulation. Spiegel and Wycis reported that, at low frequencies, 
pallidal stimulation before pallidotomy could elicit tremor and even unmask 
anesthetic-induced suppression of tremor (51).

Importantly, this led to the awareness that deep brain stimulation (DBS) 
could suppress tremor. Having published the first report of the effects of 
thalamotomy on movement disorders (52), Rolf Hassler published a paper 
describing the relief of extrapyramidal motor symptoms during intraoperative 
stimulation (17). He found that low stimulation frequencies 60Hz exacerbated 
tremor and >100Hz reduced it, but that a suppressive effect could be observed 
with high frequency stimulation.

The discovery, in the late 1960s, of the effectiveness of levodopa for the 
treatment of PD (53–60), along with the complications of ablative surgery 
(61–64), led to a great decrease in the volume of ablative surgery for move-
ment disorders. The use of brain stimulation continued for treatment of chronic 
pain, and was later applied to other neurological disorders such as spasticity, 
epilepsy, and blindness (65).

In 1973, Irving Cooper reported the results of stimulating the anterior 
surface of the cerebellum for spasticity and epilepsy (66). Three patients with 
spasticity were treated with high frequency stimulation, which decreased their 
rigidity and spasticity. Four other patients were successfully treated with low 
frequency cerebellar stimulation for convulsive disorders. Cooper conducted 
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many significant studies of cerebral stimulation (both cortical and DBS) from 
the late 1960s through the 1980s (67). He treated numerous patients with 
spasticity, dystonia, and epilepsy with cerebellar cortical stimulation (68, 69). 
Avery Laboratories (Farmingdale, NY) manufactured the first generation of 
stimulators Cooper implanted. These stimulators were radio receivers activated 
by an external battery-powered transmitter. Patients wore a battery pack 
on their belts and the transmitter was taped to the chest over the implanted 
receiver. The pulse amplitude dial on these transmitters was labeled with a 
simple 0 to 10 scale, which had no direct relationship to the current delivered, 
thus necessitating calibration by the investigators. A later generation of fully 
implantable stimulators (neurolith 601) was manufactured by Pacemaker 
Systems-Neurodyne Corporation (Sylmar, CA) and used after 1979 by inves-
tigators other than Cooper (70).

Despite Cooper’s optimistic publications documenting significant clinical 
improvements, further trials in the 1980s cast doubt on his methodologies 
and results, leading to the essential cessation of this technique (67). However, 
in 1980, Schvarcz (71) implanted electrodes into the dentate nucleus of a 
25-year-old patient with spastic cerebral palsy, reporting that stimulation at 
100 Hz and 2V produced marked improvement in speech quality and spasticity 
in the ipsilateral body.

In January 1979, Cooper (72) implanted Medtronic quadripolar electrodes 
in the left pulvinar and posterior internal capsule of a 34-year-old male with 
chronic lower extremity pain and spasticity. The patient experienced pain 
relief after 15 minutes of stimulation as well as decreased spasticity. Cooper 
subsequently implanted electrodes in the thalamus or internal capsule of five 
other patients with tremor, spasticity, dystonia, dysarthria, and torticollis. Five 
of these initial six patients obtained sustained relief from their symptoms. 
Several of these patients had already undergone cerebellar stimulation or 
cryogenic thalamic lesioning. Optimal results were achieved with stimulation 
at 4–7 V, 0.3 millisecond pulse duration, and a frequency of 50–75 Hz.

In his 1980 report, Cooper (72) most often selected the ventrolateral nucleus 
as his thalamic site because of its importance in the extrapyramidal motor 
system loop and its role as a target for dentatorubrothalamic projections. He 
believed that motor symptoms may reflect a “net loss of excitation” and that 
DBS would “provide sufficient background excitation to the motor cortex 
such that otherwise intact motor programmes may become operational once 
more.”

Emboldened by these positive results, Cooper expanded his work in this 
field. In 1981, he presented the results from the treatment of his first 49 
patients in Zurich at the 8th Meeting of the World Society of Stereotactic and 
Functional Neurosurgery (73). Approximately half (27 of 49) of these patients 
improved with DBS. The procedure was a failure for patients with dystonia of 
unspecified etiology, as five of six did not improve. Even though the procedure 
was not uniformly successful, Cooper stated that it would be useful in patients 
who already had a contralateral cryothalamectomy. In a prescient move, he 
speculated in this paper that the reversible nature of chronic stimulation would 
avoid the complications of bilateral thalamic lesions (73).

Noting that the anterior nucleus of the thalamus serves as a vital relay in 
Papez’s classic circuit, Cooper hypothesized that this region could serve as a 
key location to disrupt limbic seizures. Six patients underwent implantation of 
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bilateral thalamic electrodes into the anterior nucleus between 1979 and 1982. 
These were coupled to external RF transmitters similar to the early cerebellar 
stimulators. The findings from this small group of patients were presented at 
several scientific meetings and formed the basis for several publications (74, 75).

More detailed physiological and imaging results were published on the final 
two patients to undergo the procedure (76, 77). Both individuals experienced 
improved mood, affect, and reaction time during stimulation. “Obsessional 
thinking” and “viscosity of thought” decreased over the same time period. 
PET studies performed with the stimulators off revealed bilateral temporal 
hypometabolism that normalized with initiation of stimulation. These scans 
were repeated multiple times over 2 years in these patients with identical 
results. While no complications were reported, some patients experienced 
euphoria. Patients first noted this sensation in association with the mild 
increase in voltage that accompanies the insertion of a new battery. However, 
when patients began increasing their stimulation voltage on their own to 
obtain a high, Cooper was forced to place a locking device on the external 
stimulator controls.

During the 1970s and 1980s scattered reports of DBS for tremor and for 
other movement disorders began to appear. One of the first reports was by 
Bechtereva in Leningrad, USSR during the early 1970s (78). Bechtereva 
reported promising results, although her data on specific disorders and the 
total number of patients treated was not well documented. In the United States, 
Brice described five patients with intention tremor secondary to multiple scle-
rosis who were treated with some success by stimulating areas in the midbrain 
and basal ganglia (79).

The Modern Era of DBS: 1987 to the Present 
(Table 3.3)

The modern era of DBS began in 1987 when Alim Benabid published his land-
mark paper reporting the use of ventral intermediate nucleus (Vim) stimulation 
for PD (80). He reported the positive effects of Vim stimulation in patients 
who had previous contralateral thalamotomy, and in whom he did not wish to 

Table 3.3 Recent History of DBS.

Year/Person Target Disorder Reference

1975/Bechtereva Basal ganglia Movement disorders 78

1979/Cooper Anterior thalamus Epilepsy 72

1987/Benabid Vim thalamus Tremor 80

1994/Benabid Subthalamic nucleus Parkinson’s disease 94

1994/Siegfried Internal pallidum Parkinson’s disease 100

1999/Nuttin Internal capsule Obsessive–compulsive  157
   disorder

1999/Vandewalle Thalamus Tourette’s syndrome 173

2003/Broggi Hypothalamus Cluster headache 141

2005/Mayberg Brodmann area 25 Depression 170
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perform a second lesion because of fear of causing pseudobulbar symptoms 
(80). In a subsequent paper, Benabid (81) reported on 26 patients with parkin-
sonian tremor all treated with chronic Vim stimulation, who all experienced 
remarkable benefits. Benabid’s findings were quickly reproduced (81). Since 
that time, the era of DBS for PD and other movement disorders has flourished 
and become a highly efficacious treatment, mainly as a result of target flex-
ibility, device “programmability,” and safety.

Reports of thalamic DBS for tremor subsequently appeared, confirming the 
beneficial effects of this modality (82–90). Lyons et al. (83) confirmed that the 
suppressive effect of Vim DBS on Parkinsonian tremor was long lasting and 
noted that tolerance was minimal, with no adjustment in stimulation parame-
ters required for most patients after 3 months postoperatively. Hariz (84) noted 
that while DBS was effective, some tolerance did develop among the patients 
in his series. In the 22 PD patients, mean voltage increased almost 50% from 
1 week to 1 year postoperatively. In addition, the percentage of patients who 
were tremor free fell from 90 to 70%. Hubble et al. (85) analyzed various 
subtypes of tremor and stated that both proximal and distal postural tremor, 
resting tremor, and intention tremor all improved significantly with thalamic 
DBS. Tasker’s (86) comparison of thalamotomy and thalamic stimulation 
demonstrated that chronic stimulation was associated with a lower incidence 
of ataxia and dysarthria (common complications of bilateral thalamotomy). 
When these problems occurred in the DBS group, adjusting stimulation 
parameters served to abolish them. Importantly, 15% of thalamotomy patients 
required a repeat procedure due to recurrence of tremor. Schuurman et al. 
(87) reported the results of a randomized trial of thalamotomy versus thalamic 
DBS. Even though both techniques were effective at suppressing tremor, only 
DBS was associated with significantly improved functional status and was 
associated with significantly fewer adverse events than thalamotomy.

Prior to the advent of subthalamic and pallidal DBS for PD, several inves-
tigators utilized thalamic stimulation for symptomatic relief in these patients. 
An important observation made by Kumar et al. (88) was that, while tremor 
was significantly reduced with Vim stimulation, dopaminergic medication was 
unchanged. Ondo et al. (89) analyzed 19 PD patients with thalamic stimulators 
and verified that while writing and subjective functional measures improved in 
these patients, overall activities of daily living (ADL) scores did not improve 
due to a lack of effect of stimulation on other aspects of the disease besides 
tremor. The European multicenter study (90) noted a 10% improvement in 
rigidity and 35% improvement in akinesia, both of which were significant. 
However, given that stimulation of either the subthalamic nucleus (STN) or 
the globus pallidus interna (GPi) provided relief of tremor as well as the other 
cardinal symptoms of PD (as discussed later), the role for Vim stimulation for 
PD appeared limited at best.

The rapid ascendance of STN DBS for PD was a notable change in the 
field, given the traditional view that STN lesions cause hemiballismus. 
However, after primate models of PD demonstrated that STN lesions could 
alleviate motor symptoms of parkinsonism (91–93), human trials followed. 
The Grenoble group led the way in performing chronic electrical stimula-
tion the STN (94, 95). The ADL and motor score portions of the Unified 
Parkinson’s Disease Rating Scale (UPDRS) improved more than 50%. Some 
transient, stimulation-induced hemiballismus occurred but was controlled by 
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adjusting the stimulation parameters. One-year (96) follow-up studies of 24 
patients with bilateral STN stimulators demonstrated that UPDRS ADL and 
motor scores improved by 60% in the off-medication state. The UPDRS sub-
scores for akinesia (56%), tremor (80%), rigidity (68%), and gait (55%) also 
improved, in contrast to results seen with Vim stimulation. However, the effect 
in the on-medication state was not as pronounced, with only a 10% improve-
ment in motor scores. While recent studies have attested to the long-term dura-
bility of STN stimulation for PD (97), no change in disease progression had 
been noted.

After Laitinen revived pallidotomy as a method of addressing all the 
cardinal features of PD (98, 99), chronic GPi stimulation for PD was reported 
in 1994. Siegfried and Lippitz (100) described their results in three patients 
who underwent implantation of bilateral GPi DBS systems using Leksell’s 
target. All three achieved significant reduction in medication-induced side 
effects and on–off fluctuations. Bradykinesia, freezing, and speech also 
improved.

Reports concerning patients undergoing pallidal DBS have proliferated. 
Loher’s (101) 1-year results in 16 patients showed a 38% improvement in 
medication-off UPDRS motor scores and a 33% improvement in ADL score 
in those patients receiving unilateral stimulation. Bilateral stimulation led to 
a slight improvement in these results. It was shown in a larger series of 36 
patients (102) that bilateral pallidal stimulation results in a median motor 
improvement of 37% and an increase from 28 to 64% of the day spent with-
out disabling involuntary movements. Kumar et al. (103) reported 6-month 
follow-up data on 22 patients (17 implanted bilaterally). Their total UPDRS 
motor score improved 31% and the ADL score improved 39%. Medication-
induced dyskinesias decreased by two-thirds. Subsequent reports have con-
firmed the beneficial effects of GPi DBS on dyskinesia, motor fluctuations, 
and tremor (104–109).

Chronic pallidal stimulation has also been validated in the setting of prior 
pallidotomy (104). In 4 patients who underwent GPi stimulation contralateral 
to a prior pallidotomy, motor scores improved by almost 50% while brady-
kinesia was decreased by 37% and tremor by 93% without serious adverse 
cognitive or motor effects. While bilateral pallidotomy has been avoided due 
to concern for cognitive impairment, this has been shown to be relatively well 
preserved during bilateral GPi stimulation (110–113). Patients who do experi-
ence cognitive decline after pallidal stimulation have tended to be elderly and 
taking large doses of dopaminergic medication (113).

A handful of direct comparisons beteen GPi and STN DBS for PD have 
been published (102, 114–116). A large multicenter study (102) found that 
STN stimulation was significantly more efficacious and enabled patients to 
reduce their medication while GPi stimulation did not. The series published 
by Krause et al. (114) and Krack et al. (115) also gave the edge to the STN 
as the target of choice. Burchiel et al. (117) conducted a randomized trial of 
pallidal versus STN stimulation. While the results off medication were similar 
for the 2 groups (44% with STN stimulation and 39% with GPi), pallidal, 
but not subthalamic, stimulation improved parkinson motor symptoms while 
patients were in the medication-on state. While both targets provided equal 
improvements in rigidity (37–47%), bradykinesia (25%), and tremor (74%), 
axial symptomatology was relieved only by GPi stimulation. However, only 
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STN stimulation allowed patients to reduce their medication dosage. Using 
the results of their comparison between the two targets, Volkman et al. (118) 
argued that there exists a tradeoff between STN and pallidal DBS. STN 
stimulation allowed patients to reduce their medication by 63% while using 
one-third of the power required for effective GPi stimulation. The incidence 
of stimulation-induced side effects such as dysarthria, hypophonia, and eyelid 
opening apraxia was greater with STN than GPi DBS. The results from cur-
rently ongoing randomized trials of GPi versus STN stimulation in PD are 
eagerly awaited.

Dystonia has a long history of neurosurgical treatment, and reports have 
emerged describing the use of DBS in dystonia with a variety of subcortical 
targets. However, the disorder is heterogenous, with a wide clinical spectrum 
and multiple etiologies, making the assembly of large patient populations 
problematic (120–127).

In reviewing their experience with Vim DBS, the Grenoble group found that 
results in their five patients with dystonia were unimpressive (119). However, 
pallidal stimulation has become increasingly utilized for this purpose. 
Multiple small series have been published documenting improvement in the 
Burke-Fahn-Marsden (BFM) score. In addition, GPi stimulation has been 
found to maintain a robust effect 4 years after implantation (129). Best results 
have been in patients with idiopathic generalized dystonia, either DYT1 gene 
positive or negative (128, 130, 131). Phasic or mobile dystonia appears to 
respond better than more fixed dystonia.

The last several years have been characterized by many emerging indica-
tions and new intracranial targets for DBS. These include new targets for PD 
such as the posterior subthalamic region (132, 133) and the pedunculopontine 
nucleus (134–137). It is hoped that stimulation in these areas will address 
some aspects of advanced PD that are not improved by STN or GPi DBS, 
such as gait difficulties and postural instability. With the advent of functional 
imaging has come the introduction of rationally derived targets, such as the 
use of hypothalamic stimulation for the treatment of intractable cluster head-
ache (138–141), This area was targeted after hypothalamic hyperactivity was 
observed on functional imaging during cluster attacks (142).

Cooper’s early work with DBS for epilepsy has attracted renewed interest. 
Several groups have shown that anterior thalamic stimulation is effective 
at reducing seizure frequency in animal models of epilepsy (143, 144). 
This spurred new human trials (145–147), albeit with more rigorous patient 
selection, better surgical techniques, and better outcomes evaluation than in 
Cooper’s series.

Velasco and colleagues (148–150) have actively explored stimulation of the 
centromedian nucleus of the thalamus for treatment of medically refractory 
epilepsy. They and others (145, 148) have also stimulated the hippocampus for 
treatment of refractory seizures, although this has not been consistently effec-
tive in blinded trials (151). There has also been interest in targeting the STN 
for seizure suppression (152–155) but this remains unproven as a consistently 
successful therapy.

Probably the most closely watched area of expansion for DBS is behavioral 
and psychiatric disorders, including Tourette’s syndrome, major depression, 
and obsessive–compulsive disorder (OCD). Initial attempts at DBS for OCD 
utilized the same anterior internal capsule target as that of radiofrequency and 
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radiosurgical capsulotomy (156). Nuttin and colleagues have demonstrated 
short and longer term benefit in uncontrolled trials of DBS in anterior limb of 
internal capsule (157, 158). Additional reports of DBS for OCD have appeared 
(159–166).

Functional imaging of patients with major depression has shown localized 
metabolic changes in cingulate gyrus during depressive episodes (167–169). 
This led Mayberg et al. (170) to conduct a trial of DBS in the subgenual cingu-
late region (Brodmann area 25), in six patients with major depression. Chronic 
stimulation was associated with significant remission of depression in four of 
the six patients (170). Moreover, PET scans revealed that the antidepressant 
effects of stimulation were associated with a marked reduction in local cer-
ebral blood flow as well as changes in downstream limbic and cortical sites.

Tourette syndrome has also attracted interest for treatment with DBS (171). 
Using the region of the anterior and intralaminar thalamus which had been 
lesioned by Hassler (172), Vandewalle (173) reported nearly complete resolu-
tion of tics in patients undergoing chronic stimulation (173, 174). Other targets 
have also been utilized, including the anterior internal capsule (175), globus 
pallidum (176, 177), and centromedian-parafascicular complex (Ce-Pf) of the 
thalamus (177).

Conclusion

As reviewed in this chapter, neuroscientists have long attempted to use exter-
nal electrical signals to modulate brain function. Brain stimulation has evolved 
from the application of torpedo fish to the use of modern anatomic and func-
tional imaging methods to implant chronic stimulating electrodes into deep 
centers of the brain for a variety of neurologic and psychiatric disorders many 
of which are reviewed in this volume. With the future evolution of technol-
ogy and neurophysiology, applications of this technique will likely continue 
to increase.
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Abstract

Selecting the appropriate candidate for deep brain stimulation (DBS) may be 
the most important factor to determine the success of surgery (1–4). The proc-
ess of patient selection appears to vary widely among DBS centers in different 
regions of the world. The majority of large centers prefer a multidisciplinary 
approach involving a neurologist, a neurosurgeon, a psychologist, a psychia-
trist, and a nurse specialist (5). This chapter focuses on reviewing the factors 
involved in selecting appropriate DBS candidates for Parkinson’s disease (PD) 
as well as other movement and neuropsychiatric disorders.

Keywords: deep brain stimulation, patient selection, Parkinson’s disease, 
movement disorders, multidisciplinary assessment

The Importance of Multidisciplinary 
Assessment Prior to DBS Surgery

A complete multidisciplinary assessment (neurologist, neurosurgeon, neu-
ropsychologist, and psychiatrist) should be performed prior to consideration 
of DBS surgery (6, 7). We usually recommend that the assessments are per-
formed by experienced DBS teams and that the results of individual evalua-
tions are discussed in a multidisciplinary team meeting prior to proceeding 
with surgery.
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Patient Selection for DBS in PD (Algorithm)

Role of the Neurologist

Confirmation of Diagnosis and Evaluation 
of Severity of Symptoms
A neurologist plays a central role in the candidate selection process by con-
firming the PD diagnosis, assessing the severity of symptoms and disability, 
verifying responsiveness to levodopa and adjunctive medications using objec-
tive scales such as the UPDRS, and instilling realistic patient expectations.

The first step in this process is confirming the idiopathic PD diagnosis (6). 
The clinical evaluation of a PD patient should be focused on uncovering the 
presence of atypical features, which could indicate atypical parkinsonism (mul-
tiple system atrophy, progressive supranuclear palsy, corticobasal degeneration, 
dementia with diffuse Lewy bodies, vascular, and drug-induced parkinsonism). 
Possible “red flags” that should indicate atypical parkinsonism include gait 
ataxia, early appearance of hallucinations and dementia, early autonomic 
involvement, early and severe postural instability and gait abnormality, verti-
cal gaze palsy, cortical deficits such as agraphaesthesia and apraxia, history of 
neuroleptic use, and a poor and unsustained response to levodopa.

In general, levodopa-responsive symptoms will improve with DBS (3, 8). 
An exception to this rule is tremor. Documented accounts of symptom 
improvement with medications are essential in rendering a PD diagnosis as 
subjective descriptions by patients of their treatment response can often be 
misleading (9). It is therefore recommended that objective assessment for 
levodopa responsiveness be performed by utilizing validated tools such as the 
motor portion of the Unified Parkinson’s Disease Rating Scale (UPDRS) and 
CAPSIT criteria (6). A minimum 30% improvement in UPDRS motor scores 
following a levodopa challenge is usually required to justify the risks and ben-
efits of a surgical approach to treatment (6, 10). When judging responsiveness 
to therapy it is useful to use a supratherapeutic dose during a levodopa chal-
lenge (1.5 to 2 times the patient’s current dose), and patients should be tested 
during their best on state condition. The levodopa challenge should occur 
following a scale performed in a practically defined off state (off medications 
overnight or for 12 hours).

Once the objective idiopathic PD confirmation has been made, the severity 
and medical refractoriness of symptoms should be determined. Apart from 
tremor in some cases, PD symptoms can usually be satisfactorily managed 
with dopaminergic medications during the initial five years of treatment. 
Following five or more years of dopaminergic therapy patients typically begin 
to experience motor fluctuations. Many types of motor fluctuations have been 
described. Two of the earliest symptoms to appear are dyskinesias (involuntary 
choreiform/hyperkinetic movements in an on-state) and wearing off (predict-
able worsening of parkinsonism prior to the next medication dose). These 
may be present in up to 40% of patients following 4 to 6 years of levodopa 
therapy (11). As the disease continues to advance, the off states may become 
less predictable and shorter dose intervals and other medication adjustments 
may be necessary.

Other types of motor fluctuations may include “delay to on” (the period 
between ingesting the dose of levodopa and the onset of effect), dose failures 
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(when a dose of levodopa fails to produce any effect), on-off state yo-yo-ing 
(rapid fluctuations between the on and off states), or sudden offs (an unpre-
dictable off state that may be unrelated to the timing of the levodopa dose). 
In advanced PD, patients spend a considerable amount of time in an off state, 
and their on states are often complicated by disabling dyskinesias (11). In the 
hands of an experienced clinician, many medication strategies are available to 
manage motor fluctuations. When a reasonable number of medication strate-
gies fail to provide satisfactory alleviation of motor symptoms, DBS may be 
considered. Triage tools such as FLASQ-PD, which has been developed and 
validated for identification of appropriate DBS surgical candidates, can be 
utilized in patient selection prior to multidisciplinary screening (12).

Setting Realistic Patient Expectations
The importance of instilling realistic patient expectations before surgery 
cannot be over-emphasized (2, 13). What is perceived as a success by the cli-
nician can be judged as a failure by the patient, especially if patients are not 
adequately educated on what to expect following surgery. As noted earlier, 
DBS can improve only those PD symptoms that are demonstrably improved 
during the best levodopa on state (3). The degree of levodopa responsiveness 
of the motor symptoms seems to be the best known predictor of the extent 
of benefit following surgery (3, 14–16). It is important to understand that if 
on- medication UPDRS scores remain in the moderate to severe PD range, 
even with a greater than 30% improvement in off scores, the degree of 
improvement following surgery, may be insufficient for the patient to gain 
functional independence. As previously mentioned, an exception to this rule 
is medically refractory tremor where a 30% improvement in UPDRS motor 
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scores does not predict a lack of response to surgery and is therefore not 
required for DBS candidacy. Typical motor symptoms which respond to DBS 
include tremor, rigidity, bradykinesia, off state painful dystonia, dyskinesias, 
and gait dysfunction (Table 4.1). The total amount of daily off time may be 
considerably reduced as a result of DBS (15–17). “Freezing” usually improves 
only if it has been proven to be levodopa responsive (14). However, gait and 
balance changes following surgery are among the least predictable symptoms. 
Other symptoms which fail to improve with medications will not improve with 
DBS. Speech, autonomic, cognitive, and behavioral symptoms are not expected 
to improve with DBS (Table 4.1). It is useful for patients to enumerate and rank their 
most disabling symptoms and even assign a priority order. Each symptom and 
the possibility of its improvement should be individually addressed, and this 
discussion should be documented. DBS has been shown to improve disability 
and quality of life scores (18).

Although medication dose reduction may be expected with subthalamic 
nucleus (STN) DBS (17), it should not be included as a patient expectation, but 
rather should be discussed as a possibility. Patients should understand the sig-
nificant time commitment required for successful postoperative management. 
Multiple postoperative visits are needed for treatment optimization (both with 
medications and stimulation). A useful mnemonic device to improve patient 
expectations for PD DBS is included in Table 4.2 (19).

Role of the Neuropsychologist
Patients with PD suffer various levels of cognitive deficit. These include defi-
cits in executive functioning (20), problem solving, concept formation, verbal 
fluency (21), visuospatial function (22), memory (23), attention (24), and set 
shifting (25). Frank dementia may be present in up to 40% of patients with 
PD (26, 27). Most groups have been reluctant to perform DBS in patients 
with significant cognitive impairment (1). However, defining the level of 
impairment which should preclude surgery has resulted in some controversy. 
A minimal level of cognitive ability is required to tolerate and cooperate with 
awake surgery, to accurately articulate symptoms during follow-up visits, and 
to perform lifestyle modifications and care required following surgery (6).

Table 4.1 Responsiveness of PD Symptoms with DBS.

PD Symptoms Known to Respond to DBS
PD Symptoms That Do Not 

Respond Consistency to DBS

•  Motor symptoms, which respond to the 
best on medication state

•  Speech (may worsen)

•  Rigidity •  Cognition
•  Tremor •  Gait and postural instability (if not 

levodopa responsive)
•  Bradykinesia •  Autonomic symptoms
•  Dyskinesias, dystonia (if not fixed) •  Mood and behavior
•  Motor fluctuations
•  Gait and postural instability, if levodopa 

responsive
•  Pain as a result of PD sometimes responds 

to surgery
•  Some sleep disorders
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There is no consistent evidence that DBS alters or hastens the cognitive 
decline in PD patients (28), although at least one study did show that STN 
DBS may adversely affect cognition (25). Decreases in verbal fluency are 
the most frequently reported cognitive symptom following bilateral STN 
stimulation (29, 30).

Neuropsychological testing is helpful in excluding patients with dementia. 
In addition it can also be helpful for separating medication induced encepha-
lopathy from true dementia (31). Commonly used tests for evaluating cognition 
in PD patients pre- and postsurgery are listed in Table 4.3. Many clinicians use 
Mattis Dementia Rating Scale (MDRS) scores of <130 (6) or mini-mental sta-
tus scores (MMSE) of < 24 (32) as cut offs for candidacy for DBS. However, 
we advise a complete interview and examination of neurocognitive features 
prior to surgical consideration.

Role of the Psychiatrist

The principal role of the psychiatrist is to identify and treat patients with 
underlying psychiatric conditions, especially those that may be worsened by 
DBS. Only a minority of centers screen patients psychiatrically but we recom-
mend psychiatric screening as an important safety measure. Suicide (0.5–2.9%) 
has been reported in patients following bilateral STN DBS (17, 33–35), how-
ever the specific relationship of suicide to DBS or surgery has been uncer-
tain (36). Postoperative symptoms of depression, mania, anxiety, panic, and 
apathy have been described (30, 33, 34, 37). A list of neuropsychiatric side 
effects from DBS is shown in Table 4.4. However, a cause–effect relationship 
between DBS and these symptoms has not been definitively established as 
many of these symptoms may be due to PD. A number of validated tools have 
been utilized for screening patients with depression. The structured clinical 
interview (SCID; ref. 38) is perhaps the most important screening test as this 
may uncover underlying psychiatric disease, substance abuse, and propensity 
for future difficulties following the stress of surgery (39). Among the most 
commonly used tools are the Beck Depression “self-report” Inventory, the 
Hamilton Depression Rating Scale (40), the Montgomery Asberg Depression 
Rating Scale (41), the Young Mania scale (42), and the Hamilton 

Table 4.2 Mnemonic: DBS in PD (19).

Does not cure.

Bilateral DBS is often required to improve gait, although sometimes unilateral DBS 
has a marked effect on walking.

Smooths out on/off fluctuations.
Improves tremor, stiffness (rigidity), bradykinesia, and dyskinesia in most cases, but 

may not completely eliminate them.
Never improves symptoms that are unresponsive to your best “on.” For example, if 

gait or balance do not improve with best medication response, it is very unlikely to 
improve with surgery.

Programming visits are likely to occur many times during the first 6 months, and then 
follow-up visits as frequently as every 6 months. There will be multiple adjust-
ments in the stimulator and in the medications.

Decreases medications in many, but not all patients.
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Table 4.3 Commonly Used Tools for Cognitive Testing (1).

Overall cognitive function Mattis Dementia Rating Scale (99)
Mini Mental Status Examination (100)

Abstraction/reasoning/planning Wisconsin Card Sorting Test (101)
Delis-Kaplan Executive Function System 

(D-KEFS; ref. 102)
Matrix Reasoning (Raven’s matrices; Wechsler 

Adult Intelligence Scales Matrix Reasoning; 
refs. 103 and 104)

Tower Tests (D-KEFS, Tower of London, 
Tower of Toronto; refs. 102 and 105)

Attention/working memory Digit Span (106)
Spatial Span (106)
Symbol Search (106)
Trailmaking (107)
Stroop (108)
Digit Symbol/Symbol Digit (104)
Letter Number Sequencing (104)

Visuoperceptual Hooper Visual Organization Test 
Judgement of Line Orientation (109)
Block Design (104)

Memory Prose (Logical Memory; ref. 106)
List learning (Hopkins Verbal Learning Test, 

California Verbal Learning Test, Auditory 
Verbal Learning Test [after Rey]; Selective 
Reminding Test [after Buschke]; ref. 107)

Wechsler Memory Scale III (106)
Facial Recognition (106)
Benton Visual Memory Test Recognition (110)
Brief Visual Memory Test Revised (111)

Language Letter and category fluency (107)
Boston Naming Test (112)
Multilingual Aphasia Examination (113)
Complex Ideational Material (114)

List of validated and non-validated tests commonly used in cognitive testing in patients with 
Parkinson’s disease (1).

Anxiety Rating Scale (43). DBS should be deferred in patients with active 
psychiatric issues, and should be closely monitored following surgery in 
patients with treated psychiatric co-morbidity.

Role of the Neurosurgeon

The neurosurgeon and the neurologist should work closely to evaluate the ben-
efits and risks of DBS. Together they share the responsibility for evaluating the 
degree of disability as well as discussing patient expectations. Evaluating the 
surgical risks and carefully explaining all details of the procedure to the patient 
and family is usually performed by the neurosurgeon. Possible complications 
related to the surgical procedure, the implanted device, and the stimulation 
conditions are listed in Table 4.4.
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Risk factors for DBS

Age

Although there is an impression that younger patients have less surgical risk, 
no well defined upper age limit has been set for DBS surgery (1). The majority 
of centers have arbitrarily utilized an upper age limit of 75 years but there is 
no consensus on what a safe upper age limit should be for DBS  surgery. Older 
age is associated with a higher prevalence of medical comorbidities such as 
amyloid angiopathy (44) and cognitive impairment (45). Some but not all 
reports indicate lower rates of efficacy in DBS in older patients when com-
pared to younger patients (3, 8), but these differences may ultimately fail to be 
significant and remain to be better elucidated by future studies (46). Transient 
postoperative confusion sometimes occurs following DBS (47) and patients 
should be warned of this possibility. It is recommended that patients older 
than 75 should be evaluated on a case-by-case basis and consideration for the 
level of disability, degree of expected improvement, presence of medical  co-
morbidities, life expectancy, cognition, and the ability to satisfactorily meet 
the operative and postoperative requirement of surgery should all be weighed 
rather than age alone.

Imaging

MRI is recommended as part of the pre-surgical evaluation for DBS1. MRI 
helps to exclude patients with atypical parkinsonism, moderate to severe 
cortical atrophy, significant vascular white matter changes, and structural 
lesions. One report found that significant white matter changes were associ-
ated with a suboptimal outcome (48). Mild cortical atrophy is frequently 
present in PD. Safety and efficacy of DBS in patients with severe cortical 
atrophy has not been carefully studied but many surgeons will exclude these 
patients because of subdural bleeding risk, less certain target localization, 

Table 4.4 Possible Complications of DBS (15, 17, 18, 25, 33, 46, 72, 115–121).

Surgery-related Hardware-related Stimulation-related

Seizure: <1 to 3% Device malfunction Paresthesias
Hemorrhage: 2–3% Lead fracture Muscle contractions
Fatal cerebral hemorrhage: 

<1%
Lead migration Dysarthria

Infection: 2–25% (vast 
majority are superficial)

Lead disconnection Diplopia

Permanent neurologic deficit: 
0–0.6%

Skin erosion Cognitive changes

Misplaced leads: 0–12.5% Depression
Venous air embolism Mania

Suicide
Pseudobulbar affect
Obsessive/compulsive 

thoughts
Anxiety/panic attacks
Aggressive behavior
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and co-morbid cognitive dysfunction. MRI is not necessarily required for 
DBS. Some groups effectively use ventriculography (17, 49, 50). Other 
groups use CT scanning. Each DBS team should employ the technique 
they are most comfortable with and refine their targets with microelectrode 
recording (50, 51).

Medical Co-morbidities

The role of individual co-morbidities such as diabetes, heart disease, pulmo-
nary dysfunction and hypertension in predicting the outcome of DBS has not 
been specifically studied. Uncontrolled hypertension poses an increased risk 
of bleeding, and has been associated with increased frequency of hemorrhage 
following microelectrode recording (52, 53). Uncontrolled diabetes can result 
in increased risk of infection and possibly delayed healing. Because of safety 
concerns, patients who are expected to require frequent body MRI due to a 
medical condition may not be appropriate for DBS.

Patients with Prior Ablative Surgery

DBS can be safely performed in patients who have had prior ablative surgery 
for PD (54–56). Studies have reported varying degrees of success with bilat-
eral STN DBS in patients with previous unilateral pallidotomy (54, 56) and 
thalamotomy (57). Bilateral STN DBS in patients with bilateral pallidotomy 
has not been uniformly successful unless the previous ablative lesions were 
misplaced or too small (58). Similarly, PD patients who have had unilateral 
STN DBS contralateral to a previous pallidotomy may experience some 
problems in the adjustment of medications (59). Ipsilateral DBS on the same 
side as a lesion but in a different target has also been performed in a small 
number of cases (57) and results, although less robust, may be meaningful in 
individual patients. The most important factors to consider in patients with 
previous ablative surgery are the size of the previous lesion, lesion location, 
and responsiveness of symptoms to a levodopa challenge.

Patient Selection for DBS in Dystonia

A humanitarian device exemption was issued by the U.S. Food and Drug 
Administration for the treatment of medically refractory symptoms of 
generalized dystonia. DBS has recently also been reported to be effective in 
cervical dystonia (60) and tardive dystonia (61). DBS may be the best avail-
able treatment for disabling symptoms of generalized, cervical, tardive and 
other dystonias which are medically refractory, and have not developed fixed 
muscle contractures. Open-label (62) and double-blind trials (63) of bilateral 
globus pallidus interna (GPi) DBS have shown an approximate 50 to 80% 
improvement in 12-month motor scores in patients with both DYT-1 and 
non-DYT-1 generalized dystonia. Bilateral GPi DBS in patients with cervi-
cal dystonia has shown 64% improvement in the Toronto Western Spasmodic 
Torticollis Rating Scale (TWSTRS), 60% improvement in disability scores, 
and 60% improvement in pain relief (64). There may be less interpatient vari-
ability in response to DBS in patients with cervical dystonia when compared 
to other dystonias, but this remains to be confirmed (65). The response to DBS 
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in secondary dystonias and hemi-dystonias is less predictable and has ranged 
from no response (66, 67) to significant improvement in functional benefit and 
pain (68, 69). DBS has shown promising results in some patients with primary 
segmental dystonias including Meige syndrome (65). Although there are only 
a few uncontrolled trials of DBS in tardive dystonia, rapid and sustained relief 
of symptoms has been observed with bilateral pallidal DBS (61).

In evaluating a dystonic patient for DBS, the history and examination 
should focus on the identification of secondary causes of dystonia. Birth, 
developmental, medication, toxin, family and traumatic histories are impor-
tant to identify. Brain imaging may be required to exclude secondary causes 
of dystonia. Metabolic disorders which produce dystonia such as glutaric 
acidemia, pantothenate kinase deficiciency, and Wilson’s disease should be 
excluded (although in select cases DBS may also help with these disorders). 
If the dystonia is generalized and onset has occurred before age 26 patients 
should be tested for the DYT 1 gene (70).

Examination should include careful characterization of the dystonia and 
evaluation for reducibility of potential contractures. Exclusion of contractures 
may in some cases require anaesthesia. Contractures that fail to reduce are not 
expected to respond to DBS. Mobile and phasic dystonic movements appear 
to be more responsive to DBS than more fixed dystonic postures (63). Patients 
selected for surgical intervention should have failed trials of levodopa to 
exclude dopa-responsive dystonia and have experienced suboptimal responses 
to anticholinergic drugs, baclofen and, in some cases, tetrabenazine. In cases 
of cervical and other focal dystonias, an adequate trial of botulinum toxin 
treatment should be administered. Patients need to be educated that unlike 
PD and essential tremor (ET), dystonia symptoms frequently show delayed 
improvement and require repeated programming sessions (63). A complete 
multidisciplinary assessment (neurologist, neurosurgeon, neuropsychologist, 
and psychiatrist) should be performed prior to consideration of DBS surgery 
for dystonia.

Patient Selection for DBS in ET

DBS of the ventral intermediate (VIM) nucleus of the thalamus has proven to 
be a very effective and safe treatment in patients with medically refractory ET 
(71–74). Appropriate surgical candidates have experienced postural and action 
tremors that significantly impair their ability to perform simple everyday tasks 
(75). ET candidates should have failed medication trials with primidone, a 
beta blocker, a benzodiazepine, and in some cases more novel anticonvulsant 
medications. The typical candidate has medication refractory symptoms that 
affect quality of life and ability to work (75). Medical co-morbidities, imaging, 
and a complete neurological, neurosurgical, psychological, and psychiatric 
evaluation should be reviewed prior to consideration of DBS. Formal neu-
ropsychological testing is not usually required in patients with ET. Although 
mild cognitive abnormalities have been identified in patients with ET (76–78), 
these are not usually clinically significant unless a coincidental underlying 
dementia is also present.

Patients may undergo unilateral or bilateral VIM DBS. Unilateral stimula-
tion reliably results in marked improvement of contralateral action, postural 
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and resting tremor and in some cases may also produce a mild ipsilateral effect 
(79–81). Unilateral VIM stimulation does not reliably improve voice tremor 
(74, 82, 83). Voice tremor, therefore, should not be a primary indication for 
DBS. Head tremor has been shown to improve following unilateral VIM DBS 
(71, 84, 85) and to show an even greater sustained response following bilateral 
stimulation.

Many patients elect bilateral stimulation for ET. Patients should be coun-
seled that dysarthria and gait dysequilibrium are more common with bilateral 
DBS (86, 87). One approach is to stage the operations and perform the first 
procedure for either the dominant hand or the more affected side. A decision 
can then be made later as to the need for contralateral surgery.

Patient Selection for DBS 
in Neuropsychiatric Disorders

DBS is in very early experimental stages for patients with medication refrac-
tory depression, Tourette’s syndrome (TS), and obsessive–compulsive disor-
der (OCD). It may eventually be applied to other disorders. DBS applied in 
these targets should be performed only under the guidance of institutional 
review and ethics board approval.

The criteria for using DBS in depression have yet to be fully developed, but 
a similar multidisciplinary screening including failure of an adequate number 
of antidepressants of different classes and also electroconvulsive therapy will 
likely be required. Further, it is unknown which patients with major depression 
will benefit from this procedure. Targets currently under study include white 
matter tracts adjacent to the subgenual region of the cingulate gyrus, and the 
nucleus accumbens region (88, 89).

Currently studied targets for motor symptoms of TS include the 
centromedian-parafascicular complex of the thalamus, the anterior limb 
of the internal capsule, and the ventral and postero-ventral GPi (90–94). 
The Tourette’s Syndrome Association published guidelines for appropriate 
patient selection criteria and appropriate conduct of TS trials (95). A full 
multidisciplinary evaluation must be performed and patients must meet 
standards for age (past the age where tics wane) and disability and have 
had documented unsucessful medication trials in the hands of experts 
before consideration of DBS. Early results have been promising for motor 
tics, but the extent to which behavioral features have responded remains 
unclear (90, 92, 93).

DBS for OCD has been performed using several targets including the 
anterior limb of the internal capsule/nucleus accumbens, the STN, and the 
striatum (91, 96, 97). The best target is unknown but preliminary studies 
of the anterior limb of the internal capsule and nucleus accumbens have 
been promising (97, 98). The selection criteria for patients in these studies 
have been previously  discussed (95), but must include a full multidiscipli-
nary evaluation and  medication refractoriness. A psychiatrist is a crucial 
member of the team in addressing any of the neuropsychiatric indications 
for DBS.
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Conclusion

In summary, DBS can be an effective surgical treatment for PD, ET, and dys-
tonia and has the potential to expand into new targets for the treatment of neu-
ropsychiatric disorders. The most important step in successful DBS remains 
attention to selecting the appropriate candidate. A multi-disciplinary approach 
is the best and safest method for selecting DBS patients.
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Abstract

Traditional methods of deep brain stimulator (DBS) implantation utilize a rigid, 
head mounted stereotactic frame to deliver electrodes to the intended brain target. 
New surgical navigation systems have provided the substrate for the development 
of frameless DBS delivery techniques that now provide a viable alternative to 
frame-based implantations, and may have advantages for both the surgical team 
and the patient. Intraoperative MR imaging and purely image-guided implanta-
tion may represent the next generation of implantation strategies.

Keywords: deep brain stimulator (DBS), stereotactic surgery, surgical navi-
gation, frameless DBS, NexFrame™, StarFix™, intraoperative MRI, interven-
tional MRI

Introduction

The word stereotactic literally means to touch in three dimensions. From the 
earliest days of stereotactic surgery, the traditional method of “touching” targets 
within the brain has been through the use of a stereotactic frame. In the early 
1900s, Horsley and Clarke were the first to describe the use of a stereotactic 
frame and atlas in animals. In the 1940s, Spiegel and Wycis were the first to 
routinely employ the use of frames in human stereotactic procedures. Their 
work and that of others provided the foundation for many stereotactic systems 
that followed, including the popular Leksell (Elekta, Stockholm, Sweden) and 
CRW (Integra Radionics, Burlington, MA) frames that are widely used today 
by centers performing DBS surgery.

Traditional stereotactic systems rely on an external frame of reference of 
known dimensions that is rigidly attached to the patient’s head. Some form 
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of imaging is then used to identify internal landmarks, such as the anterior 
commissure (AC) and posterior commissure (PC), as well as a number of 
fiducial markers attached to the frame. Measurements are made relative to 
the AC-PC plane to determine the specific location of a target of interest, and 
that target is then spatially related to the fiducials to determine its coordinates 
in frame space. A historical alternative to frame-based systems were the so-
called burr hole-mounted systems, such as the one developed by Professor 
Sano in Tokyo, which were aiming devices mounted on the skull directly over 
the burr hole. These systems did not gain widespread acceptance with many 
stereotactic surgeons, in large part because tedious mathematical calculations 
were required and small inaccuracies at the level of the device translated to 
large angular errors at the target.

In addition to the use of stereotactic or anatomical targeting, modern era practi-
tioners of DBS surgery also often employ physiological targeting. The most com-
mon form of physiological targeting is microelectrode recording (MER), although 
the specific techniques of physiological targeting that are used vary greatly among 
centers. These include single cell or  multicellular recordings, field potential 
recordings, measurement of tissue impedance changes, microstimulation, macros-
timulation, or a combination of these  techniques. Regardless of the methods used, 
the goal is to map the intended target, usually a deep nucleus, by determining its 
physiologic characteristics, mapping its borders, and/or identifying adjacent struc-
tures. Physiological mapping provides further target refinement and can overcome 
errors in anatomical targeting, although its utility may vary depending on the target 
being implanted and the disease being treated.

Modern Surgical Navigation

The advent of surgical navigation systems over the last decade, based on 
optical tracking, such as the StealthStation® (Medtronic, Minneapolis, MN), 
VectorVision® (BrainLAB, Heimstetten, Germany), and Stryker® Navigation 
System (Stryker Leibinger, Freiburg, Germany), has provided the substrate for 
a revolution in the field of stereotaxy. These systems allow surgeons to fuse 
different pre-operative imaging modalities such as CT and MR and view them 
in multiple planes simultaneously while using high-speed image reconstruc-
tion. Surgeons can use these systems to improve targeting with a traditional 
stereotactic frame or alternatively can now perform frameless DBS implan-
tation utilizing several techniques. These navigation systems use a camera 
system to optically track fiducial markers and a stationary reference frame as 
well as specific instruments within the surgical field. In a typical neurosurgi-
cal procedure, the use of skin mounted fiducials and freehand tools provides 
accuracy in the submillimeter to less than 2 mm range. Such accuracy is 
satisfactory for many surgical applications, but DBS requires a system that can 
consistently deliver an accuracy of less than 1 mm.

Two more recent developments have provided the consistent submillimetric 
accuracy necessary for frameless DBS placement. First is the use of bone 
implanted fiducials, which provide a much more stable marker than their more 
mobile skin mounted counterparts. Several types of fiducials have been devel-
oped, but all have a base with a self-tapping screw that secures to the bone and 
some sort of sphere, visible on CT or MR imaging, that sits at or just above the 



5 Technical Alternatives in DBS 101

level of the scalp. The second innovation is the development of skull mounted 
aiming devices that provide the stability and accuracy needed to perform 
physiological mapping and DBS implantation. The two most widely used 
frameless DBS systems are the NexFrame™ (Medtronic, Minneapolis, MN) 
and the StarFix™ micro Targeting® Platform (FHC, Bowdoinham, ME). Both 
systems meet accuracy demands which are required for DBS, although they 
accomplish this in very different ways. The NexFrame uses optical tracking 
and an adjustable aiming device to acquire the desired target. The StarFix uses 
pre-operative planning to create a customized aiming platform that is “pre-set” 
to the desired target. Both systems have matured through several generations 
of refinements, and have been in routine clinical use for several years (1, 2).

Medtronic NexFrame

The NexFrame is a plastic, burr hole-mounted aiming device that has two 
degrees of freedom. It has two main components, the base ring and the socket 
assembly. The base ring is a shallow, funnel-shaped base that attaches to the 
skull over the burr hole with three self-tapping screws. The socket assembly is 
an inverted, bowl-shaped component that sits on top of the base ring. The socket 
assembly rotates freely on the fixed base, providing one degree of freedom; it has 
a platform that slides linearly in a limited arc along its curved surface, providing 
the second degree of freedom. These two degrees of freedom allow the device 
to aim electrodes within a 50-degree cone with its apex at the burr hole. The 
platform itself has an electrode holder with five holes in the shape of a cross, 
2 mm apart, which allows it to interface with most micropositioners. The socket 
assembly has a cutout window in it so the surgeon can see the burr hole and 
manipulate the guide tubes and DBS lead during surgery.

The NexFrame technique utilizes five to six bone-implanted fiducials and 
an optically tracked reference arc attached to the base ring to register the 
patient using a surgical navigation system. The fiducials are placed with local 
anesthetic using small stab incisions and are often placed several days before 
surgery (Figure 5.1). In this manner, imaging and targeting can be decoupled 
from the day of surgery if desired, allowing the actual surgical procedure to 
start at a predictable time and earlier in the day. This can prove beneficial for 
Parkinson’s patients, who must be off their medications on the day of sur-
gery for proper MER and often do not tolerate being off medications for an 
extended time. It also provides more efficient use of operating room (OR) time 
and more predictable scheduling for members of the DBS team and allows the 
surgeon to perform targeting prior to the day of surgery. Fiducial placement 
and imaging may also be done the morning of surgery if desired.

Most centers obtain a high-resolution, volumetric outpatient MR scan and 
then a thin-cut CT scan after the fiducials have been placed within a few days 
of surgery. The two imaging volumes are fused on a surgical planning work-
station to perform targeting and trajectory planning. The geometric center 
of the fiducial spheres is identified on the planning workstation, in a similar 
manner to marking the fiducials in a frame-based system. Once in the OR, the 
fiducials are included in the sterile field to allow registration to occur. 
Registration is the process by which the patient’s anatomy in “imaging space” 
(in the computer) is matched with the actual patient’s head in “physical space” 
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(in the OR). Four things make this possible: (1) the planning workstation’s 
optical camera system, which uses two or more cameras to spatially resolve 
objects; (2) the bone implanted fiducials; (3) the reference arc, a small metal 
device that holds four reflective spheres in a unique geometry that can be 
tracked by the computer’s optical camera system; and (4) a handheld probe, 
also with four reflective spheres in a different unique geometry and a known 
distance between the spheres and the probe tip. The probe is used to “teach” 
the computer the position of the reference arc and the fiducials in real space, 
and the computer then relates that data to the patient’s anatomy in imaging 
space. One distinct advantage of this technique is that, because the reference 
arc and fiducials are all rigidly mounted to the skull and move as one when 
the skull moves, the patient’s head does not have to be fixed during the pro-
cedure. Some surgeons who regularly use the NexFrame feel that the patient’s 
ability to adjust their position during surgery has advantages in terms of 
patient comfort and tolerability of the procedure while others have not noted 
such an advantage (Larson, personal communication).

Once registration is completed, the process of alignment takes place. This 
involves moving the socket assembly of the NexFrame along its two degrees of 
freedom until the platform is aligned with the target trajectory. The position of 
the NexFrame is optically tracked in real time, and the computer workstation 
provides the surgeon with visual feedback to indicate when the NexFrame is 
aligned (Figure 5.2). One of the disadvantages of the NexFrame compared to 
an arc-centered system like the Leksell is a relatively limited ability to alter the 
entry point in the cortex in order to miss undesirable features on the cortical 
surface such as sulci or vessels. There is an offset adapter that does allow the 
entry point to be offset by several millimeters, which provides some flexibility, 
but not as much as a Leksell frame provides. Once aligned, the surgeon may 
proceed with MER and DBS lead placement in the usual manner (Figure 5.3). 

Figure 5.1 View of the top of a patient’s head with bone implanted fiducials in place. 
Arrows point to CT and MR visible spheres that temporarily snap into the base of this 
particular type of fiducial for imaging
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Medtronic makes a disposable micropositioner specifically for the NexFrame, 
or a third-party drive can be used. The base ring is designed to integrate with 
the Medtronic StimLock™ lead anchoring device to secure the DBS electrode 
following implantation.

Figure 5.2 Screen shot from a StealthStation® during alignment in a NexFrame™ 
frameless case. The surgeon manipulates the NexFrame until the small dot is inside 
the small inner circle, indicating that the device is properly aligned with the target. A 
contralateral lead has already been implanted

Figure 5.3 DBS lead implantation using the NexFrame™. A disposable micropositioner 
is mounted on the NexFrame and is being used to lower the electrode to the target
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FHC StarFix

The StarFix micro Targeting Platform (FHC, Bowdoinham, ME) replaces 
the traditional stereotactic frame with a different variation of a skull mounted 
system. In essence, the micro Targeting Platform (MTP) is a custom-designed, 
skull-mounted aiming device that is specifically manufactured for each patient 
based on a pre-operative plan created by the surgeon days before the proce-
dure. In essence, the MTP is a device that comes out of the box pre-set to 
the chosen target, with parallel channels for MER that are also pre-set to be 
aligned to the AC-PC plane. No optical tracking system is used in the OR, and 
there is no registration or alignment process required. Unlike the NexFrame 
device, which is fairly compact and mounted directly around the burr hole, 
the MTP is an open tripod design with legs that reach out to secure to skull 
mounted anchors. This system also gives the surgeon the ability to decouple 
the imaging and targeting from the day of surgery. In the case of the MTP, 
however, the separation of imaging from the day of surgery is mandatory, as 
the device is manufactured based on pre-operative CT scans and the manufac-
turing process takes several days to complete.

The first stage of the procedure takes place in an outpatient setting approxi-
mately one week before surgery. The surgeon identifies a roughly 50-mm 
diameter region as the intended entry area, and percutaneously implants three 
anchors into the bone, spaced about 120 degrees apart in a 50- to 80-mm 
radius from the center of the intended entry area. These anchors sit below the 
level of the scalp, and can stay in place for up to 28 days. The head of each 
anchor can accept a temporary locator fiducial, which is placed to provide 
accurate localization of the anchors on imaging. The patient is sent for high-
resolution CT and MR imaging, after which the locator fiducials are removed 
and the patient is sent home with the anchors left in place.

The surgeon then loads the CT and MR images onto the MTP Planning 
and Design Workstation. The system provides the ability to fuse CT and 
MR volumes and, based on the CT scan, creates a detailed 3D model of the 
skull surface and implanted anchors, which will be used to create the MTP. 
The target or targets are selected, and entry point and trajectory planning is 
performed with multiplanar views available. Once the target and entry point 
are selected, the system will build a virtual MTP that is of appropriate geom-
etry to be centered over the entry point with legs that will attach to the bone 
implanted anchors (Figure 5.4). For bilateral simultaneous implants, a combi-
nation of two separate platforms can be used, or the computer can create one 
complex platform that attaches to four anchors spanning the top of the head. 
Once the surgeon is satisfied with the surgical plan, the platform planning files 
are transmitted to the manufacturer who uses rapid prototyping technology to 
make the actual MTP and ships it to the surgeon within 24 to 72 hours. The 
MTP is sterilized at the implanting hospital in preparation for surgery.

On the day of surgery, the patient is taken directly to the OR at the desired 
time. Because the MTP is skull mounted, no rigid fixation of the patient’s 
head is required. Once in the OR, the anchors are exposed so the platform can 
be attached. The MTP can be readily attached and removed as many times as 
needed. It is usually temporarily placed to mark the skin incision and then again 
to mark the appropriate position for the burr hole. Once the dura is open and 
the team is ready to perform MER or DBS lead placement, the MTP is again 
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secured into position and a metallic ring is placed in the hole of the platform 
to provide a stable base for the micropositioner (Figure 5.5). Again, an offset 
device is available if there is a sulcus or vessel that the surgeon feels is in the 
way of the initially planned trajectory, but the exact entry point options within 
the exposed burr hole are somewhat limited compared to an arc-centered frame 
like the Leksell. At this point, the surgeon can perform DBS implantation 
using standard techniques including MER. One unique advantage of the StarFix 
system is the ability to perform bilateral simultaneous MER if desired. Another 
advantage of this system is its simplicity and non-reliance on an optical track-
ing system or need for alignment in the OR. However, this simplicity comes at 
a potential price, as any error in pre-operative targeting or MTP manufacturing 
could result in an improper trajectory and a misplaced electrode.

Localization Using Peri-operative and Intra-operative 
Imaging

Although image guidance systems have proven their value in DBS surgery, 
they do have shortcomings. The images used for registration and navigation 
are obtained pre-operatively with the patient in a supine position. When the 
patient is taken to the OR and has a burr hole placed (typically in a semi-sitting 

Figure 5.4 Computer model of a virtual StarFix™ MTP created by the MTP Planning 
and Design Workstation during pre-operative targeting. This model will be transferred 
to the manufacturing facility, which will use it to create the actual MTP using rapid 
prototyping technology
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position), brain shift due to cerebrospinal fluid loss, pneumocephalus, and the 
effects of gravity can occur, altering the accuracy of the planned cortical entry 
point, trajectory and even the target (3). Errors in registration or alignment 
can result in poor lead placement. Many surgeons have come to rely heavily 
on brain atlases that are provided with the stereotactic planning software. 
However, these atlases are simple, minimally deformable to individual patient 
anatomy, and are frequently a poor representation of the anatomy in the target 
region. Finally, the only true measure of anatomically successful electrode 
placement is postoperative imaging with either CT or MRI. Any cases of 
errant electrode placement with suboptimal benefit that cannot be overcome 
with programming of the DBS device often require a second procedure to 
surgically reposition the electrode.

For these reasons and others, some centers have turned to intra-operative 
imaging as a means of confirming electrode placement. The imaging modali-
ties used have included CT as well as MRI of varying field strengths. Surgeons 
that employ this technique use standard frame-based or frameless methods 
to determine the target coordinates and then use MER or purely anatomi-
cal targeting to place the DBS electrode. They then move the patient into a 
scanner, ideally located within the operating suite or immediately adjacent 
to it, for confirmation of acceptable lead location. If the lead is suboptimally 
positioned, a correction can be made before the patient leaves the operating 
theater. An advantage of this technique is that the surgeon can continue to use 
the implantation tools (frame, physiologic mapping methods, etc.) that he or 
she is familiar with, while gaining the advantage of immediate feedback with 
regard to lead location.

While helpful, the use of imaging in this context is somewhat limited. First, 
if CT is used as the imaging modality, the direct visualization of the lead 
relative to the actual target is essentially non-existent due to the poor tissue 

Figure 5.5 Intraoperative photograph showing one MTP platform being used for a 
bilateral simultaneous implantation. Note that two micropositioners are in use at once, 
providing the capacity for simultaneous bilateral MER
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discrimination inherent with CT. The lead location can be inferred by taking 
measurements of the center of the lead artifact relative to the AC-PC plane, 
and/or fusing postoperative images with pre-operative MR studies. If MRI 
is used, there are considerations related to the field strength of the magnet. 
Lower-field MRI can allow the surgical team to use the usual surgical equip-
ment at some minimum distance from the magnet, however low field MRI 
generally does not allow adequate visualization of the target. High-field 
MRI (1.5T) often provides good target visualization, but precludes the use 
of much of the usual DBS instrumentation, such as MER equipment, at least 
within some distance from the magnet. Finally, most centers using intra-opera-
tive imaging in this setting are not really utilizing real-time imaging to its full-
est potential. Rather, they are performing a standard, frame-based implantation 
and using “immediate postoperative imaging” to detect complications before 
leaving the OR.

Interventional MRI

On an investigational basis, our center has started using high field inter-
ventional MRI to place DBS electrodes into the subthalamic nucleus (STN) 
to treat Parkinson’s disease using real-time imaging as the only method of 
targeting (4). The idea for this technique came in part from prior experience 
with intra-operative MR-guided brain biopsies (5). The other catalyst was our 
observation that patients with postoperative MRI who showed lead locations 
in the dorsolateral motor subterritory of the STN, centered within the nucleus 
in the mediolateral dimension and equal to or just behind the anterior border 
of the red nucleus in the anteroposterior dimension, experienced a good clini-
cal outcome (6). At our center, the goal of MER and macrostimulation is to 
localize this region of the STN. Because the STN is visible at 1.5T using 
optimized MR sequences, a logical extension of this observation was to use 
real-time imaging instead of physiological mapping to place electrodes into 
the dorsolateral STN. No stereotactic frame or fiducial markers are required, 
no pre-operative targeting is performed, and no physiological mapping of any 
kind is undertaken.

This technique, referred to as iMRI DBS implantation, takes place with the 
patient entirely within the bore of a 1.5T Philips Intera MRI (Philips, Best, 
The Netherlands). The scanner is located in radiology, not in an OR, hence 
the use of the term interventional MRI as opposed to intra-operative MRI. 
The procedure requires the use of MR compatible titanium instruments and a 
custom MR compatible drill (The Anspach Effort, Inc., Palm Beach Gardens, 
FL). Unilateral or simultaneous bilateral implantations can be performed. The 
patient is first placed under general anesthesia. Once asleep, the head is fixed 
to the MR gantry using a carbon fiber head holder and flexible loop MR coils 
are positioned on either side of the head. The implantation technique requires 
that the patient not move between the time the final target is selected and the 
point at which the lead is implanted, so secure fixation of the head is required. 
The patient is then placed into the imaging center (isocenter) of the magnet 
bore, and a series of brief scans are obtained to choose an appropriate entry 
point and trajectory to the target region. Once the entry points are selected, 
the patient’s head is moved from isocenter to the far edge of the bore, where 
the scalp is prepared in the usual manner. A custom sterile drape sticks to the 
top of the head and extends outward to attach to the far end of the magnet, 
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providing a sterile field that moves with the head as it moves from the bore 
edge to isocenter during the procedure. An incision or incisions are made over 
the entry points, burr holes are created, and NexFrame towers are mounted 
over the burr holes. Bilateral simultaneous implants are performed with two 
separate NexFrame towers mounted at the same time. The dura is opened early 
in the procedure so that any early brain shift that may occur happens prior to 
target selection.

Once the NexFrames are mounted, an aiming device called an alignment 
stem is placed into the socket assembly. The saline-filled alignment stem has 
a sphere at the end closest to the brain and is engineered such that the center 
of the sphere sits at the “pivot point” of the NexFrame system, meaning that 
the sphere remains stationary regardless of where the NexFrame and upper 
portion of the alignment stem are aimed. When the patient is moved back to 
isocenter for high-resolution imaging, definitive target selection, and implan-
tation, the 3D coordinates for the center of the pivot point can be determined 
in MR space, which remains constant provided the patient is not moved. When 
the target is selected and its coordinates in MR space are also determined, the 
target and pivot point define a linear path, which is the trajectory to the target. 
It is then a simple matter of manipulating the alignment stem until it is in line 
with this trajectory. This is accomplished by using a rapid fluoroscopic MR 
acquisition through the distal portion of the alignment stem, perpendicular to 
the intended trajectory. The fluoroscopic sequence acquires images at several 
frames per second, allowing the surgeon to reach into the bore of the magnet 
and align the stem with the target while watching real-time images (Figure 5.6). 
The surgeon sees the actual position of the alignment stem and a mathemati-
cally calculated annotation of the target trajectory on a monitor in the MR suite 
and manipulates the NexFrame until the two are aligned.

Once aligned, the NexFrame is locked into position and a stylet with a 
plastic peel away sheath is passed to the target. Rapid MR sequences at right 
angles to the trajectory are obtained to confirm proper trajectory (Figure 5.7). 
Once the target has been reached, a high-resolution scan is used to confirm 
proper placement in the desired portion of the STN. In the vast majority 
of cases, only a single pass is required (4). Once proper placement is con-
firmed, the stylet is removed, leaving the peel away sheath in place. A 28-cm 
Medtronic DBS lead with a custom titanium stylet is then passed down the 
peel away sheath to the target, and the peel away is removed. A final confir-
mation scan is obtained, and the lead is anchored using the StimLock device. 
The end of the DBS lead is tucked underneath the scalp and the incision is 
closed. Pulse generator implantation takes place approximately 2 weeks later 
as an outpatient procedure.

The iMRI technique appears to have several advantages. It is time efficient 
in that no fiducials are placed, no pre-operative studies are required, and 
the overall time of the procedure is significantly shorter than a standard 
implantation. The patients do not have to be awake and Parkinson’s disease 
patients do not need to be off medications. The implantation can be done with 
one penetration of the brain, which may translate into a lower risk of hem-
orrhage although this remains to be seen. Finally, there is a high degree of 
confidence that the lead is placed in a favorable position at the end of the 
procedure. The disadvantages are that the technique requires facilities that 
allow interventional procedures to be done in a MR scanner and, at the present 
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Figure 5.6 A view of the iMRI DBS suite from the far end of the bore. The NexFrame™ 
mounted on the top of the patient’s head is visible inside the bore of the magnet. During 
alignment, the surgeon reaches into the bore to aim the device while watching real-time 
images on the monitors to the left. A sterile hood is worn to maintain sterility of the 
bore drape while reaching into the magnet

Figure 5.7 Screen shot from the iMRI console after alignment showing rapidly 
acquired, low-resolution images. The upper row of images show the saline-filled align-
ment stem with the pivot point in the burr hole. The NexFrame™ holding the alignment 
stem is plastic and not visible on MRI. The lower row of images show the stylet and 
peel away partially advanced toward the target; the patient has already had a contral-
ateral lead placed
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time, requires a significant amount of technical expertise from a MR physicist. 
It also requires a strong institutional commitment and radiology, anesthesia 
and OR personnel that are willing to work in a unique and sometimes adverse 
working environment. This technique has recently been adapted to implanta-
tion of the globus pallidus for the treatment of dystonia, and is currently being 
expanded to a second hospital using a different MR platform. In the STN DBS 
patients, a comparison of clinical outcomes to those following frame-based, 
microelectrode recorded implantations is currently underway.

Conclusions

In summary, viable alternatives to traditional frame-based DBS implantation 
now exist. While each technique has its advantages and disadvantages, all of 
these techniques appear to be safe and accurate. Frame-based implantations 
have an extensive track record and are a familiar and comfortable technique 
for many surgeons. The newer frameless techniques may be more time effi-
cient for many centers and may provide some increased comfort for patients. 
Frameless systems also lower the upfront costs for hospitals starting new 
DBS programs, as most of the components are disposable and  inexpensive 
 compared to the purchase of a stereotactic frame and other associated 
 components. Teams performing DBS implantation would be well served to 
explore these various options and employ whichever technique provides the 
greatest efficiency, consistency and comfort level for their particular team.

Acknowledgments: The author would like to thank Dr. Peter Konrad from 
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some of the figures used in this chapter.
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Abstract

Electrophysiological mapping is an integral part of any functional neurosurgi-
cal procedure for treatment of movement disorders. Mapping strategies vary 
greatly among different surgical centers, but can be broadly categorized into 
those relying solely on macrostimulation to determine the threshold for clinical 
effects, and those employing additional recordings of neuronal activity through 
micro- or semimicroelectrodes. Microelectrode recordings provide physiologi-
cal information about nuclear boundaries based on characteristic neuronal dis-
charge patterns and stimulus responsiveness. This information has the advantage 
of being independent from patient cooperation and can also be obtained under 
general anaesthesia. Microelectrode recordings also allow parallel or sequential 
explorations by several passes through the target structure to delineate the opti-
mal site for implantation, because they cause minimal microlesioning effects 
in contrast to larger macrostimulation probes. This chapter introduces the dif-
ferent techniques of electrophysiological mapping and discusses their risks and 
benefits for the three current targets of movement disorder surgery: the globus 
pallidus, ventrolateral thalamus, and subthalamic nucleus.

Keywords: deep brain stimulation, microelectrode recording, intra-operative 
stimulation, subthalamic nucleus, globus pallidus, VIM

Introduction

The history of microelectrode recordings in functional stereotactic neurosur-
gery began in October 1961, when Mme. Denise Albe-Fessard, a renowned 
neurophysiologist at the Marey Institute in Paris, adapted her animal recording 
equipment to the stereotactic frame of Prof. Gerard Guiot and began a series 
of experiments with him to explore the thalamus and basal ganglia of patients 
treated for Parkinson’s disease (PD; refs. 1 and 2). They were the first to 
demonstrate that typical neuronal discharge patterns and characteristic evoked 
responses allow the precise identification of subcortical target structures for 
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subsequent lesioning. This was a revolutionary discovery at a time when 
stereotactic surgery had to rely on indirect anatomical landmarks derived from 
pneumoencephalography and when stereotactic atlases were just beginning 
to emerge. Despite rapid progress in neuroimaging techniques, today intra-
operative microrecording is still an integral part of functional neurosurgical 
procedures in many centers. By monitoring online the physiological signal of 
the tissue surrounding the microelectrode tip, which can be advanced on a sub-
millimeter scale, one can identify nuclear boundaries with high precision. This 
spatial resolution is not achieved by radiological techniques. Microrecordings 
are usually combined with electrical stimulation as part of the intra-operative 
electrophysiological mapping procedure during lesional stereotaxy or the 
implantation of deep brain stimulation (DBS) electrodes.

The principle technique of extracellular recording has changed little 
over the past four decades. The renaissance of functional stereotaxy in the 
1990s with the reintroduction of pallidotomy for treating advanced PD, and 
later DBS, has triggered commercial interest in this diagnostic procedure 
and several companies now offer reliable and comfortable solutions for 
intra-operative neurophysiological monitoring in functional stereotaxy. 
Microrecordings are therefore no longer a complicated technique for neu-
rophysiologists who previously had to transfer their equipment and knowl-
edge from the animal laboratory to the operating room, but have evolved 
into a routine neurophysiological procedure, that can be learned and applied 
by clinicians.

Physiology

The recording of electrical brain activity began in 1875, when Richard Caton 
discovered that fluctuating currents could be recorded from within the brain (3). 
Since then, we’ve learned that neurons are capable of generating electrical 
signals that propagate along their length and influence other neurons by direct 
electrical contact through gap junctions or chemically via synaptic neurotrans-
mitter release. Neurons are organized into networks, in which their coordi-
nated activity mediates a large diversity of behaviors. Extracellular recordings 
made by placing an electrode into the brain to measure voltage fluctuations 
to an indifferent reference electrode allow monitoring of electrical activity at 
various levels of the neuronal network which depend on the location and prop-
erties of the recording electrode. Lower-impedance macroelectrodes record 
the activity of large populations of neurons, which results in EEG-like signals 
that most likely reflect the temporal summation of slow dendritic currents. The 
oscillations of the local field potential therefore represent the synchronized 
synaptic activity of the population of neurons in the local area surrounding 
the recording electrode. Fast sodium action potentials do not significantly 
contribute to this field recording because of the low-pass (capacitative) filter-
ing properties of the extracellular environment separating the recording elec-
trode and the cell. Functional exploration of subcortical structures by means 
of macroelectrode techniques began to complement conventional electrical 
stimulation in the late 1940s and was soon routinely performed by many 
stereotactic neurosurgeons worldwide. Nevertheless, the results of macroelec-
trode recordings were heterogeneous and somewhat disappointing, since the 
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relatively crude interpretation of the oscillatory signals allowed at best a rough 
differentiation between gray and white matter but not a precise delineation of 
the target structures. Recently, increased beta-oscillations have been described 
as a typical signature of local field potential recordings from the human basal 
ganglia in the parkinsonian state. Evidence suggests, that an increase in the 
power of beta-band activity may closely correlate with the macroelectrode 
entering the subthalamic nucleus (STN) in PD (4). In the near future, this may 
help to develop field potential recordings as a useful tool for the electrophysio-
logical guidance of electrode implantations.

By placing the tip of a high-impedance microelectrode less than a few 
hundred microns from a neuronal cell body one may register action potentials 
from a single cell. This is possible during an action potential in which a neuron 
transiently opens sodium channels allowing positively charged sodium ions 
to rush down the voltage gradient into the cell. A complex extracellular field 
potential builds up around the site of the largest membrane conductance and 
inactive parts of the cell membrane. The movement of ions into the cell creates 
a monophasic action potential in intracellular recordings. The correspond-
ing extracellular current leads to a transient change in voltage between the 
extracellular recording electrode and the distant reference electrode, which is 
apparent as a typical “spike” in a voltage-time diagram. In contrast to intracel-
lular recordings, extracellular spikes appear biphasic because the extracellular 
current flow is approximately proportional to the first derivative of the trans-
membrane potential over time.

The amplitude and shape of the extracellular spike further depends on a 
number of other factors, such as the geometry and size of the neuron, the dis-
tance and orientation of the recording electrode, and the summation of currents 
from simultaneously active neurons in the surrounding environment. Large 
cells with a soma diameter of 30 to 50 µm generate large extracellular spikes 
that can be traced over several hundred microns and “held” for relatively long 
recording periods. However, smaller cells that constitute the majority of neu-
rons in the central nervous system, generate amplitudes of less than 200 µV, 
which can only be detected in the presence of background noise, when the 
microelectrode tip is immediately adjacent to the cell without injuring it. Thus, 
microrecordings within the constraints of a clinical setting will be dominated 
by activity of larger and more stable neurons. This sampling bias needs to be 
considered in the scientific interpretation of these recordings. However, for 
the clinical purpose of microrecording, this is not a serious limitation, because 
characteristic features such as the level of background noise, the temporal pat-
tern of action potential firing or the density of these neuronal subsets, all help 
to identify the various structures reliably.

Despite their much smaller size one may occasionally record action 
potentials from axonal fibers rather than cell bodies. These axonal spikes 
are predominantly found within fiber bundles such as the pyramidal tract but 
may also be present within gray matter. Axonal spikes are typically triphasic 
(positive-negative-positive), but the negativity may be small depending on the 
position of the electrode tip, which often leads to the recording of a monophasic 
positive spike of short duration (< 1 millisecond). In contrast, spikes originat-
ing from the cell soma or axon hill are biphasic (either negative-positive or 
positive-negative depending on the cell type) and, with few exceptions, last 
more than 1 millisecond.
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Methods

In its simplest form, extracellular recording can be performed through a 
wire in the brain covered by insulation except for its very tip. Fluctuations 
in voltage between this wire and a reference electrode can then be measured. 
Because the fluctuations in the local field potential that occur in the brain 
are commonly less than a millivolt, the potential difference between the two 
electrodes must be amplified. The amplified signal is usually passed through 
a bandpass filter to remove biological and technical noise. Thereafter it can 
be displayed on an oscilloscope, played back as an audiosignal, or registered 
on tape recorders or PC-based recording systems. This setup is schematically 
summarized in Figure 6.1.

Microelectrodes

Microelectrodes are commercially available from several companies, which 
have been approved for medical use according to the requirements of the FDA 
or CE-mark (Conformité Européenne). Commonly used electrodes consist of 
a thin tungsten or platin-iridium wire, which is coated by Parylene-C. Several 
lengths and diameters of electrode tips are available resulting in typical 
impedances between 0.5 and 2 MOhm. To extend the electrode for deep brain 
recordings it is inserted into stainless steel tubing. The tip of the electrode is 
very fragile and must never be touched or struck by other instruments in the 
operating room. To avoid mechanical damage during sterilization and intra-
operative handling many electrodes are delivered with a protective tubing of 
the micro tip, which needs to be removed before recording.

An interesting alternative to conventional single core microelectrodes is the 
tetrode offered by Thomas Recording GmbH, Gießen, Germany. The tetrode 

Figure 6.1 Scheme of the equipment used for microelectrode recording and stimulation
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consists of four platinum-tungsten fibers, which are combined by glass coating 
into a single electrode with a diameter of only 100 µm. At the tip of the micro-
electrode three recording sites are concentrically arranged around a central 
contact at distances of approximately 30 µm. This geometrical arrangement 
allows better isolation of individual neurons. Depending on the distance of a 
neuron to each of the four tetrode recording sites a typical signature of ampli-
tude distributions can be found across the four channel recordings. With the 
use of appropriate postprocessing techniques such as multidimensional cluster 
analysis one may reliably identify the activity of up to 20 neurons in dense 
populations. This is especially attractive when microrecordings are performed 
for scientific purposes.

Electronic Equipment

In order to detect small neuronal signals in the presence of biological and 
technical noise, the principle of differential amplification is applied for 
microrecording. This method substracts remote electrical signals, most of 
which come from other electrical appliances in the operating room, which 
are equally picked up by the microelectrode and the reference electrode 
(“common mode rejection”). A number of additional technical solutions are 
available in commercial microrecording systems to improve the signal-to-
noise ratio of neural recordings. Nevertheless, technical noise, especially AC 
main line hum (50 Hz in Europe or 60 Hz in the United States) may pose a 
challenge to microrecordings in the standard operating room, which is not 
specially shielded. To reduce electrical noise both the patient and equipment 
need to be properly grounded. The best grounding scheme is a “star” ground 
system, where all the local grounds are connected together, typically to the 
ground of the differential amplifier. All electrical appliances in the operating 
room, which are not strictly necessary, should be switched off or placed as far 
as possible from the microelectrode. The extension of the microelectrode, the 
cable connections to the prestage amplifier and all other extension cables must 
be shielded. The most common reason for an impaired recording, however, is 
the microelectrode itself. If the tip is damaged, weak, or noisy no signals at 
all may be recorded and the microelectrode must be exchanged. Additional 
sources of noise in the clinical setting are mechanical vibrations of the stereo-
tactic frame induced by voluntary or involuntary (e.g., tremor) movements or 
speech of the patient.

After amplification the microrecording signal is bandpass filtered to 
improve the quality of the raw biological signal for postprocessing and 
graphical display. A stable baseline is obtained after high-pass filtering at 10 to 
300 Hz. Low-pass filtering may distort the spike shape and should be carefully 
applied, if postprocessing of the data is intended, such as single unit detec-
tion by template matching. The most common setting for single or multiunit 
recordings is a bandpass between 100–300 Hz and 10 kHz. To record changes 
in neural background noise (e.g., light evoked responses in the optic tract), the 
filter must be “opened” to include the lower frequency components.

In commercial microrecording systems the signal is digitally converted and 
displayed on the computer screen. Simultaneously, the analog signal is fed 
into an audio amplifier and played via loudspeakers or headphones to allow 
the detection of typical discharge patterns by ear. The optical and acoustical 
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recognition of characteristic neuronal signatures may be supplemented by 
online data analysis tools. A spike discriminator is used to distinguish the 
firing of an individual neuron from a group of simultaneously active cells 
and background noise. The output of the spike discriminator is a logic pulse 
each time the criteria for recognition of an individual spike are fulfilled. This 
signal can then be further processed to extract temporal features of neuronal 
firing, such as the mean firing rate, interspike interval histograms, burst 
statistics, and so forth. In its most simple form, the spike discriminator is 
based on a threshold trigger, where only spikes of a certain amplitude pass. 
The identification of single neuron activity using this approach is not very 
reliable as two or more neurons may be at a similar distance from the elec-
trode and therefore generate approximately equal spike amplitudes. In this 
case the spike rate would be overestimated. Other more advanced methods 
of spike sorting include template matching or statistical approaches such as 
principle component analysis, which take into account additional features 
of a spike. Although the processing power of current PC systems allows 
these techniques to be applied online, this is rarely useful in the operating 
room where time is limited and because statistical analysis cannot replace 
neurophysiological experience in recognizing the pattern of typical neuronal 
signatures by visual inspection of the raw signal traces and the audiosignal. 
The clinical interpretation of microrecordings in this respect is very similar 
to electromyography, where quantitative approaches at best supplement the 
global impression derived by audiomonitoring by an experienced clinical 
neurophysiologist.

Intra-operative Procedure

General Setup and Procedure (Figure 6.1)
Microrecordings require an adaptation to the stereotactic frame to hold and 
guide the microelectrode along the intended trajectory. A headstage allows 
one to adjust a single trajectory in the x and y direction for multiple sequential 
microelectrode passes. Alternatively, the “Ben-Gun” system (developed by 
Alim Benabid) may be used, which consists of four concentrically arranged 
openings around a central opening placed in a cylinder that can hold up to five 
microelectrodes simultaneously at a defined distance of 2 to 3 mm. The elec-
trodes are usually stabilized by guide tubes, which do not extend into the target 
area, and are advanced by a microdrive system. This may either be manually 
driven (micrometer screw, hydraulic microdrive) or operated by a remote con-
trolled precision engine. The mechanical guiding system, the microelectrodes, 
cabling, and headstage amplifier are assembled under sterile conditions. After 
insertion into the brain the shielded recording lead of the microelectrode is 
connected to one input of the differential amplifier, the reference electrode 
(often the inner guide tube) is attached to the second input, and the indifferent 
or patient common ground lead is clipped to the stereotactic frame or guide 
tube adaptor. Multiple grounding of the patients should be avoided to reduce 
noise induced by ground loops. To avoid cerebrospinal leakage and subsequent 
brain shift during prolonged monitoring sessions, the burr hole is often sealed 
by fibrin glue.

The main unit of the recording system is placed outside the sterile field and 
is operated by another member of the surgical team (neurosurgeon, neurologist, 
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or neurophysiologist) with training in microrecording. The microelectrodes 
are manually advanced to a defined distance from the anatomical target and 
then advanced by the microdrive to record from various levels along the trajec-
tory. Recordings normally start several millimeters above the target to register 
typical changes in the discharge pattern as the electrode transverses different 
anatomical structures.

While the neuronal resting pattern is used to identify the boundaries of 
the target structure, the patient should remain relaxed and silent during the 
recordings. Depending on the target, the recording of resting activity may be 
supplemented by testing the sensory or motor responsiveness of the recorded 
cells. Microrecordings are usually followed by electrical stimulation along the 
same trajectories to evaluate the amplitude threshold for stimulation- induced 
adverse effects and the degree of symptomatic improvement with high-
frequency stimulation in the awake patient.

Single- vs Multitrajectory Recording
A “neurophysiological map” of the target area requires multiple electrode 
passes. A single trajectory may help to determine the length by which the 
microelectrode transverses a given anatomical target. It does not, however, 
allow one to determine where within the medio-lateral and anterior-posterior 
extent of the nucleus the electrode has passed. Many North American cent-
ers prefer sequential microelectrode passes, in which the next location is 
planned according to the results of the previous trajectory. The recording 
is terminated when a sufficient number of trajectories have been explored 
to delineate the target area. An alternative to the single electrode approach 
is the Ben-Gun method (used predominantly in Europe), which allows one 
to advance and monitor up to five microelectrodes simultaneously. This 
arrangement has the advantage of preventing brain shift between subse-
quent electrode passes, which may disturb the mapping procedure and 
may, in some hands, be more time efficient than the single microelectrode 
approach.

Stimulation
Stimulation is mandatory before settling on a final location for the implan-
tation of the DBS electrode. In the awake patient, stimulation and clinical 
examination help to verify the intended clinical response. Even in the anes-
thetized patient, it is possible to evaluate the amplitude threshold for certain 
adverse effects of stimulation (e.g., muscular contraction due to current dif-
fusion into the pyramidal tract). To elicit a clinical response one has to use 
macrostimulation with currents in the milliampere range. Macrostimulation 
can be delivered in a number of different ways: through a dedicated electrode 
(often a radiofrequency lesioning probe), through the DBS electrode itself, 
through the low-impedance guide tube of the microelectrode or through the 
microelectrode itself. The latter approach is problematic, because passing a 
milliampere current through the high-impedance microelectrode leads to deg-
radation of the microelectrode tip and can theoretically exceed the safe charge 
density range for neural tissue. The use of larger diameter macroelectrodes, 
on the other hand, may produce a microlesioning effect, which may interfere 
with clinical testing.
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Macrostimulation is normally performed with the same pulse width and 
frequency as chronic DBS. It is practical to first establish the therapeutic 
window of stimulation by carefully raising current or voltage until adverse 
effects of stimulation are noted. Then the beneficial clinical effects of 
stimulation (reduction of rigidity, tremor, or bradykinesia) are evaluated. 
We use the same amplitude (1.5 mA) to compare efficacy at different 
sites and rate the degree of clinical improvement from baseline for each 
symptom on a semiquantitative scale. This allows us to determine the 
optimal site for the final electrode implantation from the ratio between 
beneficial and side effects. Typically, the site is chosen where the best 
clinical improvement can be observed at the lowest voltage/current and 
which offers the largest therapeutic width (i.e., voltage or current differ-
ences between the beneficial effects of stimulation and the development 
of side effects).

Anesthesia
The implantation of DBS leads is normally performed in the awake patient, 
because anesthesia precludes testing of the full clinical response to stimula-
tion. An exception is DBS in dystonic patients, who may not be able to lie in a 
supine position on the operating table during prolonged surgery and in whom 
severe dystonic spasms may interfere with the ability to discern dystonic 
movements from those caused by stimulation and invasion of the internal cap-
sule. Such dystonic movements may sometimes also cause frame dislocation 
or fracture of the frame fixation. Moreover, the clinical response to stimula-
tion is often delayed in dystonia and may require days or weeks of stimulation 
before one observes clear clinical benefit, and this renders the intra-operative 
evaluation of clinical efficacy unreliable as a predictor of the eventual postop-
erative response.

Neural spike activity has been recorded under general anesthesia with pro-
pofol from the pallidum of patients with dystonia (5, 6) and from the STN of 
patients with PD (7). The level of anesthesia, however, may affect the neural 
recordings (7). Deep anesthesia can entirely suppress spontaneous neural dis-
charges. In addition, there is currently an ongoing debate as to whether propo-
fol alters the firing frequency and discharge pattern of neurons (5, 6). Visual 
evoked potentials may be obtained under general anesthesia to map the optic 
tract (8). Although macrostimulation under anesthesia does not allow one to 
assess subjective side effects such as paresthesias or visual phosphenes, it is 
still useful to determine the threshold for capsular effects, although one must 
take into consideration that this threshold may be raised when the patient is 
under anesthesia.

So far only one small study has compared outcomes in patients with PD 
operated with and without general anesthesia. Maltete and colleagues (9) 
reported a slightly better clinical outcome in the group of patients oper-
ated when awake (73 vs 64% improvement in the off-period UPDRS motor 
score after surgery). Even without such comparative trials, the advantages 
of intra-operative testing during awake surgery are sufficiently obvious 
that one should use this option unless the condition of the patient (dys-
tonia, spine deformities, age, anxiety, or claustrophobia) requires general 
anesthesia (7).
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Target Specific Strategies of Electrophysiological Mapping

Subthalamic Nucleus (STN)

Microelectrode Recording (Figure 6.2)
The STN is an ideal target for identification by microelectrode recording, 
because it is largely surrounded by white matter. The abrupt increase in back-
ground noise and the appearance of large amplitude irregular or bursting spike 
activity cannot be missed, when the electrode tip is advanced into the STN 
from the surrounding white matter.

Recordings start typically 6 to 20 mm above the intended target, depending 
on local practices at each center. The recording pattern along the way to 
the STN depends on the obliquity of the planned trajectory. With a lateral 
approach, the electrode may miss the thalamus and advance through the 
corona radiata and internal capsule before entering the STN. We prefer 
a precoronal entry point approximately 3 to 4 cm lateral from the midline, 
which guides the trajectory at a safe distance along the wall of the lateral ven-
tricle through the head of the caudate (20–40 mm above the target). Starting 
at 10 mm above the intended STN target one may still find spontaneous burst 
discharges of neurons within the anterior thalamus (Voa nucleus) or tha-
lamic reticular formation. These neurons may show irregular low frequency 

Figure 6.2 Subthalamic nucleus (STN) and substantia nigra pars reticulata (SNr) 
present as a hypointense ovoid lateral to the red nucleus on a coronal T2-weighted 
MRI. The border between both structures is difficult to delineate despite high-resolution 
images. Examples of microrecordings at different depth along a single trajectory 
towards the anatomically predefined target (white circle) show the characteristic 
discharge pattern of zona incerta, white matter, STN, and SNr. STN activity could be 
recorded between 3.5 and 0.7 mm above the intended target. At the predefined target 
typical SNr units were found suggesting that it had been chosen too deep
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discharges between 1 and 20 Hz but more characteristically short rhythmic 
bursts of few (typically two to five) spikes (10, 11). Thalamic activity can 
extend for up to 6 to 7 mm above the STN target. After another 2 to 3 mm, 
during which low background activity with sparse low frequency and irregular 
spikes corresponding to neurons of the zona incerta are exhibited, the dorsal 
border of the STN is reached.

The STN has a high cellular density, which sometimes causes difficulties 
in isolating single unit activity. The entry into the STN is best identified by 
the steep (at least two- to threefold) increase in the amplitude of background 
noise. Single units typically exhibit an irregular or burst-like firing pattern 
with a mean frequency around 30 to 60 Hz (11–19). Tremor-locked burst-
ing activity at 4 to 6 Hz can be encountered within the dorsolateral region 
of the STN, where many cells are movement-responsive. The optimal target 
for the implantation of a DBS electrode corresponds to this “sensorimotor” 
region of the STN (20–26). Some groups routinely assess responsiveness to 
active or passive movements to identify the sensorimotor part of the STN. 
Approximately 20 to 40% of units in the dorsolateral region of the STN are 
driven by passive joint movements. The representation of movements within 
STN follows a gross somatotopic organization with leg-related cells localized 
more medial and ventral compared to arm-related cells (14, 27).

When the electrode is advanced further and reaches the ventral border of the 
STN, neuronal activity decreases again and the amplitude of background noise 
drops to the level of white matter (Figure 6.3). The electrode then traverses 
into the substantia nigra pars reticulata (SNr) at a variable distance of between 
0 and 3 mm. Typically, neurons in the SNr have a more tonic firing pattern, a 
smaller spike amplitude and a higher mean firing rate of around 50 to 70 Hz, 
compared to STN neurons (12, 14, 15, 17, 18). These characteristics and dif-
ferences in background noise level reliably identify the SNr, compared to neu-
roimaging where the border between STN and SNr can be difficult to delineate 
due to the similar contrast of both structures on T2-weighted MRI.

Figure 6.3 Computer screen shot of microelectrode recordings at different levels along 
a trajectory towards the subthalamic nucleus. Note the marked increase in background 
noise, when the microelectrode enters the STN 1 mm below the intended target point 
(TP). Typical STN signals are recorded over a distance of 2 mm until the electrode 
leaves the nucleus at 4 mm below the target point
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Stimulation
High-frequency stimulation within the dorsolateral STN should produce a 
marked reduction of contralateral parkinsonian symptoms within the therapeu-
tic range of 1 to 3 mA. Rigidity responds earliest to test stimulation and unlike 
bradykinesia does not depend on patient cooperation. Rest tremor is a very 
reliable indicator of stimulation effect but can fluctuate spontaneously. When 
present and continuous, it is considered a clinical sign well suited for monitoring 
the clinical response to test stimulation. A marked decrease in muscle tone is 
felt approximately 20 to 30 seconds after initiating stimulation with currents 
as low as 0-5-1 mA at optimal sites. Contralateral activating maneuvers such as 
finger tapping can be helpful to establish a stable baseline for clinical testing, 
especially if the patient had little rigidity before surgery or a microlesioning 
effect has already decreased contralateral signs.

Stimulation-induced dyskinesias are the only adverse effects that are 
acceptable at low threshold. They often resemble levodopa-induced peak-
dose dyskinesias that the patient has already experienced and indicate optimal 
placement of the electrode. Other adverse effects result from current spread 
to neighboring structures (28) and may indicate a misplaced electrode if they 
are encountered at low threshold. Stimulation of the pyramidal tract lateral to 
the STN evokes tetanic contractions, typically of hand or face muscles, and are 
located closest to the anterolateral STN border. Speech should be monitored 
carefully, because dysarthria can often be heard before stimulation of corti-
cobulbar fibers produces muscle contractions. Current spread posteriorly into 
the medial lemniscus produces paraesthesias, which usually habituate rapidly. 
Current diffusion medially causes oculomotor side effects due to stimulation 
of supranuclear oculomotor fibers. Eye signs can vary and may consist of dys-
conjugate contraversive gaze deviation, ipsilateral eye deviation, eyelid retrac-
tion, or mydriasis. Occasionally, contralateral eye deviations may be observed 
because part of the third nerve fibers, which run medial and ventral to the 
STN, cross at brainstem level. Conjugate gaze deviation provides less local-
izing information because it may result from medial current spread, lateral 
current spread into the internal capsule, or stimulation within the STN itself, 
which also contains an oculomotor region with saccade related neuronal activity 
(29, 30). Other non-localizing adverse effects are nausea, dizziness, or anxi-
ety. Autonomic symptoms such as flushing, ipsilateral sweating, or mydriasis 
are often encountered anterior or medial to the STN. Stimulation dorsal to the 
STN within the subthalamic white matter or zona incerta can reduce rigidity 
and tremor, but improves bradykinesia less and requires more current inten-
sity to achieve similar clinical benefits (26). Stimulation within the substantia 
nigra pars reticulata can worsen akinesia and inhibit the levodopa response, 
but this adverse effect is difficult to monitor intra-operatively.

Target Selection (Figure 6.4)
We typically encounter STN activity along two to three of the five parallel 
microelectrode trajectories. The track with the longest pass through the STN 
(4 mm or more) is the first to be probed by test stimulation at the target level. 
We first assess the threshold for adverse effects by carefully raising the cur-
rent until typical symptoms of current diffusion outside of the STN are noted. 
The type of stimulation induced adverse effects helps localize the position 
of the electrode relative to the STN (e.g., the observation of a dysconjugate 
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gaze deviation as the first symptom of current diffusion would indicate medial 
placement of the electrode). The amplitude threshold corresponds to the 
distance from the STN border. We consider adverse effects at a threshold of 
3 mA or more (60 µs pulse width and 130 Hz frequency) acceptable and do not 
test beyond 5 mA, because they usually lie outside the therapeutic range of a 
well-placed electrode. Next, we assess the clinical benefit by stimulating with 
a fixed amplitude (1.5 mA) and rating the improvement for comparison of dif-
ferent sites. Ideally, one should observe at least a 70 to 90% reduction of con-
tralateral rigidity with this stimulation setting. Depending on the results of the first 
test, one or several subsequent trajectories are also by stimulation explored. 
The target for implantation of the permanent DBS electrode is selected based 
on the best clinical improvement achieved and the threshold for inducing 
adverse effects above 3 mA. The quality and length of microrecordings is 
only exceptionally taken into account, if clinical testing is unreliable (e.g., in 
a confused patient or with a pronounced microlesioning effect). In experienced 
hands the entire electrophysiological mapping procedure requires approxi-
mately 30 minutes.

This or a similar approach is used by most DBS centers. Details may vary 
depending on the equipment and previous clinical experience. Some centers 
put more emphasis on identifying movement-related cells, others choose 
the longest pass with typical STN recordings for implantation of the DBS 
electrode and just stimulate to determine an acceptable threshold for adverse 
effects. Because clinical outcome depends on many factors other than just 
the electrophysiological mapping technique, it is impossible to objectively 
compare different approaches across groups. The criteria for implantation, 

Figure 6.4 It is not sufficient to determine the length of a single microrecording pass 
through the STN to obtain spatial information about the location within the nucleus, 
because two passes of equal length may localize to quite different regions of the STN 
(A). A useful map may only be reconstructed from multiple trajectories. This is schemati-
cally illustrated by a single and multiple trajectory “map” of the United Kingdom (B)
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however, can be analyzed within a single cohort of patients. Houeto and 
colleagues found no predictive value of the length of the STN microrecord-
ing path based on postoperative outcome (31). They also described a better 
correlation between stimulation induced dyskinesias and outcome than with 
intra-operative decreases in bradykinesia or rigidity. Not all patients, however, 
experience dyskinesias with stimulation and some may not be cooperative 
enough to assess bradykinesia. This emphasizes the importance of an indi-
vidualized approach, in which the available electrophysiological information 
is weighed depending on the clinical context.

Nucleus Ventrointermedius Thalami (VIM)

Microelectrode Recording
Thalamotomy for tremor targets the VIM nucleus of the ventrolateral thala-
mus where deep kinesthetic afferents, muscle spindle afferents, and cerebellar 
afferents converge. The VIM cannot be reliably distinguished from surround-
ing nuclei based on spontaneous discharge patterns but responses to active and 
passive movements may be helpful. With a typical double oblique (anterola-
teral) approach, the microelectrode traverses the dorsal parts of the ventroralis 
anterior and posterior nucleus (Voa/Vop), where mostly tonically active units 
are encountered with a mean discharge rate around 18 Hz in PD (32). These 
units can be driven by active movements (33, 34). The transition into VIM is 
characterized by increasingly frequent proprioceptive units, which respond 
to passive joint movements, tendon pressure, or muscle palpation (35). The 
posterior border of VIM is formed by the ventrocaudal nucleus (VC), which 
receives sensory afferents through the medial lemniscus. VC units respond to 
light touch in well defined cutaneous receptive fields. Voa/Vop, VIM, and VC 
contain individual somatotopic maps with the same mediolateral sequence of 
face, arm, and leg areas (36, 37). Evaluating the receptive field of individual 
neurons can therefore provide information on the laterality of the trajectory.

Previous reports have emphasized the presence of tremor cells within the 
target region for thalamotomy (38–41). However, rhythmic, tremor-locked 
neural activity can be encountered throughout the entire ventrolateral thalamic 
complex and does not provide reliable topographic information by itself (11). 
Moreover, during audiomonitoring tremor cells may be confused with periodic 
low-threshold calcium spike bursts, which have a similar frequency but repre-
sent a physiological property of thalamic neurons (11, 42).

Stimulation
Complete or near complete tremor suppression can be observed with currents 
as low as 0.5 mA. It may be necessary to evaluate rest tremor during provok-
ing maneuvers such as mental calculation or counting backward, to increase 
tremor amplitude and to overcome spontaneous fluctuations in severity. 
Postural and intention tremor are best assessed with the arms held in the “wing-
beating” position and during “finger-to-finger” pointing. Functional tests such 
as spiral drawing may be used to evaluate the impact of stimulation on fine 
motor skills. With lateral placements in VIM current spread to the pyramidal 
tract causes tetanic muscle contractions or dysarthria. Paraesthesias result 
from current diffusion into the posterior located ventrocaudal nucleus. When 
the electrode is within VIM at a safe distance to the VC, mild dysaesthesias 
may still be elicited by switching on stimulation, but should habituate rapidly 
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within seconds. Stimulation below the thalamus close to or within the medial 
lemniscus produces widespread dysaesthesias of the contralateral hemibody at 
low threshold. Within the subthalamic area, the tremor suppressing effect of 
stimulation has to be carefully balanced against stimulation-induced dysme-
tria, which is best observed during “finger-to-finger” pointing (43).

Target Selection
The usefulness of microrecordings in selecting the optimal target for thalamo-
tomy or thalamic DBS implantation is strongly debated. Many centers plan 
the trajectory anatomically and just apply macrostimulation to verify tremor 
suppression and the absence of intolerable side effects (44). In the literature, 
one cannot discern a difference in the outcomes reported by groups using or 
not using microelectrode recording. Electrophysiological mapping of the VIM 
may also be obsolete, because several recent reports document a better efficacy 
of DBS within the subthalamic area for severe postural and intention tremors 
(43, 45–48).

We use the five track-microelectrode holder for thalamic electrode implan-
tations, but only perform microrecordings to determine the ventral border of 
the ventrolateral thalamus. Our intended target lies 1 to 2 mm deeper within 
the subthalamic white matter (43). Stimulation is then performed to compare 
the amplitude threshold for (near) complete tremor suppression across the dif-
ferent electrodes. We carefully assess for stimulation-induced dysmetria and 
other stimulation-induced adverse effects. Often tremor suppression is found 
at equally low thresholds for two or more of the microelectrodes. The profile 
of side effects, however, may vary even between neighboring trajectories and 
determine the final site of implantation.

Internal Globus Pallidus (GPi)

Microelectrode Recording (Figure 6.5)
The motor region of the GPi is the target for DBS in dystonia and selected 
cases of PD. This region corresponds to the ventral and posterior portion of 
the GPi. The borders of this area are formed laterally by the lamina medullaris 

Figure 6.5 Examples of spontaneous neuronal discharges recorded from external glo-
bus pallidus (GPe), border regions, and internal globus pallidus (GPi) in a patient suf-
fering from Parkinson’s disease. Bursting activity (either “burster” or “pauser” neurons) 
are characteristic for GPe, while GPi neurons show high-frequency, tonic activity
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interna and the external globus pallidus (GPe), posteriorly and medially by 
the internal capsule, and ventrally by the ansa lenticularis and the optic tract. 
Anteriorly, the sensorimotor region merges with other nonmotor regions 
of the GPi and has no distinct border. For this reason, electrophysiological 
mapping normally aims at defining the lateral, medial, posterior, dorsal and 
ventral border of the GPi and identification of the internal capsule and the 
optic tract.

Depending on which distance from the target recordings are initiated, 
one can subsequently record from the caudate or putamen and GPe and GPi 
along a typical trajectory. Each region has its “signature” cell type (49, 50). 
Neurons of the caudate and putamen have a low-frequency (1–5 Hz) irregular 
firing pattern. The characteristic sounds from the audiomonitor accounts for 
calling these units “popcorn cells.” Frequently, striatal neurons may become 
active as the electrode is advanced, with neuronal activity gradually subsid-
ing over a few seconds. Passing through the lamina medullaris externa one 
can find tonically active (∼30 Hz) cells termed “border” cells. These types 
of units mark all borders around GPe and GPi and the laminae within the 
lentiform nucleus.

The firing pattern and frequency of neurons within the pallidal complex 
depends on the underlying disease and has to be discussed separately for 
PD and dystonia (51, 52). In the parkinsonian state, distinct unit activity can 
be found within GPe and GPi. The GPe contains two types of units: low-
frequency discharge bursting units (“burster cells”) and higher-frequency 
units that are tonically active with intermittent pauses of variable duration 
(“pauser cells”). The transition from GPe to GPi is marked by a drop of 
background activity and identification of border cells, when passing the 
lamina medullaris interna. In PD, neurons in the GPi have a characteristic 
tonic, high-frequency discharge pattern with a mean frequency around 70 to 
80 Hz (53–56). In dystonia, the activity of GPi neurons is more “GPe-like,” 
with lower frequency burst-like and irregular activity (52, 57–59). In our 
own analysis of 269 units recorded from the GPe and GPi during dystonia 
surgery, we have found a mean discharge rate of 19 ± 18 Hz in GPe and 
17 ± 14 Hz in GPi (Figure 6.6). A bursting-type discharge pattern was found 
in 69% of GPe neurons and 54% of GPi neurons, while the remaining units 
had an irregular or tonic pattern (60). The higher  proportion of bursting-
type activity in GPe was statically significant, but the large overlap does not 
allow one to reliably distinguish the GPi from GPe in dystonia patients.

By further advancing the microelectrode beyond the ventral GPi border, the 
optic tract can be reached within 2 to 4 mm. Flashing light into the patient’s 
eyes evokes fiber discharges that can be heard during audiomonitoring by a 
change in the amplitude and frequency of the background noise (57). For this 
purpose, the tip of the microelectrode has to be inside or within a range of 
several hundred micrometers of the optic tract. We do not recommend this 
procedure and stopped using it early in our series because the region below the 
GPi is highly vascularized and the sharp-tipped microelectrodes carry a risk of 
bleeding. We normally discontinue recordings when the drop in background 
activity and the presence of border cells indicate leaving the GPi. On the other 
hand, it continues to be common practice in many other centers to identify the 
optic tract.
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Stimulation
In PD, stimulation is performed to determine the threshold for clinical benefits 
and adverse effects. Similar to the STN target, marked reductions in muscle tone, 
improvements in bradykinesia and sometimes stimulation-induced dyskinesias 
are observed within the sensorimotor GPi although such changes do not appear 
to be as common with intra-operative GPi stimulation as STN stimulation and the 
absence of such changes may therefore not necessarily indicate poor electrode 
localization. Stimulation-induced muscle contractions and phosphenes help to 
delineate the distance to the internal capsule and optic tract. At higher amplitudes, 
stimulation may elicit nausea and dizziness, but these effects are non-localizing.

The clinical benefit of DBS cannot be assessed during dystonia surgery, 
because prolonged stimulation (days to weeks) is often required to induce 
visible improvements in dystonic movements or postures. Moreover, many 
dystonia patients with prominent involuntary movements are operated under 
general anesthesia, which also precludes testing the perception of phosphenes. 
The threshold for pyramidal tract responses, however, can be determined and 
helps to establish a safe distance to the internal capsule.

Target Selection
The goal of electrophysiological mapping in PD is to identify a long path 
through the sensorimotor GPi. Microrecordings help to define this path by the 
presence of typical high-frequency tonic units and their driving by active or 

Figure 6.6 The spontaneous activity of 269 single units was recorded from the exter-
nal (GPe) and internal (GPi) globus pallidus in 11 patients with generalized dystonia. 
The discharge pattern was classified based on the interspike interval histograms into 
bursting, burst-like bimodal, burst-like positively skewed, irregular, and tonic activity. 
Examples for each type of activity are shown on the left. We found more frequently 
bursting or burst-like activity in GPe and irregular or tonic activity in GPi, but the over-
lap was large and did not allow unequivocal identification of each pallidal segment
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passive movements. The lateral border of GPi is marked by a smaller excur-
sion through GPi and the presence of border cells. Even more laterally one 
would encounter only GPe unit activity. A safe distance to the internal capsule 
and optic tract is established by macrostimulation.

Mapping in dystonia is more difficult due to the overlapping neuronal 
signatures of GPe and GPi. We use five parallel microrecording trajectories 
and search for border cells and the drop in background activity marking the 
transition between both pallidal segments. Microrecordings are also helpful 
to define the ventral border of the GPi. We then carefully assess the stimula-
tion threshold for capsular responses by raising the current until contractions 
are first visible, typically in face or hand muscles. We consider a threshold of 
2.5 mA or more (120 µs pulse width, 130 Hz frequency) safe for implantation 
of the permanent DBS lead. To determine the final site of implantation we 
combine the a priori anatomical information from fast spin-echo inversion 
recovery MRI, which provides direct visualization of the GPi target and the 
optic tract, with the results of electrophysiological mapping. Our goal is to 
place the electrode immediately above or slightly medial to the optic tract 
within the most posterior aspect of the ventral GPi. The central trajectory of 
the Ben-Gun microelectrode holder is directed toward this anatomical target. 
If typical pallidal signals are recorded over a sufficiently long path with the 
medial or posterior electrode and the threshold of stimulation indicates a safe 
distance to the internal capsule, we may adjust the final implant site in either 
direction. If a low threshold for pyramidal tract responses is observed for the 
central trajectory, we normally move to the anterior electrode, which should 
increase the distance to the internal capsule. In our experience with 42 con-
secutive dystonia surgeries, the central trajectory was chosen for 64% of the 
DBS electrodes. The most common deviation from the central track occurred 
in the medial direction (20%), followed by the anterior direction (9%).

Benefits and Risks of Microrecording

Movement disorder surgery is not a life-saving procedure but rather aims at 
restoring quality of life in a disabled person. The requirements of safety and 
quality of outcome are special in such elective procedure. When a patient is 
selected for movement disorder surgery, he or she is willing to accept a certain 
inherent risk of the neurosurgical procedure. In return, the patient expects the 
neurosurgeon to take all necessary measures to guarantee the best possible 
treatment result in his or her individual case. The controversy about the use of 
microelectrode recordings during movement disorder surgery resides within 
this risk–benefit dilemma. The proponents of microelectrode recording believe 
that this technique is essential to secure an optimal placement of lesions or 
DBS electrodes, improves efficacy of the treatment, and reduces adverse effects 
related to misplacement (15, 56, 61–63). The most common arguments against 
microelectrode recording are safety aspects such as a potentially increased 
risk of bleeding or the lengthening of the surgical procedure. Unfortunately, 
there is little objective evidence to support either view. Unlike drugs, surgical 
techniques are difficult to evaluate in clinical trials. Microelectrode recordings 
can be performed in numerous ways. The interpretation of the data and the 
safety of the method may greatly depend on the quality of the instruments, the 
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experience of the surgical team and a multitude of other surgical aspects such 
as the method of stereotactic planning. Surgical techniques are not strictly 
standardized, they are shaped to the individual needs of a center and subjected 
to an individual learning curve.

In many discussions about the pros and cons of microelectrode record-
ings, we have been presented with literature-based comparisons of the 
clinical outcome of those groups performing microelectrode recordings to 
those not using them. They seem to indicate superior results for the STN 
or GPi target in centres using microelectrodes, when presented by propo-
nents of this technique (15, 56, 61–63). Interestingly, in an older study, 
Hariz and Fodstad (64) came to the opposite conclusion based on their 
critical review of the literature and found groups performing movement 
disorder surgery without microelectrode recordings to have an equivalent 
outcome but a lower rate of adverse effects. These contradictory results 
and conclusions simply indicate that a review of the literature is not a 
valid approach to the problem. The way of performing surgery in centers 
that are being compared may differ in many aspects other than the sim-
ple fact of using a microelectrode or not. Moreover, there is no common 
benchmark for evaluating clinical outcome. In PD, it may be necessary 
to relate the clinical improvement with stimulation alone to the best 
medication “on” state to evaluate the quality of the surgical procedure in 
each individual case and reduce the variability induced by differences in 
levodopa responsiveness (26). This information, however, is not always 
provided in the literature.

Theoretically, multiple brain penetrations should increase bleeding risk 
during microelectrode-guided interventions as compared to single trajec-
tory, macrostimulation-guided implantations. Gorgulho and colleagues (65) 
found in their own series of 248 functional stereotactic procedures at the 
University of California at Los Angeles a trend between the occurrence 
of hemorrhages and multiple microelectrode passes, but no overall differ-
ence in the incidence of intracranial hemorrhages with (2.9%) or without 
microelectrode recordings (1.4%, p = 0.65). Voges et al. (66) retrospectively 
analyzed serious surgical adverse events of DBS implantation in 1183 
patients from five German stereotactic centers. Intra-operative microelec-
trode-recording was applied in all centers but at different frequencies (two 
centers: < 50% of cases; two centers > 90% of cases; one center: all cases). 
No difference was found in the frequency of adverse events between the 
centers. The overall rate of asymptomatic intracranial hemorrhage was 
1.6% and the incidence of symptomatic bleeding was 1.3%. This data is 
within the incidence range (0.6–5.7%, average: 2.7%) taken from previ-
ously published larger single-center studies, which have reported on micro-
electrode-guided surgery in series of more than 50 patients (62, 67–71) and 
the rate of 1.2% in a group using macrostimulation only (72). In practical 
terms, microelectrode recordings are therefore unlikely to increase bleeding 
risk during movement disorder surgery beyond the generally accepted range 
of a 1 to 3% incidence of symptomatic hemorrhages for any functional 
stereotactic procedure.

Although no evidence from appropriately designed clinical trials exists, 
several practical arguments favor the use of microelectrode mapping during 
movement disorder surgery:
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1.  Modern neuroimaging techniques have substantially improved anatomical 
targeting in stereotactic neurosurgery. Nevertheless, the majority of neu-
rosurgeons acknowledge the need for additional physiological verification 
of the radiologically defined target. Besides the inherent uncertainty of 
landmark-based, stereotactic targeting, brain shift during the procedure or 
small deviations of the introduced probe with respect to the precalculated 
trajectory are factors that are difficult to otherwise account for. Such small 
deviations from the intended target, however, may be decisive for the post-
operative outcome. Therefore, movement disorders surgery is normally 
performed in awake patients and macrostimulation is considered the mini-
mal requirement to test for clinical benefit and possible side effects at the 
anatomically predefined target.

2.  Unfortunately, intra-operative clinical assessment during macrostimula-
tion is not an easy task, even for experienced neurologists. A number of 
problems may confound the evaluation of stimulation effects. A substantial 
number of patients become confused or drowsy during the procedure and 
cannot cooperate sufficiently during clinical testing. Symptoms and signs 
may fluctuate or may be masked by prolonged medication effects and one 
may not be able to provoke them at the time of testing. Most importantly, 
the microlesioning effect after inserting a stimulating probe often reduces 
or abolishes signs necessary for clinical testing. Unfortunately, the microle-
sioning effect is not necessarily predictive for an optimal probe placement. 
If one is fortunate enough not to encounter any of these problems one may 
later experience difficulty when the response to stimulation does not corre-
spond to the expected benefit. In such a case, the surgical team will have to 
decide whether to be satisfied with a moderate intra-operative improvement 
and stay with the anatomically predefined target or to extend surgery and 
explore an alternative trajectory for a better response. Multiple perforations 
with a macrostimulation probe, however, increase the risk of tissue damage 
and lead to a progressive microlesioning effect, which again impairs clini-
cal comparison of the different targets.

3.  Microelectrode recordings provide physiological information about nuclear 
boundaries that are independent from the cooperation of the patient. They 
can be performed under general anaesthesia, which is often necessary in 
patients with severe dystonia, who cannot easily be fixed in a stereotactic 
frame. The microlesioning effect is minimal when using microelectrodes. 
Therefore, several trajectories can be explored without compromising 
subsequent clinical testing during stimulation. Most centers using micro-
electrode recording in fact believe that several simultaneous or subsequent 
trajectories are essential to establish a physiological “map” of the target 
area that can be used to adjust the atlas based anatomy to the individual 
brain. Microrecordings are usually combined with stimulation either 
through the microelectrode itself or a microprobe, which is advanced to 
the target. Using the Ben-Gun method with five simultaneous parallel 
microelectrode trajectories, we often find very distinct clinical responses 
at stimulation sites that are only 2 mm apart. In our own experience, the 
central trajectory, which corresponds to the anatomically predefined target, 
is used for final implantation of the DBS electrode in only 60 to 70% of 
cases. The other implantation sites are equally distributed among the sur-
rounding trajectories. Our decision to implant at a particular trajectory is 
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based on the presence of typical cell discharges in neural recordings and 
the ratio of benefit to adverse events during stimulation. If one assumes 
intra-operative stimulation to be predictive for postoperative clinical out-
come, one must expect suboptimal electrode placement in approximately 
30 to 40% of cases when relying on anatomical targeting and electrophysi-
ological exploration of only a single trajectory. In a retrospective analysis 
of 50 pallidotomies, Guridi et al. (56) found an average deviation of 3 mm 
between the anatomically and physiologically defined target. In only 45% 
of the cases would an anatomically defined lesion have overlapped with the 
final lesion site. Tsao et al. (73) concluded from their series that in only 13 
of 25 pallidotomies the lesion would have been confined to the GPi based 
on anatomical targeting. Finally, Alterman et al. (61) described a change 
from the initial anatomical target in 98% of their pallidotomies based on 
microelectrode recordings with a deviation by more than 4 mm in 12% of 
the cases. Even for the smaller STN, the mean deviation between anatomi-
cally defined target and physiologically defined target may differ between 
1.5 and 2.6 mm (63). Amirnov and colleagues (62) modified the predicted 
target in 58% of their STN implantation based on microelectrode record-
ings. Although these studies do not answer the ultimate question whether 
microelectrode recording improves clinical outcome, they demonstrate at 
the very least the uncertainty of anatomical targeting and of a “single tra-
jectory approach.”

In summary, we believe that physiological mapping of the target area using 
multiple microelectrode trajectories helps to improve the accuracy of electrode or 
lesion placement in movement disorder surgery without significantly increasing 
risk. The additional time required for microelectrode recording during surgery is 
well invested, given the amount of time one has to spend for postoperative adjust-
ments of DBS parameters in patients with suboptimal electrode placement (74).
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Abstract

A number of recent publications have reviewed complications of deep brain 
stimulation (DBS) implantation (1–11). A summary of the author’s peri-operative 
and device-related complications using Medtronic DBS hardware is provided in 
Table 7.1. This is based on a series of 637 new DBS leads in 358 patients implanted 
by a single surgeon (PAS). Procedures were performed with frame-based stere-
otaxy using MRI and microelectrode recording (MER). The total incidence of 
unexpected returns to the operating room for management of a complication was 
59 surgical cases in 50 of the 358 operated patients, or 14%. Most of these re-
operations were on the subcutaneous rather than intracranial parts of the hardware. 
The risk of requiring further intracranial surgery to replace a broken, misplaced, 
or infected lead was 5.9% per patient. This chapter provides a description of our 
current methods for complication avoidance and management.

Keywords: deep brain stimulation (DBS), surgical complications, hardware 
complications, stereotaxy, brain hemorrhage, infection

Stroke

Stroke is the most serious potential complication of movement disorders 
 surgery. Stroke is defined as a new neurologic deficit of vascular origin, 
 lasting longer than 24 hours. Using this definition, the incidence of stroke 
in our series was nine cases, or 1.5% per lead and 2.5% per patient. Eight 
of the nine strokes were hemorrhagic strokes, and of these, three were likely 
venous  infarctions based on the CT appearance (Figure 7.1). Four patients 
(1.1%) had a permanent neurologic deficit. Table 7.2 provides details of 
presumed  etiologic factors and outcomes. The rate of stroke with permanent 
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Table 7.1 Complications in 637 DBS implants in 358 patients implanted 
1998–2006. The mean  follow-up time was 54 months.

 No. of  No. of Implanted Patients 
Complication occurrences patients‡ leads (%) (%)

Hemorrhagic stroke (arterial or  8 8 1.3 2.2
venous) Ischemic stroke  1 1 0.2 0.3
(capsular infarction)

Asymptomatic hemorrhage* 15 15 2.4 4.2
Stroke with permanent  4 4 0.6 1.1

neurologic deficit
Chronic subdural hematoma 1 1 0.2 0.3
DBS lead fracture 5 4 1.4 1.1
Lead extender fracture 3 3 0.5 0.8
Poor initial lead position resulting  11 10 1.7 2.8

in re-operation
Lead migration resulting in  2 2 0.3 0.6
 re-operation 
Infection requiring removal 8 8 1.6† 2.2
 of IPG and lead extender,
 and IV antibiotics
Infection requiring removal of all  7 7 1.6† 2.0

hardware including brain leads
Return to operating room for other  22 19 3.5 5.3

exploration/repair of sub-
cutaneous hardware^

Infection requiring IV antibiotics  2 2 0.3 0.6
without hardware removal 
(both at frontal incision)

Major air embolus  3 3 0.5 0.8
(prolonging the procedure 
or requiring its abandonment)

Intra-operative seizure (focal) 1 1 0.2 0.3
Postoperative seizures 4 4 0.6 1.4
Tense cerebrospinal fluid  2 2 0.3 0.6

collection around IPG, 
not surgically treated

Postoperative aspiration  3 3 0.5 0.8
pneumonia

Suicide attempt or psychiatric  4 4 0.6 1.1
hospitalization within 
6 months of surgery

TOTAL UNPLANNED  26 21 4.1 5.9
INTRACRANIAL 
RE-OPERATIONS

TOTAL UNPLANNED  59 50 9.3 14.0
RE-OPERATIONS

‡ The number of occurrences is greater than the number of patients affected for certain types of 
complications becuase there were multiple occurrences in on patient.
† To calculate a “per lead implant” infection rate, an infection involving a dual-channel IPG 
(Kinetra) was counted as affecting two leads, while an infection of a single-channel IPG was 
counted as affecting one lead.
* Threshold of detection was volume > 0.2 cc.
^ Problems included: sterile seroma around IPG, N = 2; hematoma around IPG, N = 1; hardware 
disconnection, N = 3; failure of wound to heal, N = 1; IPG malfunction, N = 1; elective reposition-
ing of connector from cervical to cranial position, N = 8; lead extender replacement to address 
patient discomfort, N = 2; connector or IPG repositioning for threatened erosion, N = 3; repair 
DBS anchoring system, N = 1.
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Figure 7.1 Axial CT scan of a 75-year-old patient 10 hours after placement of bilateral 
subthalamic nucleus deep brain stimulators, showing an apparent venous infarction. 
The patient initially had no postoperative deficits, then evolved an aphasia, prompting 
urgent CT. No cortical veins were transgressed during the procedure, but significant 
intracranial air entry and a state of dehydration may have triggered a vein thrombosis

deficit in other large published series (>100 patients) has ranged from 0 (7) 
to 2.8% (12).

Ischemic infarction is very infrequent following DBS surgery, occurring 
only once in our series. In contrast, delayed ischemic capsular infarction has 
been well described following pallidotomy (13, 14), and is probably a more 
frequent complication of stereotactic lesioning surgery than of DBS.

Asymptomatic hemorrhage is more common than symptomatic hemorrhage, 
but is only detected if postoperative imaging is performed systematically. Our 
rate of asymptomatic hemorrhage, detected on routine postoperative MRI was 
2.4% per lead. Most of the asymptomatic hematomas occurred subcortically, 
25 to 35 mm superior to the target, corresponding to the location where the 
guide tube for the microelectrode terminated.

Avoidance of Stroke

We recommend the following measures to reduce the incidence of stroke, both 
arterial and venous:

1. Maintain systolic pressure under 140 and mean arterial pressure (MAP) 
under 90. In any patient with pre-existing hypertension, place an arterial 
line and control blood pressure with a continuous intravenous drip.

2. Utilize a stereotactic surgical planning software package to plan the trajec-
tory to the desired target that avoids MR- or CT-visible blood vessels, sulci, 
and ventricles. Use contrast-enhanced images to visualize venous structures.
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3. Avoid damage to or coagulation of venous structures.
4. Because dehydration is a risk factor for venous infarction, patients should 

be adequately hydrated. We hydrate with 1 L of intravenous crystalloid at 
the beginning of the case, subsequent to Foley catheter insertion.

5. Avoid entry of large amounts of intracranial air, because this may  precipitate 
subdural hematoma or venous infarction. Subdural spaces should be filled 
with saline irrigation and sealed with gelfoam when instruments are not 
being passed.

6. During pallidal surgery, avoid passing instruments deep to the optic tract 
(OT), into the choroidal fissure. Currently, if we do not locate OT within 
2 mm of the base of pallidum during MER, we do not continue more 
inferiorly.

7. Any Valsalva maneuver during or immediately after surgery carries a risk 
of hemorrhage. If a patient has an upper respiratory infection or any other 
reversible source of coughing, surgery should be postponed. If the patients 
has uncontrolled coughing or sneezing during awake surgery, consider 
sedating the patient or aborting the case.

Table 7.2 Hemorrhagic stroke in 358 patients undergoing frame-based DBS 
electrode implants:  presumed precipitating factors.

Description of 
stroke

Surgical 
target

Time of 
occurrence

Presumed etiologic 
factors Outcome

Rapidly evolving 
large basal 
ganglia 
hematoma

Gpi Intra-operative Crossing choroidal 
fissure during 
microelectrode 
recording, 
lateral to optic 
tract

Permanent 
hemiparesis

Frontal venous 
infarction

GPi Intra-operative Coagulation of a 
bridging vein

Permanent 
hemiparesis, 
aspiration 
pneumonia, 
death at 3 
months 
post-surgery

Frontal venous 
infarction

GPi 2 days 
post-surgery

Coagulation of a 
bridging vein

Full recovery

Thalamic 
hematoma

STN 3 days 
post-surgery

Fit of severe 
coughing 
associated 
with a URI

Permanent 
worsening 
of gait and 
balance

Capsular 
hematoma

STN Intra-operative Rapid withdrawal 
of a microelectrode

Full recovery

Capsular 
hematoma

STN Intra-operative Unknown Full recovery

Frontal venous 
infarction

STN 10 hours 
post-surgery

Dehydration, large 
amount of 
intracranial 
air entry

Permanent 
speech 
impairment

Putamiminal/cap-
sular hematoma

GPi Intra-operative Microelectrode map-
ping

Full recovery

GPi, globus pallidus internus; STN, subthalamic nucleus; URI, upper respiratory infection.
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8. Avoid rapid insertion or withdrawal (> 0.5 mm/second) of instruments into 
or out of the brain.

9. During and at the end of the procedure, cover the cortical entry with 
 gelfoam and fibrin glue to avoid subdural blood accumulation.

Management of Stroke

If a new neurologic deficit occur during the procedure, surgery should be stopped 
immediately. The anesthesiologists are asked to redouble efforts at blood pressure 
control and ensure appropriate oxygenation. All instruments should be removed 
from the brain and the cortex inspected. If no surface bleeding is seen and no 
bleeding is seen from the cortical entry, the scalp should be rapidly closed, the 
headframe removed, and the patient is taken for a head CT scan.

During surgery, there may be more subtle signs of an intraparenchymal 
hemorrhage that is initially asymptomatic and may remain so depending on 
its final size and location. When we have observed blood coming from the 
 subcortical guide tube after withdrawal of a stylet or microelectrode, a small 
hematoma is almost always observed on postoperative imaging at a depth 
corresponding to the termination of the guide tube. During MER, if a sig-
nificant region of electrical silence is observed at a depth where neuronal 
tissue is predicted based on prior adjacent MER tracks, the cause may be a 
small hematoma. If either of these signs of potential hematoma formation is 
observed, we halt the procedure, closely observe the patient for subtle new 
neurologic deficit, while reconfirming strict blood pressure control. If no deficit 
occurs in 5 to 10 minutes, we proceed with surgery.

Air Embolus

Transvenous air embolism is relatively frequent in DBS surgery, due mainly 
to patient positioning (head elevated above heart level). In addition, DBS is 
often performed on awake patients who are more likely to generate negative 
venous pressures during spontaneous respiration, compared with anesthetized 
patients under positive pressure ventilation. A significant air embolus may 
prolong a case, necessitate aborting the case or, if not promptly recognized 
by the surgeon and anesthesiologist, could prove fatal. Air embolism occurs 
most frequently during drilling of the bone or opening the dura. In the awake 
patient, its initial manifestation is usually coughing, followed by a decrease 
in end tidal C02. Hypoxia and a cardiac murmur may ensue if the problem is 
not promptly corrected.

Steps to Prevent Air Embolism

1. Adequately hydrate the patient pre-operatively and intra-operatively.
2. Wax all bone edges (even if they are not bleeding).
3. Avoid entry into dural venous sinuses.

Management of Air Embolism

1. Lower the head of the bed.
2. Flood the surgical field with saline.
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3. Auscultate the heart.
4. If symptoms are ongoing or a cardiac murmur appears, compress the 

 jugular veins and close the incision.

Infection

A serious infection is defined as one that requires a return to the  operating room 
for removal of all or part of the DBS hardware. The incidence of serious  infection 
in our series was 15 cases, or 3.2% per lead and 4.2% per patient (Table 7.1). 
All of these infections have occurred subcutaneously, starting at the lead 
extender or the implanted pulse generator (IPG). The  offending  organism was 
Staphylococcus aureus in the majority of cases. Using  traditional stereotaxy 
in a regular operating room, we have had no infections in the brain, and in fact 
cerebral abscess or cerebritis complicating DBS is only rarely reported (15, 16). 
In our experience, infections at the frontal  incision did not occur. It has been 
reported that linear incisions that directly cross the hardware anchoring site 
are associated with an increased risk of infection at the burr hole site (11). 
When electrodes are implanted in an interventional MRI setting outside of a 
standard operating room, the incidence of intracranial infection may be higher 
(17). Externalizing the electrodes for a period of postoperative testing, prior to 
permanent internalization, probably increases the risk of infection (11).

Most of our infections presented with some combination of swelling, 
 redness, pain, or drainage over the connector of the lead extender, or over the 
IPG. Of 15 infections, 13 presented within 1 to 8 weeks of surgery, although 
two presented as stitch abscess over an anchoring suture on the connector, 
4 months and 2 years after implantation.

Infection Avoidance

Our approach to avoidance of infection, in addition to meticulous attention to 
sterile technique follows:

1. Patients are instructed to shower the night pre-operatively using chlorhexi-
dine scrub on the surgical sites.

2. Pre-operative prophylaxis with an anti-staphylococcal cephalosporin in the 
hour prior to skin incision, followed by a second dose given 3 hours later.

3. Shaving is done immediately prior to surgery with clippers rather than a 
razor.

4. Surgeons double glove for all procedures.
5. Cranial incisions are curvilinear rather than straight so as to avoid crossing 

the lead anchoring device.
6. Utilization of the lowest-profile hardware available, with recessing of larger 

components into a drilled bone trough in patients with thin skin.
7. Implants are removed from the sterile inner container by the implanting 

surgeon and placed directly from the box into the patient, with no other 
individuals handling the implants.

8. Where permanent anchoring sutures are used on the lead extenders or IPG, 
these are placed into deep fascial layers rather than more superficially in the 
dermis.

9. The IPG is placed directly onto the well-vascularized pectoralis fascia rather 
than into subcutaneous fat more superficially.
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10. Surgery is performed efficiently to reduce operative time.
11. Copious irrigation of all incisions with bacitracin solution prior to closure.
12. Temporary externalization of the lead for postoperative testing is avoided.

Infection Management

The management of hardware infections has not been standardized. Several 
groups have reported that infections of any part of the device were ultimately 
treated with removal of all hardware in most cases, despite initial attempts 
at more localized treatment (5, 11, 18). Successful management of an unam-
biguous, culture-documented infection with intravenous antibiotics alone has 
been reported by Temel et al. (19) in two of four DBS device infections, but 
 successful nonoperative treatment of infections in direct contact with hardware 
has not been widely replicated on other series, and cannot be recommended 
(20). We and others have had success with a lead-sparing partial hardware 
removal approach in selected cases where infection presents early and is 
localized to one hardware component (10, 16, 19). Our infection management 
algorithm follows:

1. For superficial infections at incision sites where hardware does not appear 
to be in direct contact with pus or necrotic tissue, the patient is treated 
with oral antibiotics and local wound care without hardware removal, and 
followed weekly with clinical examination until wounds are completely 
healed.

2. For infections where the lead extender or IPG are in direct contact with 
pus or necrotic tissue, the affected components are removed immediately 
on presentation, and the patient is treated with the appropriate IV antibi-
otics. If a localized infection around the pulse generator or lead extender 
is discovered early in its course, prompt removal of the IPG and lead 
extender alone, with sparing of the brain electrodes, has been successful 
in 70% of cases where this was attempted in our series.

3. When there is infection in direct contact with the brain lead or an infection 
along the extender or IPG showing extensive surrounding cellulites, we 
remove all DBS hardware on presentation.

4. Following partial or complete hardware removal, we wait at least 2 months 
following the completion of antibiotic therapy to re-implant devices.

Sterile Fluid Collections

Four of our patients have presented within 1 month post-surgery with tense 
swellings around the IPG, which were fluctuant but painless and without red-
ness or warmth. Surgical exploration of one of these revealed a sterile clear 
fluid collection consistent with cerebrospinal fluid (CSF). This appears to 
occur more frequently with burr hole-based anchoring methods that are not 
watertight (such as the Medtronic Stim-lock system), as CSF can “wick” along 
the hardware to accumulate in the pectoral cavity. Sealing the burr hole with 
gelfoam and fibrin glue prior to closure has reduced the incidence of these 
sterile collections. If a swelling around an IPG is not red, tender, or warm, 
and the incision is healing well, our practice is to observe it. Sterile fluid 
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collections typically resolve spontaneously, or with application of a pressure 
dressing to the chest.

Misplaced Electrodes

Utilizing current surgical techniques, even experienced stereotactic surgeons 
occasionally find that an electrode is misplaced. An example of a misplaced 
subthalamic nucleus (STN) electrode, and its subsequent proper positioning, is 
shown in Figure 7.2. At this time, there are no clear guidelines for what con-
stitutes acceptable lead locations for movement disorders, other than that the 
electrode should be in a position to affect the motor territories of the relevant 
nuclei: the dorsolateral STN, posterolateral internal pallidum, or ventrolateral 
thalamus. Radiographically, we consider an electrode malpositioned if it is more 
than 2 mm from the intended location in the relevant axial plane on postoperative 
MRI. Clinically, an electrode may be considered malpositioned if it is radio-
graphically well positioned, but fails to provide the expected clinical benefit 
despite multiple programming attempts, and/or produces simulation-induced 
side effects at thresholds low enough to interfere with clinical use. If an electrode 
is malpositioned on clinical grounds, we perform stereotactic insertion of a new 
lead under fluoroscopy, using the initial, malpositioned lead as an internal refer-
ence marker. MER is not used in this setting. MER is very difficult to interpret 
if a nearby lead has just been removed, because the resulting tissue edema alters 
neuronal discharge characteristics. In our series, 1.7% of implanted electrodes 
were ultimately replaced due to poor initial position (Table 7.1).

Figure 7.2 Axial T1-weighted MRI scan of bilateral STN DBS leads showing 
(A) a poorly positioned right STN DBS electrode and (B) the same patient following 
stereotactic repositioning of the right electrode. The center of the round signal void 
is considered to represent the location of the lead (black arrows). The imaging plane 
is 4 mm inferior to the intercommissural line. (A) The initial right lead shown could 
be programmed to provide some motor benefit, but was associated with stimulation-
induced mood depression. (B) The repositioned right lead provided improved motor 
benefits and was not associated with mood depression
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Long-term Hardware-Related Complications

In a long-term longitudinal analysis by Oh et al. (5), the risk of having a hardware-
related complication was 8.4% per lead implant per year. The major hardware 
complications are those associated with lead fracture, lead migration, and device 
erosion. Our experience with these complications is detailed in Table 7.1.

Lead Fractures

Our series includes five lead fractures, two in the neck associated with a low 
lying lead extenders (occurring 10 months post-surgery), one under a titanium 
miniplate used to anchor the DBS electrode (occurring 2 years post-surgery), 
and two near the lead extender junction in the parietal area in a patient with 
very severe cervical dystonia, within a few months of surgery (Figure 7.3). The 
Medtronic models 3387 and 3389 may be relatively sensitive to motion-induced 
fracture because of the helical coiling of the wires. Other types of DBS elec-
trodes now undergoing clinical testing may be less susceptible to this problem.

Measures to Avoid Lead Fractures With Medtronic 
DBS Electrodes

Place the proximal part of the lead extender (the connector) under the scalp, 
not in the cervical area where mobility at the junction between the lead and 
the connector predisposes to fracture. In most patients, we place the connector 
posterior and slightly superior to the pinna of the ear. In patients with severe 
cervical dystonia with a strong phasic component, we now place the  connection 
to the lead extender even more superiorly, at the vertex of the scalp. This reduces 
transmission of severe cervical spasms to the lead, which can occur with low 
parieto-occipital placement of the proximal lead extender (Figure 7.3).

1.  Anchor the lead extender connector under the scalp, either using a silk 
suture to the underlying fascia, or by drilling a small trough in the skull to 
recess the connector.

Figure 7.3 Lateral skull X-ray showing a lead fracture near the junction of the lead 
with the lead extender (black arrow). The patient is 18 years old with severe juvenile-
onset idiopathic generalized dystonia, involving violent neck spasms that generated 
motion at the distal lead, in spite of positioning the lead extender over skull. At lead 
replacement, the connection with the lead extender was placed over the skull vertex
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2.  If a patient is noted on follow-up to have a connector in the cervical area, 
either from migration or improper initial placement, we offer elective repo-
sitioning to a more rostral level to reduce the risk of delayed fracture. This 
usually requires re-tunneling of the connector from a parietal incision.

3.  Although we initially used titanium miniplates to anchor DBS leads, we 
have abandoned this method due to the observation by ourselves and  others 
of delayed fractures under the edge of the plate.

Management of Lead Fractures

To replace a fractured lead, we perform a new stereotactic procedure, and 
use fluoroscopy to visualize the initial lead and confirm placement of a 
new one at the same site. MER is not used. It may be possible to slide a 
new lead “freehand” down the prior gliotic lead track, after visualizing the 
initial lead on fluoroscopy and removing it, but we do not have experience 
with this.

Lead Migration

We have observed delayed lead migration in two early cases where the lead 
was anchored only with methylmethacrylate. Migration has not been observed 
following use of a titanium miniplate (approximately 100 leads) or use of the 
Medtronic Stim-lock burr hole cap (∼500 leads). The most important steps to 
avoid delayed lead migration are:

1. Do not depend on methylmethacrylate alone to anchor the lead.
2.  Leave redundant coils of lead under the frontoparietal scalp so that tension 

on the lead extender is not transmitted directly to the lead at its anchor point. 
Some redundant coils are normally necessary if the connector is placed 
under the parietal scalp and a 28 or 40 cm DBS leads are used.

Normally, a lead migration will require a new stereotactic procedure to re-insert 
the lead.

Hardware Erosion

Erosion of the skin over part of the device can occur insidiously and will never 
be completely eliminated with current DBS device designs. The following can 
help minimize the long-term erosion risk.

1.  Use the lowest-profile hardware available. With regard to the Medtronic 
DBS system, avoid the original Medtronic burr hole cap as this has a profile 
that is both high and sharp, and avoid the use of the older Medtronic high-
profile connectors in favor of the low profile connector.

2.  In patients with thin scalps, drill a trough in the skull to recess the lead 
anchoring devices and the connector.

3.  At the level of the pulse generator, any excess lead extender wire should be 
coiled underneath the IPG rather than above it.

4.  An impending erosion may sometimes be prevented by prophylactic sur-
gery. If, on a follow-up visit, the skin over the lead extender connector is 
noted to be very thin and avascular, we electively reposition the connector 
to a new location where a trough is drilled in the parietal bone.
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Management of Hardware Erosion

If erosion has just occurred, transposition without device removal may be 
attempted, but the most definitive treatment is to remove the part of the device 
that has eroded and replace it later after the skin has completely healed. If an 
erosion of a pulse generator occurs in a very thin individual, we replace the 
IPG in the abdomen rather than the chest.

Rare but Spectacular Complications of DBS

Inadvertant Thermal Lesioning

Inadvertent thermal lesioning around a DBS electrode has been reported  following 
cardioversion (21), diathermy (22), and MRI using a body transmit coil (23). 
Diathermy is a treatment of undocumented utility that involves the application of 
rapidly alternating electromagnetic current to produce “deep tissue heating.” When 
applied near a DBS device, large radiofrequency lesions around the DBS contacts 
in the brain may occur which produce permanent brain damage. Exposure to dia-
thermy is absolutely contraindicated in patients with deep brain electrodes.

MRI must be used with caution, following the manufacturer’s guidelines, 
in the setting of implanted DBS devices. One permanent thermal brain injury 
due to MRI in a patient with deep brain stimulators has been reported. This 
occurred during a lumbar spine MRI in a 1.0 Tesla unit, using a body transmit 
coil, in a patient with a pulse generator in the abdomen and a long lead 
extender (23). Brain MRI is thought to be safe if performed at 1.5T using a 
transmit-receive head coil and protocols with low specific absorption rate. 
However, with currently available DBS devices, body MRI is contraindicated, 
as is brain MRI if not performed within the manufacturer’s specifications.

Electrolysis and Gas Production

Normally the current transmitted through a DBS contact is alternating current 
so that there is no net charge build-up on a contact. Malfunction of a pulse 
generator so as to produce a net direct current may result in electrolysis and the 
production of an intraparenchymal gas bubble presenting as an expanding mass 
lesion. This has been reported in the context of a malfunction of an external 
pulse generator that was used for several days of testing through an externalized 
lead (24). The authors recommended that the duration of external test stimulation, 
if done at all, should be kept to a minimum.

Damage to Lead or Lead Extender due to Patient 
Manipulation of the IPG

If the IPG is not sutured to the underlying pectoralis fascia, it may be possible 
for the patient to manually rotate the device within its subcutaneous pocket. 
One of our patients presented with a short circuit between three contacts of 
the DBS lead, and a new protuberance under the parietal scalp immediately 
superior to the connector of the lead extender. An X-ray showed a highly unu-
sual coiling of the distal lead near its insertion into the connector. At surgical 
exploration, extensive twisting of both the lead extender and the lead were 
found, apparently due to the patient’s repeated rotation of the IPG under the 
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skin. This so-called “Twiddler’s syndrome” has been well documented in the 
literature on cardiac pacemakers (25).

Postoperative Cognitive Decline in Patients 
With Parkinson’s Disease (PD)

Even in the absence of stroke or other neurological complications, patients 
with advanced PD may be at risk for permanent cognitive decline following 
bilateral STN DBS (26–28). The presence of significant cognitive impair-
ment pre-operatively or advanced age increase the risk of this complication 
(26). It is not yet clear if unilateral STN DBS or bilateral globus pallidus 
internus (GPi) DBS carry the same risk. Our current measures to avoid this 
complication are:

1. PD patients with significant cognitive dysfunction (Mini Mental Status 
score <24) are not offered surgery.

2. PD patients over 80 are very rarely accepted for surgery, unless their 
 physical health and cognitive function are unusually good.

3. PD patients over 70, or patients under 70 who have mild cognitive 
 dysfunction, are offered staged implants rather than simultaneous bilateral 
implants. Formal neuropsychological testing is done before and after the 
first implant. The second implant is not performed until full neuropsycho-
logical recovery from the first implant is documented.

Troubleshooting the Lead That Doesn’t Work

In a movement disorders surgery clinic, a frequent request for consultation 
concerns a patient who has an implanted DBS system and is not getting 
the expected or desired benefit. A detailed analysis of reasons for device 
failure has been published by Okun et al. (29). In their series of 41 patients 
referred for “failed” DBS, the most common reasons for failure were 
misplaced electrodes. In general, there are five broad reasons for device 
“failure”:

1. There is an electrical malfunction.
2. The electrode is poorly located in the brain.
3. The patient has a diagnosis that will not respond to DBS.
4. The patient has become tolerant to the therapeutic effect of DBS.
5. The patient is poorly programmed.

Initially, electrical malfunction should be ruled out by interrogating the 
battery, determining if the battery is generating adequate voltage, verifying 
that the system is turned on, and checking the current and impedance at each 
contact to rule out an open circuit. If all four contacts have developed an open 
circuit in a system that had previously been working, it is likely that the lead 
or lead extender is fractured. AP and lateral X-ray of the skull and neck can 
confirm this in most cases. In some cases, however, there is a lead fracture 
without X-ray visible separation between the strands.

If the electrical system is found to have appropriate impedances, location-
specific stimulation-induced adverse effects are sought. The most common of 



7 DBS Complications 147

these are dysarthria and paresthesia for thalamic or STN DBS, and dysarthria 
or visual phenomena for GPi DBS. If these are not produced at high voltage 
or are produced at voltages lower than typical therapeutic parameters for each 
target, the brain should be imaged to check for a misplaced DBS electrode 
(Figure 7.2).

If stimulation induced adverse effects and/or imaging indicate appropriate 
electrode location, then the patient’s diagnosis should be revisited. Movement 
disorders for which DBS has been utilized but may only be marginally  effective 
are atypical forms of parkinsonism, and some secondary dystonias. Some 
types of tremor that have been treated by DBS, such as post-traumatic tremor 
or MS-associated tremor, are less likely to be responsive to DBS than parkinsonian 
tremor and essential tremor (ET).

Even for patients with an “on-label” indication for DBS therapy, a 
 possibility for long-term failure is physiologic tolerance to the therapeutic 
effect of stimulation. This problem arises primarily in thalamic DBS for ET, 
for which the incidence of tolerance has been reported at 10 to 30% (30–34). 
At least some of these cases are probably due to true physiologic tolerance 
to a well-located electrode, rather than suboptimal electrode positioning. 
These cases are potentially treatable by lesioning through the DBS electrode 
(35, 36). Some have argued that GPi DBS in PD also may manifest tolerance 
after several years (37), but this may relate to suboptimal electrode placement 
rather than true tolerance to GPi DBS. Tolerance to the therapeutic effect of 
STN DBS in PD with respect to Sinemet-responsive symptoms has not been 
reported with follow-up of 4 (38, 39) and 5 (40, 41) years. However, as PD 
progresses, more Sinemet unresponsive symptoms such as postural instability, 
severe on-period freezing of gait, hypophonia, or cognitive impairment may 
manifest. These Sinemet unresponsive symptoms also tend to be resistant to 
DBS, resulting in a partial loss of benefit to the patient over time (40). With 
regard to pallidal stimulation for idiopathic dystonia, long term tolerance has 
been reported anecdotally (42). Currently no large series documents outcomes 
for DBS in dystonia at greater than 2 years following implantation, so the 
incidence of long-term tolerance to the therapeutic effect is unknown.

Finally, improper programming may be a source of long-term failure, 
particularly in PD (29). This can be avoided if programming is performed 
by a movement disorders neurologist with expertise in DBS programming. 
Published guidelines for DBS programming in PD are available (43, 44).

In conclusion, the most important peri-operative complications related to 
deep brain stimulator implant surgery are hemorrhagic stroke, intra-operative 
air embolus, device infection, and suboptimal placement of the brain elec-
trode. The most common long-term complications are fracture of the brain 
electrode, and device erosion. Strategies for the avoidance and management 
of these complications are discussed.
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Abstract

Chronic electrical stimulation of the brain, known as the deep brain stimulation 
(DBS), has become the preferred surgical treatment for advanced Parkinson’s 
disease (PD). Despite its remarkable clinical success, the  therapeutic mechanisms 
of DBS are still not completely understood, limiting opportunities to improve 
treatment efficacy and simplify selection of stimulation parameters. This chapter 
discusses three questions essential to understanding the mechanisms of DBS: 
(1) How does DBS affect individual neurons in the region around the electrode? 
(2) What are the neural elements that mediate the therapeutic effect of DBS? (3) 
How does DBS affect the cortico-thalamo-basal ganglia network? Results from 
electrophysiological experiments, biochemical analyses, computer modeling and 
imaging studies are integrated to provide an up to date understanding of DBS 
mechanisms. Early hypotheses proposed that stimulation inhibited neuronal 
activity at the site of stimulation, mimicking the effect of lesioning. Recent stud-
ies have challenged that view and suggested that while somatic activity near the 
DBS electrode is decreased by synaptic inhibition, DBS increases output from the 
stimulated nucleus by directly activating the axons of the local projection neurons. 
As a result, their intrinsic activity is replaced by high-frequency activity that is 
time-locked to the stimulus and more regular in pattern. The stimulation induced 
change in neuronal pattern prevents transmission of pathologic bursting and oscil-
latory activity within the basal ganglia network resulting in improved processing 
of sensorimotor information and reduction of disease symptoms. In addition to the 
targeted nucleus, surrounding structures are also stimulated by subthalamic DBS, 
which may contribute to its therapeutic effect.

Keywords: deep brain stimulation, Parkinson’s disease, basal ganglia, subtha-
lamic nucleus, globus pallidus, motor circuit, electrophysiology, neurochemistry, 
computer modeling
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Introduction

DBS is currently the main surgical therapy for treatment of advanced PD. 
Several features of DBS have made it the preferred surgical therapy for PD and 
other movement disorders and have permitted the exploration of its application 
for a wide variety of other neurological disorders. These include the revers-
ibility of stimulation induced side effects, the ability to adjust stimulation 
parameters to achieve optimal therapeutic benefit and the fact that it can 
be performed bilaterally without the high incidence of side effects associated 
with  bilateral ablative surgery. Despite its remarkable clinical success, the 
therapeutic mechanisms of DBS have eluded our understanding and continue 
to be debated. Understanding the mechanism underlying the beneficial effects 
of DBS would greatly improve current applications, provide the rationale for 
the development of new applications and new technology, and simplify the 
process of optimizing stimulation parameters for patients currently receiving 
this therapy.

This chapter discusses three questions essential to understanding the mecha-
nisms of DBS: (1) How does DBS affect individual neurons in the region 
around the electrode? (2) What are the neural elements that mediate the 
therapeutic effect of DBS? (3) How does DBS affect the cortico-thalamo-basal 
 ganglia network? We have focused our discussion on subthalamic nucleus 
(STN) DBS because this is the site most commonly targeted and because most 
work examining the mechanism of DBS has focused on this structure. The 
STN is currently the most widely used anatomical target for DBS electrode 
implantation in PD (1), although other structures such as the thalamus (2, 3), 
globus pallidus internus (GPi; refs. 4 and 5), globus pallidus externus (GPe; 
ref. 6), pedunculopontine nucleus (7, 8), and motor cortex (9, 10) have also 
been shown to reduce PD symptoms, albeit to different degrees.

Since the inception of DBS as a clinical therapy, its mechanisms have been 
the focus of intense scientific study. The similarity between the clinical effects 
of DBS (11, 12) and those resulting from a lesion in the same nucleus (13–15) 
prompted the theory that DBS works by inhibiting neural output (16, 17). 
These conclusions were based mostly on neural microrecordings where high-
frequency stimulation (HFS) resulted in reduction of neural activity in the 
stimulated nucleus (17, 18). However, some studies suggest a more complex 
mechanism of action that includes stimulation-induced activation of neural  
 elements. Observations from a variety of experimental studies have now demon-
strated changes in neuronal activity consistent with activation of output from the 
 stimulated structure (19–24). Although these studies seem in direct contradiction 
to earlier reports of inhibition at the stimulated site, modeling studies suggested 
that neurons can be inhibited at the stimulated site, while axons projecting from 
the inhibited neurons and those passing nearby are activated (25, 26). This work 
prompted many to ask which neural elements would be stimulated by STN DBS 
and would they vary dependent on stimulation parameters and their location and 
orientation within the current field? It now appears that in addition to the direct 
stimulation of STN projection neurons, stimulation of fiber tracts and other 
nuclei surrounding the STN may also contribute to the beneficial effect of STN 
DBS on PD motor signs. It is also now apparent that the effects of stimulation 
permeate throughout the basal ganglia thalamocortical network. These findings 
have led to the hypothesis that stimulation may improve PD motor signs by 
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regularizing or interrupting pathologic neuronal activity from the basal ganglia 
allowing cortical motor areas to function in a more normal fashion without 
interference from subcortical structures.

Current Methodologies for Studying DBS Mechanisms

A variety of research modalities, each with their own strengths and weaknesses, 
have been employed to study the mechanism of DBS. Electrophysiological 
recordings of neuronal activity, biochemical analyses, computer modeling 
and imaging studies have all provided crucial pieces to the mechanism 
 puzzle. The goal of this chapter is to integrate the complementing and con-
trasting results from these studies to provide an up to date understanding of 
DBS mechanisms.

Neuronal Recordings

Neural recordings examining DBS mechanisms have been conducted on 
brain slices, anesthetized and awake animals, and PD patients under going 
DBS surgery. In vitro brain slice preparations have made it possible to record 
neural activity intracellularly and characterize the effect of stimulation on cell 
membrane properties and neuronal elements in the slice (16, 27–31). Various 
pharmaceutical agents can easily be added to the slices to further characterize 
neural responses to these agents. Stimulation amplitude and current spread in 
a thin slice, however, may not accurately reflect in vivo conditions. Unlike 
in vitro experiments, in vivo studies have the advantage of preserving brain 
structure and anatomical connections and provide the ability to correlate neu-
ronal activity to behavior. In vivo experiments record extracellular activity and 
their primary disadvantage is the presence of stimulus artifact due to saturation 
of the recording amplifier during stimulation. If the artifact is not removed, it 
can obscure activity during the first few milliseconds after a stimulus pulse. 
In some studies due to interference from large artifact neural activity was only 
recorded after stimulation had been discontinued. Post-stimulation activity, 
however, may not accurately reflect the neural response that occurs during 
stimulation. Methods to remove or reduce this artifact have been developed 
and have significantly improved these studies allowing one to assess the 
changes in neuronal activity during the time of stimulation (32). A number 
of in vivo microelectrode recordings have been performed in human PD 
patients (17, 18, 33–38), monkeys (19, 39–43), and rats (44–49). In addition 
to microelectrode recordings, studies have been conducted that have used the 
DBS electrode to record local field potentials in the targeted nucleus (50–53). 
Although PD patients are naturally ideal subjects, they can only participate in 
microelectrode recordings during medically warranted procedures due to 
the invasiveness of deep brain recordings. As a result, most human microre-
cordings are done during DBS implantation surgery in the same nucleus where 
the DBS electrode is implanted. As an alternative, non human primates offer 
the advantage of similar brain anatomy and physiology, while also allowing 
one to carry out microrecordings in nuclei other than the implanted nucleus 
and to verify the location of these recordings as well as the location of the 
DBS lead. This work has provided invaluable information on the downstream 
effects of DBS. Rats have been used in a similar fashion and in several studies 
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recordings have been made at multiple sites within the basal ganglia in this model. 
Rat and monkey models of PD are now commonly utilized in DBS studies and 
offer the advantage of detailed analyses at multiple sites during stimulation.

Biochemical Studies

Neurotransmitter analysis has also been used to help establish the mechanism 
underlying neuronal responses during stimulation (e.g., it can provide support 
for activation of certain pathways by finding increased levels of the neuro-
transmitter used by that pathway). Biochemical studies of DBS mechanisms 
include experiments that measure levels of neurotransmitters, second messengers 
and mRNA in specific nuclei throughout the basal ganglia. These studies are 
typically performed in rats, although there have been several reports of neurotrans-
mitter measurements from human PD patients (34, 54, 55). A microdialysis 
technique is utilized to measure these levels by extracting small fluid samples 
from the targeted region in either anesthetized or awake subjects (23, 24, 
56–63). The advantage of this method over neural recordings is that there is 
no interference from stimulation artifact during DBS; the downside is that 
temporal resolution is much poorer (samples are generally collected every 
15 minutes). To achieve real-time monitoring, constant current amperometry 
can be employed to monitor changes in the level of neurotransmitter such as 
dopamine (29). In this case, however, the presence of dopamine is only indi-
rectly demonstrated using its electrochemical properties. Although the source 
of neurotransmitter cannot be determined with certainty, synaptic origin is 
commonly assumed.

In situ hybridization is another approach that has been used to study DBS 
mechanisms. This technique can investigate molecular changes in the basal 
ganglia, but requires that the animal is euthanized. Using this technique, 
changes in neuronal metabolic activity can be inferred by measuring levels 
of cytochrome oxidase subunit I (CoI) mRNA (64, 65). Expression of neu-
rotransmitter-related genes (e.g., GAD67, substance P and enkephalin) and 
immediate early gene encoded proteins (e.g., c-fos) can be used to monitor 
the cellular response to various experimental conditions (65, 66). Short- or 
long-term adaptive mechanisms occurring in the brain in response to DBS can 
be studied with this approach.

Computer Modeling

Computer modeling studies simulate experiments in a highly controlled envi-
ronment. Model neurons and neural circuits can be perturbed at will and their 
responses observed at the level of ionic channels, single neurons or the neural 
network. The goal of modeling studies is to explain experimental findings by 
reducing the complexity of the system and identifying those variables respon-
sible for the observed phenomena. In addition, computer models can gener-
ate viable hypotheses that can be tested experimentally. Anatomically and 
biophysically realistic models of basal ganglia neurons and their interaction 
with detailed representations of DBS electric fields are currently available (25, 
26, 67). These field-neuron models can be used to predict the response of the 
various neuronal elements (soma, axon, dendrites) to stimulation. These data 
provide the necessary framework for the development of subject-specific DBS 
models that can be created by building a 3D representation of the subject’s 
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basal ganglia and reconstructing the DBS electrode position within the target 
site. The nuclei are then populated with model neurons and the calculated 
electric field is applied to individual cells. The response of model neurons to 
DBS can be correlated to the observed clinical effect in that particular patient 
or experimental animal.

Imaging

Imaging studies are a powerful way to examine the effect of DBS at the net-
work level by simultaneously observing activity at multiple sites in the brain. 
The most popular studies use PET and functional MRI (fMRI) to observe 
changes in brain activity on the basis of changes in regional blood flow and 
blood oxygenation, respectively (68). It is assumed that these increases or 
decreases in neuronal activity stem from changes in afferent synaptic or local 
interneuron activity, rather than from changes in output from the imaged 
region (21). Imaging studies related to DBS are discussed in another chapter. 
In addition to imaging, cortical function during DBS can be studied with 
electroencephalographic and transcranial magnetic stimulation techniques 
(53, 69–71).

There are many approaches to studying DBS mechanisms. Because method-
ological differences can affect observed responses, it is important to consider 
the state of the preparation (in vitro or in vivo; anesthetized or awake; normal 
or parkinsonian), stimulation parameters (current amplitude is the most diffi-
cult to compare across studies), stimulation duration (milliseconds vs hours), 
the type of stimulation electrode used, its relative size and exact location, all 
of which can significantly affect the volume of tissue affected by stimulation. 
Also, one cannot overemphasize the importance of a behavioral correlate in 
DBS experiments. Observed stimulation effects are relevant to therapeutic 
mechanisms of DBS only if they accompany improvement in disease symp-
toms. Valuable information can be obtained from experiments using brain 
slices, anesthetized, or non-parkinsonian subjects, but conclusions from those 
studies regarding DBS mechanisms underlying its therapeutic effect must 
be interpreted with caution. We have observed significantly different effects 
on neuronal activity with stimulation parameters that produced a therapeutic 
effect compared to those that did not (19).

Effect of DBS on Neuronal Activity

The nuclei of the basal ganglia are linked into a complex network through 
both inhibitory and excitatory connections. The input into this network comes 
mainly from the cerebral cortex and the thalamus, whereas the output is 
directed toward the cortex via the thalamus and the brainstem areas, primarily 
the PPN and midbrain extrapyramidal area. A stimulating electrode positioned 
in the brain exerts both local and distal effects. Local effects can be investigated 
by observing the neuronal response in the stimulated nucleus. Distal effects can 
be studied by examining the effect of DBS on sites downstream and upstream 
from the stimulated nucleus as the stimulation response spreads orthodromi-
cally and antidromically throughout the basal ganglia-thalamo- cortical circuit. 
Elucidation of the mechanisms of DBS requires understanding both the local 
and distal effects of stimulation.
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Neuronal Recordings in the Stimulated Nucleus

The STN is positioned at a central location within the basal ganglia and 
has direct influence over the major output structures of the basal ganglia, 
GPi and substantia nigra pars reticulata (SNr). STN neurons are sponta-
neously active due in part to the pacemaker activity of persistent sodium 
channels (72). This activity is further modulated by excitatory synaptic 
connections from the cerebral cortex and to a lesser extent the thalamus, 
and inhibitory afferents from the GPe (73). As a result, STN neurons discharge 
spontaneously at a frequency of about 20 Hz (74). In PD they become 
hyperactive and spikes occur in a bursty and irregular manner, with an 
average firing rate of about 40 Hz (75–78). This hyperactivity is thought 
to increase the inhibitory drive of the basal ganglia on the thalamus and 
suppress thalamic excitatory output, resulting in reduced cortical activity 
and the appearance of hypokinetic motor symptoms (79). Based on this 
“rate” model of PD, lesions in the STN or GPi would reduce the excessive 
inhibition of the GPi and improve the motor signs associated with PD. In 
support of this  hypothesis, lesions in either the STN or GPi are associated 
with  improvement in PD motor signs.

The earliest hypotheses on DBS mechanisms attempted to reconcile the 
similarity in clinical outcome after a lesion and during DBS by proposing 
that HFS inhibited neurons and decreased output from the stimulated site. 
Consistent with this hypothesis, studies have shown that HFS in the STN 
suppresses the activity of STN neurons. Meissner et al. (43) recorded STN 
neuronal activity for several minutes before, during, and after HFS (100 µA 
amplitude, 130 Hz frequency, and 60 µs pulse width) that improved contral-
ateral rigidity in parkinsonian monkeys. Removal of the stimulus artifact by 
a template subtraction method allowed neural activity to be recorded during 
stimulation with minimal loss of the recorded signal. They showed that thera-
peutic stimulation decreased the mean firing rate in the majority of STN neu-
rons, from 19 to 8 Hz. Activity returned to baseline within 100 milliseconds 
following the end of the stimulus train. Meissner et al. (43) proposed that the 
decrease in the mean firing rate resulted from resetting the firing probability 
of STN neurons to virtually zero by each stimulus pulse. Neurons resumed 
activity after about 3 milliseconds following a stimulus pulse and returned to 
baseline after approximately 7 ms. Stimulation at 130 Hz corresponds to a 
7.7-millisecond interpulse interval, meaning that the neurons were able to fire 
at their baseline rate for only a very short period of time, resulting in an overall 
reduction in the mean firing rate.

Further evidence in support of somatic inhibition in the stimulated nucleus 
during DBS comes from recordings in the STN and GPi in humans. The 
studies of STN DBS in humans showed that neuronal activity in almost all 
STN cells examined was reduced or completely inhibited during stimulation 
(33, 37). About 50% of the cells were completely inhibited for approximately 
150 milliseconds following a stimulus train while the remaining cells showed 
no consistent effect (33). STN neuron firing rate was also decreased during 
stimulation by 77% on average (37). Studies in rats have also shown that 
STN activity is inhibited during therapeutic STN DBS in both awake (48) and 
anesthetized animals (44, 49). Similar results were also observed in pallidal 
neurons during GPi HFS in both human patients (17, 18) and parkinsonian 
monkeys (40, 41).
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The previously mentioned studies demonstrate that HFS reduces somatic 
activity of local neurons, so the question arises as to what causes this appar-
ent inhibition and more importantly how relevant is this local observation 
in explaining the therapeutic effects of DBS. Because electrical stimulation 
is generally thought to excite neurons, mechanisms proposed to explain the 
observed inhibition were depolarization block—cessation of activity due to 
increase in membrane potential and inactivation of sodium channels (16, 45), 
and synaptic inhibition—stimulation-induced activation of inhibitory presyn-
aptic terminals (80). Support for the depolarization block hypothesis comes 
mainly from in vitro experiments. STN cells have been shown to increase 
firing during the initial stimulation period after which they fail to respond, 
suggesting inactivation of sodium channels (29, 31). Contrary to these obser-
vations however, another in vitro study found that STN HFS can generate 
spike bursts time-locked to stimulus pulses (27). In vivo studies favor the 
synaptic inhibition hypothesis, and the fact that in vitro slices are disconnected 
from their inhibitory inputs could explain the different results observed in the 
two types of studies. In an in vivo situation, depolarization block is unlikely 
because STN HFS reduces but does not completely block neuronal activity 
(37, 43, 49), inhibition can occur even after a single stimulus pulse (33), and 
both inhibition and recovery from inhibition occur at latencies consistent with 
GABAergic postsynaptic current kinetics (43). Furthermore, in vitro STN 
HFS can either excite or inhibit STN neurons through a synaptically medi-
ated mechanism (30, 46). Indeed, a small number of STN neurons have also 
been excited in vivo, which could result from activation of excitatory afferents 
that are also present in the STN (49). Stimulation induced synaptic inhibition 
could also explain inhibitory effects seen during GPi HFS because the GPi 
also receives strong inhibitory connections from GPe. Interestingly, one study 
on thalamic DBS has shown that thalamic neurons that receive predominantly 
excitatory afferents can be excited by stimulation (80).

Neural Recordings in Downstream Nuclei

In the previous section, evidence was presented that DBS inhibits somatic 
activity in the stimulated nucleus. However, inhibition of somatic activity does 
not necessarily reflect reduced output from the nucleus. Indeed, several experi-
mental studies have suggested that output is increased from the stimulated 
nucleus (19, 39, 47) leaving us to explain this apparent paradox and bringing 
into question the mechanism underlying this dissociation. One explanation is 
that axons are excited, while the cell soma is suppressed. Axons are the neural 
elements most easily excited by extracellular stimulation, and they are likely to 
be activated by DBS. It is difficult to directly record axonal activity; however, 
axonal firing can be indirectly monitored by recording from cells receiving 
afferent activity from the stimulated nucleus. STN neurons send excitatory 
glutamatergic projections to the GPe and the two output structures of the basal 
ganglia, GPi and SNr. Recordings in these target nuclei reflect downstream 
effects of DBS, which are of crucial importance to our understanding the 
mechanisms of DBS.

Taking this approach, Hashimoto et al. (19) demonstrated that neuronal 
activity in GPe and GPi increased in response to STN DBS suggesting 
increased output from the STN (Figure 8.1). The experimental setup in awake, 
parkinsonian monkeys closely resembled the human DBS system. Monkeys 
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Figure 8.1 (A, B) Examples of neuronal responses occurring during STN stimulation 
in a GPi and GPe cell of a parkinsonian monkey. Top traces show analog signal over-
lays of 100 sweeps made by triggering at 10-millisecond intervals in the pre-stimulation 
period (before start of stimulation) and by triggering on the stimulation pulse in the 
on-stimulation period. Arrows indicate residual stimulation artifacts after artifact template 
subtraction. Middle traces display PSTHs reconstructed from successive 7.0-millisecond 
time periods in the pre-stimulation period and from the interstimulus periods, in the on-
stimulation period. The first PSTH bin is omitted in the on-stimulation period because 
of signal saturation and residual stimulation artifacts. *Significant increase at p < 0.01; 
†significant decrease at p < 0.01; Wilcoxon signed rank test. Bottom plots represent the 
mean firing rate calculated every 1 second on the basis of the PSTH, illustrating the 
time course of the firing rate. Thick bars indicate the stimulation period. (C) Overlay 
of 50 sweeps of neuronal activity of a GPi cell during 2 Hz (top), 136 Hz (middle), 
and 157 Hz (bottom) stimulation at 3.0 V (R370). Depolarization (negative potential) 
is shown as an upward deflection. Each stimulation frequency is associated with 
excitation peaks at 2.5 to 4.0 milliseconds and 5.5 to 7.0 millisecond after the onset 
of stimulation. Short-latency excitation was greater and more tightly coupled to each
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were implanted with a scaled down version of a clinical DBS electrode 
(four contacts with 0.75 mm diameter, 0.5 mm height, and 0.5 mm separation 
between the contacts) and an implantable pulse generator. Therapeutic stimu-
lation parameters resulted in reduction of contralateral rigidity and bradyki-
nesia and increased spontaneous movement. Microelectrode recordings were 
performed in GPe and GPi during both therapeutic and nontherapeutic stimu-
lation, and peri-stimulus time histograms were constructed. During therapeutically 
effective stimulation, a majority of neurons showed a significant increase in 
the average firing rate. In addition there was a consistent pattern of response 
of these neurons to STN stimulation with two consistent peaks of increased 
activity in the post-stimulus time histogram occurring at 3 and 6.5 millisec-
onds. Surrounding the excitatory peaks were periods of inhibition, especially 
pronounced in GPi neurons, which is not surprising because they receive 
GABAergic connections from the GPe. The precise pattern and latency of the 
responses resulted in regularization of GPe and GPi activity. During therapeu-
tically ineffective stimulation, the overall firing rate and pattern of GPi activity 
did not change significantly. These results suggest that therapeutic STN DBS 
activates subthalamo-pallidal projections and changes the discharge pattern 
of GP neurons from an irregular to a stimulus-synchronized, more regular 
pattern of activity, which the authors hypothesized was responsible for the 
reduction in parkinsonian symptoms. Similar excitatory latencies in GPe and 
GPi neurons during STN stimulation in monkeys were observed by Kita et al. 
(42). This study also showed that the excitatory response in GPe neurons was 
glutamatergic while GPi inhibition was GABAergic and originating from GPe. 
The inhibitory GPi response seen in this study was more pronounced than 
those observed in the Hashimoto et al. (19) study. The relative importance of 
inhibitory GPe–GPi connections compared to excitatory STN–GPi connections 
in non-parkinsonian animals stimulated with small electrodes and long pulses 
could contribute to the observed differences. In PD increased inhibitory striatal 
output to GPe reduces GPe firing and therefore weakens GPe–GPi connection, 
but strengthens STN–GPi pathway. In further support of the “output activation” 
hypothesis in non-human primates, Anderson et al. (39) showed that GPi 
stimulation suppressed thalamic activity and we have observed a suppression 
of STN neuronal activity during stimulation in GPe (Vitek et al., unpublished 
observations). These observations are consistent with activation of inhibitory 
GABAergic GPi projections to thalamic neurons.

Recordings in nuclei receiving STN projections in rats generally sup-
port the notion that STN output is activated by DBS, although results vary 
across studies. Shi et al. (48) simultaneously recorded at multiple locations 
within the basal ganglia and found nearly equal numbers of excitatory and 
inhibitory responses in GP (rat analog of primate GPe) and SNr during STN 

Figure 8.1 (continued) stimulation pulse during higher-frequency stimulation. Arrows 
indicate residual stimulation artifacts after artifact template subtraction. (D) Rasters 
of GPi neuronal activity (R370). The firing changed from an irregular pattern with 
varying ISIs into a high-frequency regular pattern with most ISIs occurring at 4 or 8 
milliseconds during 136 Hz, 3.0 V stimulation. (E) An example of the time course of 
the change in firing rate of a GPi neuron during prolonged 136 Hz STN stimulation. 
Increased mean discharge rates in this neuron were sustained during the 5 minutes 
stimulation period
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DBS, which improved treadmill locomotion in parkinsonian rats (50–175 µA, 
130 Hz, 60 µs, intermittent 3 seconds on, 2 seconds off cycle). Similarly, in 
normal, anesthetized rats, Maurice et al. (47) showed that STN DBS causes 
inhibition of SNr neurons at low amplitudes (20–80 µA), but excitation at 
higher amplitudes (100–240 µA). The authors suggested that inhibitory effects 
were likely due to activation of inhibitory pallidonigral fibers or GABAergic 
intranigral neurons, whereas excitatory effects resulted from direct activation 
of subthalamo-nigral projections. However, several studies, also in normal, 
anesthetized rats, showed the opposite effect, a decrease in SNr firing during 
high-amplitude STN DBS (400 µA; ref. 49) and long-lasting inhibition in 
SNr and entopeduncular nucleus (EP; rat analog of primate GPi) immediately 
 following high-amplitude STN DBS (300–500 µA; refs. 44 and 45). Benazzouz 
et al. (44), however, also found a long-lasting excitation in GPe, which would 
be consistent with activation of excitatory STN output. Differences in stimula-
tion amplitudes, exact stimulation sites, and anesthesia methods likely con-
tribute to the variable results seen in these studies. These differences however, 
also attest to the complex pattern of excitation and inhibition that is likely 
to emerge in response to stimulation and the importance of considering the 
effects of stimulation on polysynaptic pathways (e.g., STN-GPe-SNr) and 
fiber tracts surrounding the stimulation site (e.g., nigrostriatal, pallidothalamic, 
pallidonigral, and cerebellothalamic in the case of STN DBS).

Several studies in human PD patients, where recordings could be made in 
downstream nuclei, also support the output activation hypothesis (34–36). 
Galati et al. (34) recorded an increase in firing frequency and more regularity 
in the firing pattern of SNr neurons during therapeutic STN DBS. However, 
Maltete et al. (38) reported a decrease in the overall SNr firing during STN 
stimulation, although they also recorded inhibition-excitation-inhibition pat-
tern of neural activity in the 7-millisecond interpulse interval. Similar to 
what was observed in the rat studies, smaller electrodes and lower stimulus 
amplitudes used by Maltete et al., (38) may have preferentially activated pal-
lido-subthalamic synaptic afferents, which inhibited STN spontaneous firing. 
Therapeutic efficacy of these stimulation parameters was not evaluated so they 
could have been subthreshold for direct activation of a sufficient number of 
STN-SNr axons necessary to see an overall increase in the activity of SNr neu-
rons (25). Montgomery (35) reported a reduction in thalamic neuronal activity 
3.5 to 5 milliseconds following a stimulus pulse during GPi DBS, consistent 
with orthodromic activation of GPi output leading to inhibition of thalamic 
neurons. In addition, human PET studies showed an increase in blood flow 
in the region of GPi during STN DBS (81) and an increase in cortical blood 
flow during thalamic DBS both consistent with activation of output from the 
stimulated site (21). Similarly, an fMRI study found an increase in blood oxy-
gen level-dependent signal in the GPi of patients undergoing STN DBS (20). 
These results and others from fMRI studies regarding the mechanisms of DBS 
are discussed in another chapter in this volume.

Reviewing the experimental data it would appear that although cell  bodies 
in the stimulated nucleus are inhibited and/or bridled, the axons of these 
projection neurons are activated. This causes downstream excitation when 
glutamatergic STN neuron axons are activated; inhibition, when GABAergic 
GPi neuron axons are activated; or a combination of excitation and inhibition, 
when polysynaptic pathways are involved. For example, the GPi response to 
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STN DBS is influenced by direct excitatory STN-GPi projections and indirect 
inhibitory STN-GPe-GPi pathway. The role of antidromic axonal activation 
should also be considered, such as the activation of afferent cortical projections 
during STN DBS, which may affect cortical and subsequently striatal activity 
(42, 70) as well as activation of GPe-STN projections with axon collaterals to 
GPi. In summary, neural recording studies suggest that DBS inhibits local cell 
bodies likely by activating inhibitory presynaptic terminals. At the same time 
it also activates projection axons of the local neurons, fibers of passage, and 
surrounding fiber pathways resulting in a complex pattern of excitatory and 
inhibitory effects, which modulate not only local basal ganglia activity but the 
basal ganglia thalamocortical network as a whole. The particular changes that 
take place in this network with therapeutic stimulation and their role in the 
alleviation of parkinsonian motor signs remain to be determined.

Neurochemical and Gene Expression Studies

Neurochemical and gene expression studies of STN DBS in large part 
support conclusions from single cell recording studies and provide fur-
ther evidence for network wide changes during stimulation. Microdialysis 
studies in normal anesthetized rats detected elevated levels of glutamate 
in both SNr and GP (rat analog of primate GPe) and GABA in SNr dur-
ing STN HFS consistent with increased output from STN (23, 24). This 
increase was also frequency dependent closely mimicking the frequency-
response curve seen in clinical applications of DBS (23). In parkinsonian 
rats, basal levels of glutamate and GABA in GP (63) and SNr (56, 63) 
were higher than in normal rats consistent with STN hyperactivity (exces-
sive striatal indirect pathway activity could be responsible for increase 
in GABA seen in GP). During STN DBS in anesthetized parkinsonian 
animals, there was an increase in GABA in the SNr, but contrary to the 
response in normal rats, no increase in glutamate was detected (500 µA; 
ref. 63). Lesioning GP eliminated the increase in GABA, suggesting 
that pallidal neurons constitute a major source of GABA in the SNr, 
although additional pathways, such as inhibitory striatonigral projections 
and/or SNr neuron collaterals, may also be involved (44, 63). Because no 
increase in glutamate was detected in the GP the authors suggested that 
pallidonigral fibers were stimulated directly by STN DBS (rather than via 
subthalamo-pallidal afferents).

In a subsequent study in awake, parkinsonian and intact rats, the effects of 
STN DBS on biochemical changes in SNr were also investigated (Figure 8.2; 
ref. 56). At high stimulation amplitudes, which induced forelimb dyskinesias 
(75–200 µA) glutamate and GABA increased in the SNr of intact rats, but only 
glutamate increased in parkinsonian rats. At lower stimulation amplitudes 
(<60µA), GABA but not glutamate increased in parkinsonian animals (no change 
was seen in intact rats). This is consistent with findings from neural recording 
experiments, which showed an increase in SNr activity with high-amplitude 
stimulation and a decrease in activity with low amplitude stimulation (47). 
Activation of the STN–SNr pathway by high-amplitude stimulation appears to 
be responsible for limb dyskinesia observed in both normal and hemiparkin-
sonian rats. These experiments were not designed to investigate therapeutic 
effects, but human studies suggest that the same mechanisms are responsible 
for amelioration of PD symptoms (34).
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Figure 8.2 Extracellular glutamate and GABA collected in the SNr ispilateral to 
stimulation in intact and 6-OHDA-lesioned rats under basal conditions and during 
1 hour of STN-HFS with (A) an intensity which induces forelimb dyskinesia 
(I >60 µA) or (B) with an intensity below threshold for forelimb dyskinesia (I >60 µA). 
The pre-stimulation period (pre-stim) corresponds to the mean ± SEM of the eight 
“pre-stim” dialysates collected at 15-minute intervals, the stimulation period (stim) indi-
cated by the black horizontal bar, corresponds to the mean ± SEM of the four fractions 
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Comparison of microdialysis results from rats and humans shows some 
parallels, but also indicates that more than one mechanism may be responsible 
for therapeutic effects in the two species. Results from normal rats show an 
increase of pallidal glutamate during STN DBS, consistent with an increase in 
STN output. Contrary to expectations, a similar increase in pallidal glutamate 
was not seen in parkinsonian animals, or in human PD patients during STN 
DBS (54). An increase in cGMP, considered to be a secondary messenger in 
the glutamatergic signaling pathway, was detected in the human study and was 
accompanied by improvement in clinical symptoms (54, 55). One potential 
explanation for the lack of increase in glutamate in the parkinsonian state is 
that glutamate levels are already high and further increases are difficult to 
detect (63). In support of this argument STN DBS in human PD patients pro-
duced an increase in cGMP and an increase in firing rate in the SNr (34).

Changes in glutamate, GABA and dopamine levels have also been meas-
ured in the striatum during STN DBS. The small number of subthalamic pro-
jections to the striatum probably cannot account for these changes (73). One 
hypothesis is that one would need a multitude of stimulation induced changes 
throughout the network to account for all these changes. Studies to address 
the underlying etiology of these changes have found higher levels of glutamate 
and GABA in the striatum of parkinsonian rats compared to normal rats. These 
levels are further increased in both hemispheres during unilateral STN DBS; 
furthermore, these changes appear to be modulated by dopamine antagonists 
(58). Microdialysis and amperometry studies have shown that dopamine and 
dopamine metabolites are also increased in the striatum during STN DBS of 
normal (29, 57) and parkinsonian rats (57, 61). Several hypotheses have been 
offered to explain this observation. The first is that STN DBS inhibits SNr 
neurons, which in turn disinhibit SNc neurons increasing SNc activity and 
subsequent release of dopamine in the striatum (61). A second explanation is 
that STN DBS results in activation of nigrostriatal dopaminergic fibers that 
pass just dorsal to the STN (29). STN also sends some axons directly to SNc 
so that direct activation of dopaminergic SNc neurons is another possible 
explanation for these findings. Consistent with these hypotheses, stimula-
tion in the entopeduncular nucleus, which has no direct connections with the 
striatum or SN and no nearby dopaminergic fiber tracts, does not result in an 
increase in striatal dopamine (60).

Recently, it has been shown that STN-HFS modifies the response to acute 
L-DOPA administration in partially dopaminergically denervated (DA PL) 
rats on striatal extracellular concentrations of dopamine and its metabolites. 
Indeed, L-DOPA treatment significantly increases striatal dopamine levels in 

Figure 8.2 (continued) nine to 12 and the post-stimulation period (Post-stim) to eight 
fractions (13–20). The mean ± SEM of the eight pre-stim dialysates, collected before 
STN-HFS, was used to determine baseline levels. Results are expressed as a percentage 
of variation of this baseline value. Each percentage for each period corresponds to the 
mean variations ± SEM calculated for five to eight animals. In A, note that Glu levels 
increased in both intact and 6-OHDA-lesioned rats, whereas GABA levels increased 
only in intact animals. In B, note that Glu levels in the SNr were not significantly 
affected by STN-HFS in the SNr in either intact or 6-OHDA-lesioned rats, whereas 
GABA levels increased only in 6-OHDA-lesioned animals. *p < 0.05; **p < 0.01, 
versus baseline values. Error bars indicate the SEM
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intact and DA PL animals, with the maximal effect observed 1 hour after 
L-DOPA injection. This increase is more pronounced in DA PL rats (ipsilateral 
to the lesion) than in intact animals. It remains fairly stable 1 hour after the 
maximal effect of L-DOPA and then decreases towards the basal values. STN-
HFS in intact rats has no effect on the maximal L-DOPA-induced increase 
in striatal extracellular dopamine concentration or the return to basal values, 
the profiles observed being similar to those for non-stimulated intact animals. 
Conversely, STN-HFS amplifies the L-DOPA-induced increase in striatal 
dopamine levels during the stimulation period (1 hour) in DA PL rats, and this 
increase is sustained throughout the post-stimulation period (2.5 hours), with-
out the return to basal levels observed in stimulated intact and non-stimulated 
rats. These recent neurochemical data suggest that that STN-HFS interferes 
with DA turnover, in DA PL rats probably by modulating DA uptake and 
synthesis, suggesting a prolonged smooth DA action and adaptive mechanisms 
for alleviating L-DOPA-related motor fluctuations such as the wearing-off 
phenomenon, thereby shedding light on possible mechanisms of STN-HFS 
in PD (59).

While animal studies offer an attractive explanation for improvement of 
PD symptoms with STN DBS by showing a significant increase in  striatal 
dopamine, there has been no evidence that a similar process occurs in 
humans. Several PET studies using [11C]raclopride to measure dopamine 
binding have failed to show changes during STN DBS, suggesting that the 
therapeutic effects of STN stimulation are not mediated by striatal dopamine 
release (82–85). However, the discrepancy in the results between human and 
animal studies may stem from methodological differences used to measure 
neurotransmitter levels. For example, the detection threshold is higher for PET 
than for microdialysis and constant potential amperometry studies, because 
such dopamine release may be detected by one method but not another (29). 
Another possibility is that advanced-stage PD patients may have fewer SNc 
neurons available to release dopamine and when such patients are imaged 
using PET techniques one may be less likely to observe a change in dopamine 
levels sufficient to be detected by this technique.

Molecular studies measuring levels of protein and gene expression suggest 
that stimulation-induced changes occur throughout the basal ganglia nuclei 
and cortical receiving areas. Decreased levels of CoI mRNA are found in the 
STN during stimulation in both normal and parkinsonian rats and are consist-
ent with the hypothesis that stimulation suppresses STN neuronal activity (64, 
65, 86). In parkinsonian rats STN stimulation returned levels of CoI (64) and 
neurotransmitter-related genes (65) towards those seen in normal rats. Short-
term STN stimulation decreased levels of glutamate decarboxylase 67 kDa 
isoform (GAD67), a marker of GABA neuron activity, in SNr and EP, but not 
in GP (65); however, chronic stimulation (4 days) reduced GAD67 in GP as 
well, showing that STN DBS involves long-term adaptive processes (86). 
A decrease in GAD67 indicates reduced activity in the nuclei downstream from 
the STN, which is contrary to studies demonstrating increased STN output. 
However, as seen previously in rat experiments STN stimulation at low current 
amplitudes such as used in this study may result in inhibition of basal ganglia 
output structures that may not represent what occurs during STN stimulation 
at therapeutic stimulation parameters. The expression of immediate early 
genes serves as an indicator of change in neuronal activity. STN DBS induces 
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rapid changes in expression of immediate early gene encoded proteins such as 
c-Fos, c-Jun, and Krox-24 in multiple STN projection sites (66). Consistent 
with neural recording experiments, these studies suggest that STN activity is 
reduced during stimulation, but at the same time projection sites experience 
transsynaptic modulation of neuronal activity consistent with activation of 
STN output.

Computer Models of DBS

Although it might seem improbable that a neuron can be inhibited and acti-
vated at the same time during extracellular electrical stimulation, both experi-
mental (87, 88) and computer modeling (25, 89) studies support this concept. 
The key physiological feature that explains this apparent paradox is that when 
a cell is exposed to extracellular stimulation, the stimulation-induced action 
potential initiates in the axon rather than the cell body. In that case, inhibi-
tion of the cell body can occur coincident with axonal activation. A modeling 
study of thalamocortical neurons stimulated by DBS found that the position 
of the neuron with respect to the electrode determines the neuron’s output fir-
ing characteristics (25). A neuron close to the stimulating electrode will have 
its spontaneous activity suppressed by activation of inhibitory presynaptic 
terminals, but its axon will be directly activated. As a result, the neuron will 
generate spikes that are time-locked to the stimulus frequency. A neuron posi-
tioned further away from the electrode will still be influenced by inhibitory 
synapses because axonal terminals are the most excitable neural elements (90, 91). 
However, the stimulus will be subthreshold for direct axonal activation and the 
neural output will resemble that of the cell body, which can be total or partial 
inhibition.

If a neuron’s position with respect to the electrode determines its response 
to stimulation, how are neurons in and around the STN affected by STN DBS? 
Miocinovic et al. (26) created a comprehensive computer model simulating 
the monkey STN DBS experiments described by Hashimoto et al. (Figure 8.3; 
ref. 19). The goal was to quantify the number of STN projection neurons 
and adjacent pallidothalamic fibers that were activated during therapeutically 
effective vs ineffective stimulation in two parkinsonian macaques. To corre-
late simulation results to the behavioral outcomes of each animal, a detailed 
and anatomically accurate model of the each monkeys’ basal ganglia was 
constructed. The 3D anatomical nuclei were reconstructed from histological 
sections through the nuclei from these animals. A virtual DBS electrode was 
positioned within the STN in the same location as that placed experimentally, 
whose position was verified histologically. Populations of STN projection 
neurons and pallidothalamic fibers were placed in their anatomically correct 
positions and orientations within the 3D nuclei. The model neuron geometries 
were based on actual reconstructions of STN and GPi neurons and fibers and 
their biophysical properties reflected the firing characteristics of neurons in a 
parkinsonian monkey. Voltage generated in the tissue by the active DBS elec-
trode was calculated with a finite element model and applied to the model of 
STN neurons and pallidothalamic fibers to determine the effect of stimulation 
on these neuronal elements.

The voltage field generated by the DBS electrode is a 3D phenomenon 
and its effect on individual neurons and fibers depends on the cell’s position 
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and orientation within the field. The stimulation of model neurons and axons 
results in a complex polarization profile along each neuronal element related 
to the second order derivative of extracellular voltage. As expected, based on 
this model, the stimulation-induced action potential was initiated in the axon. 
The decoupling of somatic and axonal activity was clearly present in the STN 
projection neurons. Inhibitory afferents suppressed spontaneous somatic activity 
in proportion to synaptic strength. However, the axonal firing and hence the 
neuronal output was largely unaffected by these inhibitory inputs. The neuron 
was considered activated if its axonal terminal fired in response to at least 80% 
of stimulus pulses. In both monkeys, about 50% of model STN neuron axons 
were activated during therapeutic stimulation and this increase was significant 
compared to clinically ineffective stimulation. In one monkey, a large number 

Figure 8.3 (A) 3D model of an STN projection neuron responding to extracellular 
stimulation. Lowercase letters indicate location in the STN neuron where the transmem-
brane voltage was recorded. a, soma; b, 1st node of Ranvier; c, 30th node of Ranvier; d, 
50th node of Ranvier. The action potential is initiated in the axon and propagated toward 
the cell body and axonal terminals in the GPi. Traces in the top row represent stimulus 
voltage waveforms applied to the neuron. The four traces below show response to a 
suprathreshold DBS pulse (1.8 V) in a model with (right) and without (left) inhibitory 
somatic synapses. (B) Computer simulation of neural activation in two parkinsonian 
monkeys during clinically effective and ineffective STN DBS. Percent of activated 
STN neuron output axons and GPi (LF) fibers was averaged over three randomized 
populations. Asterisks indicate significant difference between clinically ineffective 
and effective stimulation (p < 0.05; t-test)
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of GPi fibers running dorsal to the STN were activated by effective stimulation 
while in the other animal only a few GPi axons were activated while using 
effective stimulation parameters. These predictions were compared to and 
confirmed by the experimental recordings. The position of the DBS electrode was 
determined to be a critical feature and submillimeter movements produced a 
significant change in simulation results. The implications of pallidothalamic 
fiber activation and electrode location on STN DBS mechanisms are reviewed 
later.

Therapeutic Target of STN DBS

When considering therapeutic mechanisms of DBS, the primary focus has 
been on the response of the neurons in the stimulated site (i.e., target nucleus 
neurons). However, stimulation effects can and do spread outside the borders 
of the anatomical nuclei. This finding is especially true for the STN, which 
is a small nucleus surrounded by several major fibers tracts (73). Neural 
recordings and biochemical studies in rats have suggested that pallidonigral 
and  nigrostriatal fiber tracts are likely activated during STN DBS and may 
contribute to its therapeutic effects. In a computer simulation of STN DBS in 
a monkey, a significant activation of pallidothalamic fibers was observed at 
therapeutic stimulation intensity. This fiber tract, also known as the  lenticular 
fasciculus (LF), or H2 field of Forel, runs dorsal to the STN carrying inhibitory 
fibers from the GPi to the motor thalamus. The LF and the zona incerta (ZI), 
which is a small nucleus dorsal to the LF, have been implicated as possible 
therapeutic targets because of their proximity to active DBS electrode con-
tacts. Similarly, the activation of passing cerebellothalamic fibers has been 
suggested as a possible mechanism in treatment of essential tremor by STN 
DBS (92). Interestingly, the GPi nucleus itself is also an effective target for 
DBS electrode implantation in PD. The potential role of activation of fiber 
bundles running near or within the GPi remains to be determined, but are 
likely to play a role in its therapeutic effect similar to the hypothesis that 
 activation of adjacent fiber pathways during STN DBS provide a component 
to its therapeutic benefit.

The role of electrode location in mediating therapeutic benefit of STN 
DBS has been debated with some arguing that optimal stimulation requires 
the  effective contact to be within the STN while others argue that optimal 
 stimulation requires a volume of activation that includes the white  matter region 
dorsal to the STN (93–95). The DBS electrode has four contacts and in each 
patient it is determined empirically which contact provides maximum relief of 
symptoms with minimum side effects. Intra-operative  neurophysiological data, 
brain atlases and postoperative imaging can be used to determine the location 
of the active contact with respect to the target site and the surrounding structures. 
The accuracy of these methods remains to be determined, but they can give 
an approximate idea of the location of the active contact. If bipolar stimulation 
is used, the location of the cathode is most  relevant because cathodic stimuli 
are more effective in activating axons.

Numerous studies have supported the hypothesis that the optimal contact 
for therapeutic stimulation is located near the dorsal border of the STN, 
where stimulation effects are likely to extend into the LF and ZI (93, 95–104). 
The dorsolateral portion of the STN projects to cortical motor areas and is 
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considered the “motor” area of the nucleus. As such, one would argue that 
stimulation in this region would produce the greatest therapeutic benefit for 
motor symptoms. However, during stimulation current likely spreads outside 
the motor area and affects passing fiber tracts. It is not clear if stimulation of 
the structures dorsal to STN is more therapeutic than stimulation of the STN 
itself, or if the combined stimulation of multiple structures nearby makes the 
STN such a successful target for PD. Although several studies have found that 
stimulation dorsal to the STN was less effective than stimulation at the dorsal 
border of the nucleus (93, 95), another study comparing stimulation in the 
STN to the dorsal border of the STN versus the caudal ZI found that stimula-
tion in the ZI was the most effective site (94). Support for the argument that 
stimulation in ZI may be equally or more effective than in the STN is derived 
from reports of the involvement of ZI in locomotor activity and the observa-
tion that stimulation in the ZI in rats normalized dopamine-depletion induced 
molecular changes in a manner similar to that reported with STN stimulation 
(64, 105). Despite these intriguing results, the major deficiency of these stud-
ies is the inaccuracy in contact location estimation and inability to quantify the 
effective current spread.

Previous studies have implied based on the presumed location of the active 
contact that structures adjacent to the site of stimulation are also activated; 
however, it is not known precisely how far stimulation spreads and how 
this varies with different stimulation parameters (amplitude, pulse width, 
frequency). A computer modeling study quantified the spread of stimulation 
during STN DBS in a human PD patient and correlated it to clinical outcomes 
(67). The location of electrode contacts was reconstructed from postoperative 
MRI, and a 3D brain atlas was warped to the patient’s MRI to identify ana-
tomical structures and their location with respect to the electrode. The patient-
specific volume of tissue activated (VTA) was constructed using theoretical 
models of the DBS voltage field and neural (axonal) response to extracellular 
stimulation. The patient was clinically evaluated for rigidity, bradykinesia, 
and corticospinal tract activation at various stimulation parameter settings. 
The VTAs accurately predicted the spread of stimulation into the internal 
capsule for stimulus parameters that activated corticospinal fibers as measured 
by electromyography. Two separate contacts provided relief of rigidity and 
bradykinesia, and both of their VTAs included the LF and ZI. Improvement 
of rigidity was also correlated with spread of stimulation into the thalamus, 
the ZI, and the LF, but not the STN (contact closest to the STN induced side 
effects so it was clinically ineffective). While this study analyzed a single 
patient, its conclusions agree with previous clinical studies and suggest that 
the ZI and LF are activated during STN DBS and may provide a significant 
contribution to the beneficial effects observed with STN stimulation. The 
exact contribution of each, however, remains unclear. Results from monkey 
experiments indicate that large-scale stimulation of LF may not be neces-
sary for the therapeutic effect (26, 83). Similarly, lesions of the STN in both 
humans (106) and monkeys (14, 107) also suggest that altering STN output 
clearly has a therapeutic effect on PD motor signs. All these studies provide 
some critical clues to the optimal site of stimulation, yet therapeutic stimula-
tion needs to be investigated in a larger cohort of patients and animal subjects 
if we are to determine the optimal site for DBS in PD and whether or not this 
may vary based on individual patient symptomatology.
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Effect of DBS on the Network

The classical model of the basal ganglia (108) predicts that destruction of 
nigrostriatal dopaminergic neurons as occurs in PD leads to hyperactivity of the 
STN. This causes excessive activity in the GPi and subsequent inhibition of 
thalamocortical projections thought to result in the motor signs associated with 
PD. Both STN and GPi lesioning reduce hyperactivity in the STN-GPi circuit 
thereby removing excessive pallido-thalamic inhibition and suppression of 
thalamo-cortical output which results in alleviation of parkinsonian  symptoms. 
Although this model can explain the improvement in parkinsonian motor signs 
seen with lesions in the STN and GPi, it does not explain the improvement 
in dyskinesia seen with GPi lesions or the improvement in some parkinso-
nian motor signs following thalamotomy. This has led to the hypothesis that 
 patterns of neuronal activity may be more important than changes in rate for 
the development of parkinsonian motor signs. Consistent with this hypothesis, 
STN DBS increases STN output and the mean discharge rate of GPi neurons, 
yet similarly to GPi lesions, leads to improvement in motor function.

The key to this apparent paradox is the stimulation frequency necessary to 
achieve therapeutic effect. A proposed mechanism of DBS consistent with an 
increase in neural output from the STN is that stimulation overrides pathologi-
cal neuronal discharge by imposing a more regular higher frequency neuronal 
activity from the STN to the GPi (19, 22, 109). Both experimental (19, 28) and 
modeling (110) studies have shown that HFS replaces intrinsic irregular activity 
with one that is time-locked to the stimulus. Only frequencies above 100 Hz 
provide symptom relief while frequencies below 20 Hz often worsen symp-
toms probably because this just adds spikes to an already irregular pattern of 
spontaneous firing. Neurochemical studies have also shown that low- frequency 
stimulation does not lead to the neurochemical and molecular changes seen 
with HFS (23, 66). It has been suggested that regularization of GPi firing by 
STN DBS reduces the disorder (entropy) in neuronal signals (A. Dorval, per-
sonal communication) and restores the responsiveness of  thalamocortical cells 
to synaptic inputs (e.g., sensorimotor information) despite increased inhibitory 
drive (111).

Because an action potential that responds to extracellular stimulation begins 
in the axon, stimulation at frequencies greater that the neuron’s own sponta-
neous rate can override the neuron’s intrinsic output. There are two possible 
mechanisms by which this may occur. First, antidromic stimulus-initiated 
action potentials can collide with othrodromic soma-initiated spikes block-
ing this irregular pattern of activity from being conducted down the axon. 
Second, antidromic invasion of the soma prevents the cell from discharging 
spontaneously due to the refractory period associated with such activity. In 
both cases irregular orthodromic activity is replaced by a more regular pat-
tern of discharge. Even though this tonic, high-frequency firing pattern is not 
considered normal, it is seemingly devoid of informational content and results 
in an ‘informational lesion’, preventing the pathological activity from being 
transmitted within the basal ganglia (110). Interestingly, in dystonia, where 
intrinsic pathologic GPi firing rates are lower than in PD, therapeutic DBS 
frequencies may also be lower (112, 113).

Our analysis of the current DBS experimental data supports the concept 
that the neural pattern, rather than firing rate, is an important determinant of 
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the pathologic state of PD and the therapeutic effects seen with DBS (19, 22, 
109). In addition to an increase in the mean rate and irregularity of neuronal 
discharge in the basal ganglia, PD is also characterized by the development of 
rhythmic, oscillatory activity (76, 78). Most notably, synchronized bursting is 
present between STN and GPe (50, 114, 115), and STN oscillatory frequencies 
in the 15 to 30 Hz (beta) range tend to predominate (116). Similar to the effect 
of L-dopa, STN DBS appears to suppress abnormal beta rhythms in the GPi 
(117), but it is unclear if reduction of beta activity is necessary for symptom 
improvement (51). STN DBS has been shown to decrease oscillatory and burst 
activity in the STN and its target nuclei (19, 43, 48). As a result, reduction of 
pathologic activity and its transmission, and the subsequent improvement in 
information processing could be responsible for amelioration of motor symp-
toms during DBS.

Stimulation may induce both short- and long-term changes in the network. 
This is exemplified by the period of time necessary to achieve full reduction 
of symptoms once stimulation is initiated and the prolonged therapeutic effect 
once stimulation is stopped (118). Recording experiments show that neural 
activity at the site of stimulation or in the site receiving projections from the 
stimulated site returns to baseline within milliseconds or seconds after stimu-
lation stops. Yet, it may take minutes, hours, or even days for symptoms to 
worsen. Similarly, when stimulation is initiated, improvement in gait may take 
hours to occur whereas tremor may disappear almost instantly. To account for 
this observation one would seemingly need to propose that there are changes 
occurring within the network over different timelines. Molecular studies also 
indicate that there are both short- and long-term adaptive changes occurring in 
response to stimulation (86). To understand this process it will be necessary to 
perform experiments over long time periods while simultaneously recording 
from multiple neurons at multiple sites.

Conclusions

Early hypotheses on DBS mechanisms proposed that stimulation inhibited 
neuronal activity at the site of stimulation, thereby mimicking the effect of 
lesioning. Recent studies have challenged this view and suggested that while 
somatic activity near the DBS electrode is decreased by synaptic inhibition, 
DBS increases output from the stimulated nucleus by directly activating the 
axons of the local projection neurons. As a result, their intrinsic activity is 
replaced by high-frequency activity that is time-locked to the stimulus and 
more regular in pattern. The stimulation-induced change in neuronal patterns 
prevents transmission of pathologic bursting and oscillatory activity within the 
basal ganglia network resulting in improved processing of sensorimotor infor-
mation and reduction of motor symptoms. In addition to the targeted nucleus, 
stimulation of surrounding structures by STN DBS may also contribute to its 
therapeutic effect.

The mechanism of DBS is likely not simply a matter of inhibition or 
 excitation, rather it involves complex changes throughout the entire basal ganglia-
thalamo-cortical network. Understanding this process will be critically important 
if we are to reach the full potential of this powerful tool and will in turn lead 
us to technological advancements and improvements in our understanding of 
the physiologic signature of PD and other movement disorders.
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Abstract

This chapter gives an overview of the relevant literature concerning functional 
imaging and deep brain stimulation (DBS). Although there is no doubt about 
the clinical effects of DBS, knowledge concerning its mechanism of function is 
limited. Methods of functional imaging such as functional MRI (fMRI), single 
photon emission computed tomography (SPECT), and positron emission tom-
ography (PET) to measure cerebral blood flow or fluorodeoxyclucose metabo-
lism may help us understand the mechanisms of neurostimulation at the site of 
stimulation and also provide a global view of what is happening in the rest of 
the brain. Under review are typical patterns of activation/deactivation in the ipsi- 
and contralateral hemispheres at subcortical and cortical levels while stimulating 
the subthalamic nucleus (STN), ventral intermediate nucleus of thalamus (VIM) 
and globus pallidus interna (GPi), while working on different types of tasks. 
The site of stimulation usually becomes overactivated, which indirectly sup-
ports a mechanism of locally increased neuronal activity which than spreads by 
orthodromic and/or antidromic fashion into areas not being directly stimulated 
by the DBS electrode. As follows from comparisons with neurostimulation in 
on and off modes, DBS usually leads to a normalization of pathological patterns 
of brain activations. Despite similar clinical effects, the mechanisms of DBS are 
different from those of stereotactic lesions. However, the majority of available 
studies have produced many contradictory results due to significant methodo-
logical differences between studies.

Keywords: functional imaging, fMRI, regional cerebral blood flow, SPECT, 
PET, Parkinson’s disease, essential tremor, dystonia, deep brain stimulation, 
DBS, STN, ventral intermediate nucleus, globus pallidus, thalamus, sensori-
motor cortex. 
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The primary motivation for the use of the fMRI technique during DBS is to bet-
ter understand the pathophysiological mechanisms of this kind of therapy. Like 
PET and SPECT, its purpose is to offer a macroscopic view of the functional 
state of the basal ganglia and cortex in the course of neurostimulation. fMRI is 
also a promising tool for searching specific patterns that make predicting the 
future development of the disease, including any adverse complications, pos-
sible. However, our knowledge does not yet extend that far. Despite the ready 
availability of fMRI, the threat of the potential biological risks involved (1–3) is 
the main reason for the continuing low numbers of fMRI-examined patients.

While the microrecording of single-cell activity or the local detection of 
neuromediators provide a direct reflection of neuronal activity, functional 
imaging of activation or deactivation only gives an indirect idea of neuronal 
activity based on local metabolic turnover or regional cerebral blood flow 
(rCBF; ref. 4). As for blood oxygenation level-dependent (BOLD)-fMRI, 
 activation is caused by rCBF increases, and higher local blood volume con-
taining a higher concentration of oxygen (5). Hence, as a matter of principle, 
neither fMRI nor other rCBF imaging methods can define what neuronal 
processes occur at the site of neurostimulation because whatever activation or 
deactivation is observed in functional imaging is not necessarily equivalent to 
neuronal excitation or inhibition.

The techniques of functional imaging of DBS with fMRI, as distinct from 
rCBF SPECT, [15O]H2O PET, or [18F] fluorodeoxyglucose (FDG)-PET tech-
niques differ in many technical details, in particular in the paradigm of the 
investigation. As for perfusion and metabolic studies, what we see most often 
is a rating for the DBS effect on the resting rCBF or resting-state metabolism 
(6–11). Some authors, however, have studied rCBF changes with the use of 
motor (12–17) or cognitive tasks (18, 19). The effects of DBS are usually 
assessed by using various contrasts in multifactorial linear models. fMRI stud-
ies frequently use unilateral alternating on/off switching of DBS, lasting a few 
tens of seconds while the patient performs no active movement (20–22). The 
results are often not comparable due to the different types of neurostimulation 
that are employed.

While PET and SPECT are prone to the risk of exposure to ionizing 
 radiation, MRI is generally regarded as a safe diagnostic method. The presence 
of an implanted intracerebral electrode, however, makes MRI a potentially 
dangerous technique namely because of risks of thermal damage or electrode 
displacement (1, 21, 23–25). Apparently for reasons of MRI-related biologi-
cal hazards, PET is far more frequently used to study DBS effects than fMRI. 
Paradoxically, in patients with an implanted electrode, routine MRI brain 
scanning is frequently used, mainly to control its correct placement (26, 27). 
Despite the presence of the metallic electrode, MRI can be regarded as safe 
even in patients treated by DBS, provided a number of technical precautions 
are taken (2, 3). Technical issues and safety risks of MRI in patients treated by 
DBS are discussed in detail in the Chapter 22.

Apart from thermal risks, the biological effects of induced currents are another 
aspect of safety which must be kept in mind (28). The currents are present not 
only while the MR gradient coils are in operation but also mainly as a result 
of radiofrequency pulses. According to Georgi et al. (ref. 3), neuronal function 
is unlikely to be affected due to the very high frequency of induced currents. 
However, interaction with neuronal activity cannot be completely ruled out.
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Worse still for fMRI, susceptibility artifacts develop at the site of the 
implanted electrode contacts that are often larger than the stimulated 
nucleus (22, 29, 30). In addition, artifacts caused by the metallic material 
of the connector and conductors of the external cable may largely deform 
the image. Unfortunately, susceptibility artifacts that cause undesirable 
image distortion are typical, particularly in the echo-planar sequence com-
monly used for fMRI. This is the main reason why fMRI cannot be evaluated 
in some parts of the brain.

Another limitation of fMRI studies is that they are usually confined to a few 
hours or days while the implanted electrodes are still externalized. DBS needs 
an external neurostimulator to be placed outside the strong magnetic field to 
function correctly. The only mode of stimulation that can be used in these con-
ditions is a bipolar mode of stimulation. In contrast, PET and SPECT can use 
the monopolar mode of stimulation, the most common contact setting which 
is used for chronic DBS. Moreover, the pre-fMRI period is usually too short 
to find the optimal contacts and stimulation parameters that will be used for 
chronic DBS. fMRI performed days after the implantation of electrodes is also 
hampered by the potential for a microlesion effect and focal edema around the 
electrodes, conditions that often take days to subside. Acute microlesions and 
edema in themselves affect the function of motor circuits and modify  clinical 
symptoms. Furthermore, edema has adverse effects on the detection of the 
BOLD signal, which is essential for fMRI. The question then is whether we 
are studying the same DBS mechanism when using fMRI as with PET and 
SPECT performed months after the operation with the patient optimized and 
adapted to chronic DBS.

STN DBS

Acute STN DBS in a Resting State Visualized by fMRI

The statistical comparison of fMRI examinations with DBS switched on and 
off allows us to study the immediate effects of DBS (Figure 9.1). As a rule, the 
patient is lying at rest with eyes closed. We first tested this technique on three 
patients with Parkinson’s disease (PD) who were examined on day 3 after elec-
trodes were implanted into the STN. Unilateral STN DBS was switched on and 
off every 48 seconds. DBS caused a local BOLD signal increase in the thalamus 
including the area of the STN in all three patients (29). In two cases, activation 
was also present in the GP. No such activation was noted in the third patient, in 
whom STN DBS subsequently led to only temporary improvement. The entire 
group, later joined by five other PD patients who had responded favorably to 
DBS therapy, exhibited thalamic and GP activation in response to unilateral 
STN DBS (31). The immediate effects of acute DBS were also studied by other 
researchers. Unilateral STN DBS switched on and off every 30 seconds was 
found to activate the ventrolateral part of the ipsilateral thalamus and putamen 
(32). In another study, STN DBS unilaterally switched on each time for a period 
of 32 seconds caused hyperactivation in the posterior part of the ipsilateral GP 
externa and putamen of all five PD patients enrolled in the study (22). On the 
contrary, in a recent study of four PD patients who had unilateral STN DBS 
(after previous contralateral pallidotomy), no significant difference was noted in 
the fMRI results when STN DBS was repeatedly switched on and off (30).
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fMRI Artifacts or Biological Signal?
BOLD signal changes caused by periodically switching the neurostimulator 
on and off need not be consistent with changes in neuronal activity. They may 
simply be an artifact, conceivably arising from direct stimulation of a blood 
vessel responsible for a local increase in perfusion. Findings from PET studies 
performed during transcranial magnetic stimulation are at variance with this 
mechanism. Both hyperactivation (33) and hypoactivation (34) can be detected 
in the stimulated region. If transcranial magnetic stimulation leads to neuronal 
membrane excitation or inhibition by induced electric current (35), i.e., by the 
same mechanism as in electric stimulation, it is hard to imagine why the same 
type of stimulus used in different areas of the cerebral cortex should affect 
blood vessels in opposite ways. In the event simple vasodilatation occurred as 
a reaction to the electromagnetic stimulus, a uniform response pattern would 
be expected instead.

It is also unlikely that a local BOLD signal increase should be due to a  current 
flow artifact, although electric currents may cause susceptibility artifacts 
which can be visualized using MRI (36). If that were the case, we should also 
have noticed significant signal changes in the phantom experiment. Neither 
the site of the electrode nor its vicinity showed any signs of signal fluctuation 
that correlated with the stimulator being switched on and off (31). It would 

Figure 9.1 Manifestations of acute STN DBS in a 1.5 T fMRI scan of a PD patient 
(woman, 63 years, PD duration 12 years, UPDRS III: OFF = 53, ON = 30). Bipolar 
left-sided DBS was switched on and off every 48 seconds (130 Hz, 60 µs, 3.2 V) with 
right-sided DBS switched off throughout the procedure. The patient lay at rest with eyes 
closed. With DBS on, there was activation in the ipsilateral thalamus (T), nucleus len-
tiformis (NL), ipsilateral premotor cortex (Pre), and contralateral cerebellum (Ce), and 
simultaneous hypoactivation mainly affecting the ipsilateral primary motor cortex (M). 
P < 0.05, False Discovery Rate corrected. (To view this figure in color, see insert)
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seem equally improbable that local temperature changes would account for the 
area of activation. Even if there had been a significant local radio-frequency 
temperature increase during fMRI, it would have been continuous from the 
beginning to the end of the examination. Consequently, a BOLD signal change 
induced in this way could not have correlated with the course of the stimulation 
task to become visualized as an activated area. While correction for motor 
artifacts may not have eliminated all problems arising from head movements, 
it is unlikely that the motor artifacts would increase the signal solely in the 
predicted areas such as the thalamus or basal ganglia.

fMRI Local and Distant Effects of STN DBS
As already mentioned, an artifact arising at the electrode contacts precludes 
observation of what is happening in the stimulated nucleus. In fact,  magnetic 
field distortion around the implanted electrode is the reason for partial 
 displacement of the image of the nucleus activity from its actual position. 
In some patients, the cluster of activation was found close to some of the 
contacts (29), which might reflect the STN BOLD signal activity. Assuming 
the hypothesis that areas of fMRI activation develop indirectly as a result 
of increased neuronal activity, it is not clear why hyperactivation should be 
present during DBS. From the therapeutic point of view, there is no dif-
ference between a thermolesion and DBS. Certain authors postulated early 
that high-frequency DBS should cause long-term depolarization and thereby 
local inhibition (37–39). However, according to others, what appears to 
occur in the nucleus is excitation or simultaneous excitation and inhibition 
(40–44). If there is a predominant blockade during DBS, the site of stimula-
tion should show hypoactivation similar to that of therapeutic thermolesions 
(45–47) rather than the type of hyperactivation we and some other authors 
observed (6, 12, 29). The BOLD signal increase during stimulation provides 
indirect evidence of increased metabolic turnover. This may then reflect an 
effect of stimulation spreading via orthodromic and/or antidromic activation 
into areas that are not being stimulated directly with the DBS electrode. 
Hyperactivation of the thalamus, upper part of the midbrain, and GP as seen 
during STN DBS (22, 29) may well point to stimulation propagating along 
anatomical connections. With respect to the glutamatergic projection from the 
STN, these structures ought to be hypoactivated when the STN is inactivated. 
However, according to some researchers, there occurs an increase in the 
neuronal activities of the GP and substantia nigra pars reticulata (41) as 
well as an increase in the local concentration of glutamate (42, 48), which 
would suggest excitation spreading from the STN during stimulation in this 
structure.

During STN DBS, some patients have shown activation in remote subcor-
tical and cortical areas known to be anatomically connected with the stimu-
lated nucleus. With STN DBS, hyperactivity was noted not only in the basal 
ganglia, but also in the ipsilateral premotor cortex, dorsolateral prefrontal 
cortex (DLPFC), brainstem and contralateral cerebellum (22, 29, 31, 32). 
Some patients showed signs of deactivation of the primary sensorimotor 
cortex and supplementary motor area (SMA; refs. 31 and 32). In one patient, 
right-side DBS led to depressive dysphoria accompanied by increased BOLD 
signal in the upper prefrontal cortex, anterior cingulate and anterior thalamus. 
The implanted electrode contact lay dorsolateral to the STN (32).
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Chronic STN DBS in a Resting State Visualized 
by PET and SPECT
The effects of STN DBS have been repeatedly studied using rCBF PET and 
SPECT or FDG PET. Patients were examined in a resting state after a suffi-
ciently long (hours or days) adaptation to DBS. Some clinical manifestations 
such as rigidity disappear within seconds after switching STN DBS on, but it 
often takes hours/days to achieve the full therapeutic effect. Also, after STN 
DBS has been switched off, the different symptoms reappear with varying 
progression (49). Moreover, a study of the chronic effects of DBS is free from 
the risk of interference by transient phenomena such as transitory paraesthesia, 
which is likely to appear in many patients immediately after switching STN 
DBS on and then disappear spontaneously within seconds.

During discontinued medication, the brain resting-state of glucose metabo-
lism in PD is characterized by a specific pattern: bilateral hyperactivation of 
the GP, thalamus, and pons and simultaneous hypoactivation of the prefrontal, 
premotor, and parietal regions (50–53). This pattern of glucose metabolism, 
described as a PD-related covariance pattern, correlates with a similar pattern 
of resting-state rCBF, and exhibits stable reproducibility (54).

Chronic STN DBS leads to increased metabolic activity (6, 9) and rCBF (8, 12) 
of the thalamus or subthalamus. As the frequency of stimulation increases, 
there is a linear increase in subthalamic perfusion (55). Findings such as these 
make us question the theory of neuronal inhibition or depolarization block as 
a DBS mechanism. When studying DBS effects close to the electrode, other 
authors have conversely found only non-significant increases of rCBF (15), 
no change (56), or even a drop in glucose metabolism (11, 57) similar to that 
observed after STN lesions (45).

With STN DBS, glucose activity decreased in the GP and putamen (6, 11). 
However, most of the other FDG PET and rCBF studies found no changes in 
this area. There are exceptions: three studies describe an increase in the regional 
resting-state rCBF in the GP while STN DBS was on (12) with simultaneous 
increase (7) or decrease (8) of rCBF in some areas of the frontal lobe.

According to a longitudinal study, a STN DBS-related increase in rCBF 
was present at 5 and even 42 months after implantation. rCBF in the rostral 
SMA, DLPFC, and premotor cortex later showed an even greater increase. 
Moreover, rCBF also increased in the GP, thalamus, midbrain, pons, and 
cerebellum (7), which may be consistent with the functional reorganization 
of the cortico-subcortical circuits attributable to progression of PD. Chronic 
STN DBS is unlikely to slow down PD progression since the dopaminergic 
activity of the caudate nucleus and putamen continues to abate at a rate of 9.5 
to 12.9% annually (58).

A STN DBS-related increase in cortical activity has also been observed 
by other authors. They have found increased rCBF of the DLPFC (10), 
and enhanced glucose metabolism in the mesial frontal cortex and in some 
regions of the parietal and temporal lobes (9, 11, 57). Therefore, rCBF 
changes appear to reflect the clinical effect of DBS. For example, it was only 
in responders that STN DBS led to an increase and, thereby, to the normaliza-
tion of abnormally reduced rCBF in the frontal, parietal and occipital lobes 
(59). Also, many remote DBS effects may have been related to cognitive, 
behavioral, or affective disorders that are likely to appear in some STN 
DBS-treated patients (60).
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Opinions differ as to the resting activity of the cingulate. While some have 
noted an increase of rCBF in the anterior cingulate (56), others found no 
change (10) or even a decrease in this area (12, 13), including a local drop 
in glucose metabolism (11). The differences appear to result from different 
methodological approaches, some of which studied PD patients with different 
spectra of clinical symptoms while others studied STN DBS effects with or 
without dopaminergic medication.

However, many authors concur in their views concerning resting activity 
in the primary motor and/or sensorimotor regions. With STN DBS on, both 
rCBF (12, 13, 15) and glucose metabolism show a decline (6, 11, 57). Besides, 
the rCBF decline correlates with a decrease of stimulation frequency, thus indi-
rectly proving STN modulatory effects on motor cortex function (55). STN 
DBS-induced decrease in rCBF and glucose metabolic activity has also been 
described in the cerebellum, mainly in the vermis area (6, 11) as well as in the 
cerebellar hemispheres (9, 13, 57). Lower resting-state activity in the motor 
circuits may possibly be due to decreased proprioceptive feedback as a result 
of decreased rigidity or resting tremor, or conceivably due to a reduction of 
abnormal synchronized oscillations in the motor circuits (61).

Motor Tasks in fMRI

During sequential motor tasks with the thumb successively touching the 
fingers of the same hand, or during repetitive opening and closing of the 
hand, PD patients in a hypodopaminergic state reveal a number of substantial 
changes in activation patterns when compared with healthy controls. Patients 
with advanced PD show a stronger BOLD signal in the primary sensorimo-
tor cortex, lateral premotor cortex, inferior parietal cortex, anterior cingulate, 
and caudal portion of the SMA. Hyperactivation in these areas is probably a 
compensatory counteraction of the deactivated areas such as the rostral portion 
of the SMA and right DLPFC (62). A similar situation was observed during 
discontinued antiparkinsonian medication in early-phase PD while patients 
performed a self-paced single joystick movement task analyzed by means of 
event-related fMRI (63). Even asymptomatic carriers of the mutated Parkin 
gene exhibit greater BOLD activity in the anterior cingulate and premotor 
cortex, as seen in movements relying on internal cues (64). In this way, hyper-
activity of the frontal premotor and frontomesial cortex, essential in the plan-
ning and execution of complex voluntary movements (62, 65), may arise from 
either dysfunction or compensatory activation of those areas.

STN DBS Effects on Motion-Related fMRI Activity
When studying DBS effects on brain motion-related activity, the sequential 
motor task is executed twice, with STN DBS unilaterally switched on and off 
(31, 66). While moving a hand contralateral to the stimulated nucleus, one 
patient treated with STN DBS showed a decrease in motion-related activity 
in the primary sensorimotor cortex of the stimulated hemisphere accompanied 
by cerebellar hypoactivation in the hemisphere contralateral to DBS. Three 
variants of bipolar stimulation were used successively for this study; however, 
only one stimulation triggered activation in the anterior insula, putamen, and 
caudate nucleus of the stimulated hemisphere (66). In our group of eight PD 
patients, we also noted a decrease in motion-related activity during STN DBS 
(Figure 9.2). The decrease was significant in the primary sensorimotor cortex 
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of the stimulated hemisphere (i.e., contralateral to the moving hand) while 
activity in the SMA of the contralateral hemisphere (ipsilateral to the moving 
hand) abated simultaneously. This appears to reflect normalization of the func-
tion of those areas. We also observed a bilateral activation in the insula, in the 
inferolateral prefrontal cortex, and in the putamen, while cerebellar activity 
remained unchanged (31). Because STN DBS also has some beneficial effect 
on ipsilateral extremities (67, 68), we studied STN DBS effects on motion-
related activity of the ipsilateral hand. With DBS on, we found hypoactivation 
in the SMA of both hemispheres without a change in activity of the primary 
sensorimotor cortex or cerebellum. Hence, this finding suggests that unilateral 
STN DBS does influence the function of both hemispheres (31).

Motor Tasks in PET and SPECT

The findings from rCBF studies of PD patients during the execution of sequen-
tial motor tasks are similar to results of fMRI. rCBF PET and SPECT studies 
which showed, in particular, increased motion-related activity of the lateral 
premotor cortex and inferolateral parietal cortex in comparison with healthy 
controls, in what might be compensation for the hypoactivation of the DLPFC 
and mesial frontal cortex (69). The execution of self-initiated movements led 
to a substantially lower activation of the DLPFC, mesial frontal and parietal 
cortices (70). On the contrary, the ipsilateral hemisphere of the cerebellum is 
an area which has shown increased motion-related activity (71).

Figure 9.2 Effects of left-sided STN DBS on motion-related activity in eight patients 
with PD scanned with 1.5 T fMRI after overnight discontinuation of L-DOPA. During 
fMRI, patients executed sequential movements with the fingers of the right-hand (the 
motor and resting phases changed periodically every 48 seconds). With DBS on, 
motion-related activity decreased in the primary sensorimotor cortex (SM1) and sup-
plementary motor area (SMA), and increased in the putamen, insula and inferolateral 
frontal cortex (P, I, F). P < 0.001, uncorrected. (To view this figure in color, see insert)
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Most PET and SPECT studies of PD concurrently describe a decrease 
in motion-related activity of the SMA (69, 70, 72–75), an area participating 
in movement planning and initiation, i.e., functions that obviously are 
affected in PD. SMA hypoactivation appears to be caused by excessive 
inhibition from the thalamo-cortical projections, which may perhaps relate to 
manifestations of akinesia (76). Only one study found increased SMA 
activity in PD (65), namely during the execution of long sequences of 
overtrained finger movements.

STN DBS Effects on Motion-Related rCBF
A large number of studies deal with the effects of unilateral or bilateral 
STN DBS on rCBF during motion execution in patients with PD. What they 
describe is normalization of the abnormal pattern of cortical activation, which 
are found while DBS is switched off and dopaminergic medication is discon-
tinued. To put this in simple terms, STN DBS leads to hyperactivation of 
the fronto-striato-thalamic circuits along with simultaneous modulation of the 
 activity of the primary and secondary motor areas.

Effective left-sided STN DBS with the right hand in motion was found to 
increase rCBF in the anterior cingulate, the left primary sensorimotor cortex, 
and the right cerebellum. As subsequent more detailed analysis revealed, the 
cause of the difference lay not in cortical hyperactivation during the motion 
but in its decrease during the resting phase of the task (13). However, decreas-
ing motion-related rCBF of the primary motor cortex, ipsilaterally (12) or 
contralaterally (14) to STN DBS has been observed previously.

Increased rCBF caused by unilateral STN DBS was observed bilaterally 
in prefrontal cortex including DLPFC, in the left thalamus and putamen. 
Such changes were observed not only in the execution of a sequential joy-
stick  movement but also while the motion was merely imaginary (14). Also, 
in another study authors using unilateral high-frequency STN DBS found 
increased motion-related rCBF in the DLPFC (15), while bilateral STN DBS 
caused increased rCBF in the GP (17).

The changes in SMA activity are somewhat contradictory. Ceballos-
Baumann et al. (12) found, in the course of a motor task with STN DBS 
on as distinct from DBS off, increased rCBF of premotor cortex and ros-
tral SMA together with simultaneous hypoactivation in the caudal SMA. 
In another study a motion-related rCBF decrease was found in the rostral 
SMA (14). Other authors then found rCBF in the SMA increased (15, 16), 
which correlated positively with motor improvement as seen in the speed 
of joystick movement (17). In addition, STN DBS led to suppression of 
rCBF fluctuations in the SMA, which co-varied previously with the extent 
of joystick movements. The authors interpreted this that different levels of 
brain activation reflect mechanisms to achieve similar levels of behavioral 
performance (16). With unilateral STN DBS, they also noted an increase in 
motion-related rCBF in those brain areas which were previously hypoactive, 
while other hypoactivated areas became active to a point that resembled 
normal functioning.

A closer look at the above studies reveals some methodological  differences. 
While most authors compare the effects of STN DBS unilaterally (or bilaterally) 
switched on or off, others compare the pattern of brain activation under dif-
ferent conditions; that is, in a state of effective and ineffective stimulation 
(15–17). Another weakness of most imaging studies (including fMRI) is that 
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the changes in motion-related activation need not be related to DBS; they 
may simply be manifestations of differences in motor performance. Other 
discrepancies may arise from differences between patients in the study group 
exhibiting a different spectrum or intensity of clinical symptoms. Moreover, 
many findings are difficult to interpret because it is not always possible to 
differentiate between what is pathologically abnormal and what is a sign 
of functional adaptation. Consequently, comparisons between stimulator 
conditions, regardless of the presence of resting tremor, may lead to false 
conclusions. Hypoactivation of the primary sensorimotor cortex may thus 
be a consequence of suppressed tremor rather than a straightforward effect 
of DBS (77).

STN DBS Effects on rCBF in Cognitive Tasks
Apart from studying the effects of STN DBS on motion-related brain  activity, 
several studies have focused on speech and cognitive function. Most PD 
patients have problems with speech (78), which tends to be monotonous, 
quiet, and irregularly accelerated. STN DBS can make dysarthria worse or, to 
some extent, better (79–81). The results of a rCBF PET study aimed at speech 
production and silent articulation suggested that parkinsonian dysarthria is 
associated with insufficient activation of the orofacial primary motor cortex 
and the cerebellum in the presence of excessive activation of the premotor 
cortex, SMA, and DLPFC. With STN DBS on, there was partial improvement 
of speech while functional imaging showed a pattern almost resembling that 
of healthy persons (82).

As for cognitive executive tasks, two were used during STN DBS: the 
Stroop task and the verbal fluency task (18, 19). Worsened performance was 
repeatedly seen while the PD patients were coping with both tasks. Further 
deterioration is often noted using STN DBS (83–86). The Stroop task is a 
response conflict task that requires patients to name the font color of color 
words printed in an incongruent ink. A worse performance in this test 
induced by switching DBS on led to a bilateral rCBF decrease in the ante-
rior cingulate and right ventral striatum. This finding documents that STN 
stimulation may have an impact on non-motor striato-thalamo-cortical cir-
cuits (18). In a verbal fluency test, stimulated patients produced significantly 
fewer words than with DBS off. Affected at the same time, regional rCBF 
while STN DBS was switched on decreased in the right orbitofrontal cortex 
and the frontotemporal circuits of the left hemisphere, i.e., areas activated 
during word production (19).

STN DBS Compared With L-dopa Effects

Although STN DBS and treatment with L-dopa both produce similar improve-
ment in PD symptoms, DBS fails to restore dopamine synthesis (87, 88). 
Nevertheless, the consequences of both interventions on motor circuits are 
similar in several ways (6, 89). In a study comparing the effects of DBS and 
L-dopa using FDG PET, both led to decreased metabolism in the putamen, 
GP, primary sensorimotor cortex, and cerebellar vermis (6). This is in agree-
ment with a previous study describing an L-dopa-related decrease of rCBF in 
putamen and thalamus (90). Conversely, with STN DBS, the resting activation 
of the thalamus and GP became higher as proven in both rCBF (7, 8, 12) and 
fMRI studies (22, 29).
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Effects of STN DBS and L-dopa treatment do differ in some aspects. As dis-
tinct from effects of L-dopa, STN DBS resulted in increased metabolic activity 
in the thalamus together with the adjacent subthalamus and in decreased 
metabolism of the ventromedial prefrontal cortex (6). These differences there-
fore reflect their different mechanisms of action on the thalamus and cognitive 
functions. Using rCBF PET, other authors comparing L-dopa and DBS reached 
somewhat different conclusions. After L-dopa, the thalamus and caudate nucleus 
were more active and the inferolateral prefrontal cortex, midbrain and cerebellum 
were less active than with DBS (89). However, there was a methodological dif-
ference between the two studies. In Goerendt et al.’s study in 2006, the patients 
were tested when solving a spatial search task designed to guarantee a stable 
cognitive-behavioral state.

To some extent, it is difficult to compare DBS and L-dopa effects on pri-
mary sensorimotor cortical function. This is due to the different  influence 
of L-dopa on cortical activity. While early PD patients who execute hand 
motions showed lower primary sensorimotor cortex activity (63), other 
authors (91, 92) found an increase in cortical activity afer L-dopa intake. The 
discrepant results may have been due to differences in the motor tasks or to 
the duration of previous long-term antiparkinsonian medication. Whereas in 
Haslinger et al.’s study in 2001 patients had been taking L-dopa chronically, 
only L-dopa-naive patients were enrolled in the study by Buhmann et al. 
(2003). This is also congruent with the findings of a SPECT study (93) in 
which the resting-state rCBF of the primary sensorimotor cortex changed 
differently in response to L-dopa in groups of naive and chronically treated 
patients. Since DBS electrodes are usually implanted in PD patients with 
motor fluctuations after several years of exposure to L-dopa, the reported 
DBS effects on the primary sensorimotor cortex are similar. Switching DBS 
on led to a decrease in its resting (6, 11–13, 15, 57) but also motion-related 
activities (14, 31, 66).

Ventral Intermediate Nucleus (VIM) DBS

Tremor has been explored with fMRI in a number of studies. Patients with 
essential tremor, manifested typically while maintaining a sustained posture, 
showed abnormally increased activation in the primary contralateral sensori-
motor cortex, GP, and thalamus simultaneously with bilateral activation of the 
cerebellar hemispheres, dentate and red nuclei. Activation in the cerebellar 
hemisphere and red nucleus was significantly higher in patients with essential 
tremor than in controls whose tremor was mimicked by passive wrist oscilla-
tions (94). A similar conclusion had previously also been reached in a rCBF 
PET study (95).

PD patients with resting tremor, as distinct from those without tremor, 
exhibited increased glucose metabolism in the pons, in the thalamus  bilaterally, 
and in the premotor and sensorimotor cortical areas of the left hemisphere 
(96). Patients with exclusively unilateral parkinsonian tremor were found to 
have increased metabolic activity in the anterior ventrolateral nuclei of the 
contralateral thalamus, with metabolic fluctuations correlating positively 
with tremor amplitude (97). This particular study, also noted hyperactivation 
of the cerebellum and contralateral sensorimotor cortex in connection with 
parkinsonian tremor.



190 R. Jech

Consequently, despite obvious clinical differences between parkinsonian 
and essential tremor, both types were found to exhibit increased activity in 
subcortical cerebello-thalamic and cortical sensorimotor areas.

Functional Imaging in Ventrointermediate (VIM) DBS 
for Essential Tremor

Two patients with essential tremor exposed in a resting state to alternating 
unilateral on and off DBS of the VIM nucleus every 30 seconds showed an 
ipsilateral BOLD signal increase in the thalamus close to the stimulation 
electrode. At the same time, there was activation of the primary sensory cor-
tex, possibly in connection with transient paraesthesia while VIM DBS was 
activated (20). Similarly, another three patients with essential tremor exhibited 
fMRI signs of increased activity in the thalamus and primary sensorimotor 
cortex ipsilateral to VIM DBS. In addition, there was hyperactivation in the 
contralateral cerebellar hemisphere (Figure 9.3; ref. 31). A similar fMRI pat-
tern was observed in one tremor-affected patient with IgM paraproteinaemic 
demyelinating neuropathy, which may have been a separate type or just a vari-
ant of essential tremor (98).

rCBF PET study of essential tremor patients yielded similar results. With 
VIM DBS switched on, rCBF increased in the thalamus, close to the stimulat-
ing electrode. This was accompanied by a significant rCBF increase in the 
ipsilateral SMA and by a non-significant elevation in the ipsilateral motor 
cortex and contralateral cerebellum (99). In another PET study exploring 
the effects of unilateral effective, ineffective and no DBS, hyperactivity in 
the primary motor cortex was observed during effective VIM DBS (100). 
A growing amplitude of stimulation paralleled a linear increase of rCBF in 
the thalamus along with a non-linear rCBF change in the ipsilateral primary 
sensorimotor cortex. As the stimulation frequency increased, rCBF of this 
cortical region was reported to increase linearly (101). All these studies thus 
appear to provide evidence of DBS excitatory effects at the site of stimula-
tion, and of functional connectivity between the VIM nucleus and ipsilateral 
primary sensorimotor cortex and contralateral cerebellum. Hypoperfusion of 
the parieto-insular vestibular cortex, which was found in one study, may be a 
functional correlate of postural instability (100), such as occasionally occurs 
in some patients treated with VIM DBS.

It is worth mentioning a comparison of the impact of VIM and STN DBS on 
the primary sensorimotor cortex. While its resting-state activity increases dur-
ing VIM DBS, stimulation of the STN has an entirely opposite effect (6, 11–13, 
15, 31). This is perhaps related to different anatomical connections as the STN 
has an indirect influence on the motor cortex via the GP and thalamus (102). 
A possible explanation for these disparate findings is that during VIM DBS, 
while excitatory thalamocortical projections cause an activation of primary 
sensorimotor cortex, a different situation occurs during STN DBS which, in 
functional imaging, increases GP activation (7, 8, 12, 22, 29, 32). GPi via pal-
lidothalamic pathways may cause increased synaptic activity of thalamus lead-
ing to suppression of thalamocortical activity because of the inhibitory effect 
of GPi on the thalamus (103). This reduced input from thalamus would cause 
decreased activity in the cortex in areas to which this portion of the thalamus 
projects. This may be why in a resting state the activity of the primary sensori-
motor cortex decreases during STN DBS and increases during VIM DBS.
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Functional Imaging in VIM DBS for Parkinsonian Tremor

The results of VIM DBS in patients treated for parkinsonian tremor are 
 difficult to interpret. For functional imaging the patients are usually examined 
at rest, i.e., in a situation likely to induce resting tremor. VIM DBS in such 
patients leads to its inhibition. Hence, comparisons between rCBF while DBS 
is on or off will hardly decide which is due to the suppression of the rhythmic 
oscillations or kinesthetic feedback and which is connected with the direct 
effects of DBS. There is no such problem in rating VIM DBS effects in 
essential tremor because patients are usually examined with their extremities 
at rest when no tremor appears (76). The differences observed between these 

Figure 9.3 1.5 T fMRI during acute VIM DBS in a patient with essential tremor (man, 
58 years, tremor duration 20 years). Unilateral bipolar DBS was switched on and off 
every 48 seconds (130 Hz, 60 µs, 3V) while the patient lay at rest with eyes closed. 
Unilateral stimulation of the left and right VIM nucleus activated mirror subcortical and 
cortical areas. P < 0.05, False Discovery Rate corrected. (To view this figure in color, 
see insert)
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two types of tremor in VIM DBS functional imaging are probably associated 
with this phenomenon. This is because VIM DBS effects on the ipsilateral 
primary sensorimotor cortex and contralateral cerebellum in parkinsonian 
tremor are the opposite of those which occur in essential tremor. With VIM 
DBS on and with parkinsonian tremor suppressed, only reduced rCBF was 
observed in those regions. Changes in tremor acceleration correlated with 
activations of the ipsilateral primary sensorimotor cortex and SMA cortex 
positively, while fluctuations in tremor frequency showed a negative cor-
relation with the  contralateral dentate nucleus and pontine activations (104). 
Therapeutic thalamotomy also resulted in decreased rCBF of the ipsilateral 
primary sensorimotor and premotor cortex, probably because of the inhibition 
of the thalamo-cortical oscillations (105).

Another two studies mentioned reduced activity in the cerebello-thalamo-
cortical circuits in response to VIM DBS (106, 107). The inhibition of resting 
tremor was associated with a bilateral decline in rCBF in the cerebellum, 
ipsilateral somatosensory cortex, SMA and caudate nucleus (106). Yet another 
study showed a decrease in cerebellar rCBF during effective high-frequency 
VIM DBS. Ineffective low-frequency, similar to effective high-frequency, stimu-
lation only led to hypoactivation of the ipsilateral somatosensory cortex (107). 
VIM DBS-related deactivation of cortical regions was also observed in another 
study of patients with parkinsonian tremor. Ipsilateral motor cortex and SMA 
were deactivated, as were the prefrontal cortex and anterior cingulate bilat-
erally (108). In contrast, the authors found no decline in cerebellar rCBF. 
These variations probably arise from methodological differences and from the 
 enrollment of PD patients with slightly different clinical symptoms.

Two studies found activity changes at the site of the stimulation electrode 
while VIM DBS was on. In both cases, there was an increase in thalamic 
activity. fMRI of one PD patient showed a local increase in the BOLD signal 
(29). A PET study of eight PD patients revealed an increase of rCBF (104). 
These results also tend to support the theory that local excitation occurs at the 
site of the DBS.

Globus pallidus (GPi) DBS

The effects of GPi DBS using fMRI have not yet been studied. In contrast, a 
number of authors have explored the effects of GPi DBS or pallidotomy on 
glucose metabolism and regional brain perfusion. The findings show some 
differences relative to whether patients with PD or generalized dystonia were 
under study.

Functional Imaging in GPi DBS for PD

GPi DBS in PD patients in a resting state caused an increase in regional 
 glucose metabolism in ipsilateral premotor cortex and both hemispheres of the 
cerebellum (109) along with simultaneous reduction of abnormal PD-related 
covariance pattern (52). This appears to have been due to normalization of 
abnormal resting metabolic activity of the cortico-striato-pallido-thalamo-
cortical circuitry. According to another study, DBS increased resting rCBF of 
the ipsilateral putamen and rostral SMA, accompanied by improvements in 
rigidity and akinesia (110).
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GPi DBS also influenced rCBF during a motor task in which the patient was 
instructed to move the cursor with a digital tablet. With DBS, there was hyper-
activation of the anterior cingulate, primary sensorimotor cortex (contralateral 
to moving hand), and bilateral SMA. Improved motor performance correlated 
with increased rCBF in the sensorimotor cortex, ventrolateral thalamus, and 
cerebellum (111). GPi DBS effects on SMA function were similar to those of 
a lesion since an increase in rCBF in the SMA during hand motion was also 
observed in connection with unilateral pallidotomy (112–114). However, other 
remote effects were different. Thermolesion of the GPi was not followed by 
increased rCBF of the primary sensorimotor cortex nor was there any DLPFC 
activation during DBS.

By contrast, in another study the authors found no GPi DBS-related brain 
rCBF changes either at rest or during hand movements (15). Their methods 
were substantially different from those used in other studies. This particu-
lar study was designed merely to explore the short-term effects of effective 
(130 Hz) and ineffective (2 Hz) stimulation while other studies monitored 
effects for at least 12 hours from the start of stimulation while comparing the 
state with DBS on and off (109, 111).

Functional Imaging in GPi DBS for Generalized Dystonia

Patients with genetically confirmed (DYT1) generalized dystonia,  subjected 
to FDG PET in a resting state, were found to have increased regional 
metabolism of the basal ganglia, cerebellum and SMA (115, 116). During a 
motor task involving joystick movement, they exhibited increased rCBF in 
the rostral SMA, premotor cortex, DLPFC, anterior cingulate, putamen and 
cerebellum, and simultaneous decreased rCBF in the primary  sensorimotor 
cortex (117, 118), in the caudal SMA, and in posterior cingulate (117). 
Both were studies of patients with idiopathic generalized dystonia. This is 
partially congruent with the outcome of a study measuring rCBF in a group 
of six patients with primary generalized dystonia five of whom were DYT1 
positive. Unlike normal controls, they found increased motion-related rCBF 
in the DLPFC and other prefrontal areas (119).

During left-sided GPi DBS, the same group of patients showed increased 
resting regional rCBF in the left GPi (i.e., at the site of stimulation), in the 
left thalamus and in the right caudate. Activation was also noted in the right 
cerebellar hemisphere as well as in different parts of the frontal, parietal and 
temporal lobes of both hemispheres. At the same time, rCBF was decreased 
in the primary motor cortex (119). This means that abnormal resting-state 
rCBF became even more accentuated in response to GPi DBS. However, it 
may also mean that DBS leads to excitation, which then propagated along 
anatomic pathways toward different areas of cerebral cortex. In contrast, the 
execution of a movement was accompanied by a decrease and consequently 
a normalization of the abnormal hyperactivity of the prefrontal areas. This 
is also in agreement with the published case of a patient with idiopathic 
generalized dystonia and bilateral GPi DBS, who showed signs of sup-
pressed motion-related rCBF of prefrontal areas while neurostimulators were 
switched on. Suppressed activation of the primary motor cortex was also 
observed in this case (120).

Another SPECT study designed to detect resting-state rCBF in five dys-
tonic patients with GPi DBS bilaterally switched on, revealed individually 
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variable hyper- or hypoactivation in different brain regions (121). The variable 
results were probably due to the enrollment of patients with various types of 
dystonia.

Conclusions

DBS has been repeatedly studied by means of functional imaging. Beside 
rCBF studies using SPECT and PET, it has also proved feasible, despite tech-
nical difficulties, to study DBS effects with fMRI. While there is not any doubt 
about the clinical effects of DBS, relatively very little is known about its mech-
anisms. Thus, methods of functional imaging help us understand the processes 
associated with neurostimulation, not only at the site of stimulation, but also in 
providing a global view of what is happening in the rest of the brain. Studies 
on the most frequent targets for DBS, STN, VIM, and GPi have found that, 
besides local metabolic changes in the stimulated nucleus, there are also func-
tional changes in remote subcortical regions, cerebral cortex, or  cerebellum. 
The site of stimulation usually becomes activated which indirectly supports a 
mechanism of locally increased neuronal activity related to increased synaptic 
or axonal activity. Consequently, despite similar clinical effects, the mecha-
nisms of DBS markedly differ from those of stereotactic lesions.

Subcortical regions co-activated during neurostimulation while the patient 
is in a resting state are the thalamus (in the case of VIM DBS) and the thala-
mus and globus pallidus (in the case of STN DBS). The cerebral cortex may 
be influenced directly by way of thalamocortical connections (as in case of 
VIM DBS) or indirectly after being relayed by way of the thalamus as in case 
of STN or GPi DBS. In cerebral cortex there are motor and sensory areas whose 
activity is frequently affected by DBS. It follows from comparisons with 
 neurostimulation switched on and off, that DBS usually leads to improve-
ment of pathological pattern of brain activations or, more precisely, to a state 
of activation more closely resembling images obtained in healthy subjects, 
regardless of which nucleus is stimulated or of the actual movement disorder. 
In addition, neurostimulation of the STN, VIM or GPi may influence functions 
in the non-stimulated hemisphere reaching even beyond the motor system. 
Observed changes in activation have appeared unilaterally or bilaterally in the 
mesial, dorsolateral or inferolateral parts of the frontal lobes, in areas involved 
mainly in affective and cognitive processing.

However, it must be recognized that the majority of studies have also 
produced contradictory results. Examined closely, there are often great 
methodological differences. While many authors have compared effects of 
neurostimulation unilaterally or bilaterally, DBS switched on or off, others 
have compared patterns of cerebral activation under different conditions such 
as during states of effective and ineffective stimulation. Moreover, rCBF 
SPECT and PET studies are usually carried out weeks or even months after 
stabilization of the clinical state when optimal parameters of neurostimulation 
have been achieved. By contrast, fMRI studies can only be carried out soon 
after implantation of the intracerebral electrode which confines them to study-
ing the acute effects of DBS. Discrepancies may also be due to differences 
among patients who exhibit different types or severity of clinical symptoms. 
Finally, the motor task is another variable which needs to be considered. 
Besides functional imaging in a resting state, while no movements are being 
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performed, DBS is often studied in relation to control of voluntary movements. 
The difficulty with most imaging studies is that changes in motion-related 
activation need not be related to DBS; they may simply be manifestations of 
differences in motor performance. In spite of these caveats, functional imag-
ing has contributed greatly to our knowledge of DBS and in the future fMRI, 
perfusion SPECT and PET will retain an important role in the research of the 
mechanisms of neurostimulation.
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Abstract

Essential tremor (ET) is one of the most common movement disorders and is 
characterized by an action or postural tremor of the hands, which can also affect 
the head, voice, trunk, and lower limbs. ET can cause significant functional dis-
ability that makes activities of daily living such as eating, drinking and writing 
difficult and in some cases nearly impossible. Although ET can occur at any 
age, it is more common with advancing age. It is estimated that up to five of 
every 100 persons over 60 years of age are affected (1). Current first-line phar-
macological treatment includes primidone and beta adrenergic blockers such as 
propranolol. Second-line pharmacological therapies include benzodiazepines, 
gabapentin, and topiramate. In some patients, botulinum toxin injections provide 
some benefit but outcomes have been inconsistent. In general, pharmacological 
therapies are effective in only about 50% of ET patients (2). For ET patients 
with medication-resistant tremor that causes significant disability but who do not 
have significant cognitive, behavioral/psychiatric, or other medical conditions 
that preclude surgery, deep brain stimulation (DBS) of the ventral intermediate 
nucleus (VIM) of the thalamus is a worthwhile treatment option.

Keywords: deep brain stimulation, DBS, essential tremor, thalamic stimulation

DBS of the Thalamus

During the performance of thalamotomy in the 1960s, it became apparent that 
intra-operative high-frequency stimulation (>100 Hz) of the VIM nucleus of 
the thalamus dramatically reduced tremor (3, 4). Stimulation was therefore 
often used intra-operatively to help identify the appropriate target for thalamo-
tomy. In an attempt to reduce the adverse effects and complications occurring 
with thalamotomy, particularly after bilateral procedures, Benabid and his col-
leagues implanted DBS electrodes into the thalamus as a treatment for tremor 
(5). Many investigators have since reported the safety and efficacy of chronic 
thalamic stimulation for ET (Table 10.1; refs. 6–16) and VIM DBS has since 
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become the surgery of choice for the treatment of medication-resistant ET. 
These studies are reviewed in the remainder of this chapter.

Benabid and his colleagues reported multiple studies regarding the efficacy 
of VIM DBS for the treatment of tremor in the early 1990s (6–8). In 1993, they 
described 13 ET patients of which 68% had good or excellent tremor relief 
after VIM DBS (7). They subsequently reported an additional 20 ET patients, 
including 13 with bilateral VIM DBS and two with contralateral thalamotomy, 
who underwent VIM DBS (8). The majority of patients, at 3 months and also 
at their last follow-up visit of at least 6 months, had marked improvement in 
tremor, although benefit deteriorated in 18.5% of cases over time. This dete-
rioration occurred most often in patients with action tremor. Adverse effects 
related to stimulation were relatively mild and included paresthesia, dysar-
thria, disequilibrium, contralateral dystonia, and hypersalivation.

Koller et al. (9) reported the first North American multi-center study exam-
ining the effects of unilateral thalamic DBS in 29 ET patients 3 and 12 months 
after surgery. At 3 months, 23 of the 29 ET patients reported marked improve-
ment, three reported moderate improvement, one reported mild improvement, 
and two patients were unchanged. There was a significant improvement of 
approximately 60% in contralateral hand tremor and 43 to 68% improvement 
in activities of daily living such as writing, drawing spirals, drawing straight 
lines, pouring liquids, and bringing liquids to the mouth at 3 and 12 months. 
Complications were reported for the combined cohorts of ET patients (n = 29) 
and patients with parkinsonian tremor (n = 24). Surgical complications 
included a lead dislodgement during surgery requiring repeat surgery and 
generalized seizures in one patient. Adverse effects due to stimulation were 
mild and controlled by adjusting stimulation parameters. These included 
paresthesia (79%), headache (11%), disequilibrium (9%), paresis (8%), gait 
disorder (6%), dystonia (6%), dysarthria (4%), and localized pain (3%). Other 
complications related to the device that occurred during the first year included 
skin infections in two patients, pulse generator malfunction in one patient, and 
skin erosion from the extension wire in one patient.

Pahwa and colleagues (17) recently reported the long-term safety and effi-
cacy of thalamic DBS in 26 of the 29 ET patients reported in the prior study by 
Koller et al. (9). Sixteen patients with unilateral procedures completed patient 
global assessments at 5 years that indicated that 15 patients were improved 

Table 10.1 Selected studies of thalamic deep brain stimulation for the treatment of essential tremor 
(% improvement compared to baseline).

Author, year
n 

(uni/bi)
Age 

(years)
Follow-up 
(months)

Overall 
tremor

Hand 
tremor

Functional 
ability*

Activities of 
daily living

Koller et al., 1997 (9) 29/0 67 3, 6, 12 — ∼60% 48–63% —
Pahwa et al., 2006 (17) 15/7 71 60 46–78% 65–86% 35–57% 36–51%
Limousin et al., 1999 (11) 28/9 63 3,12 55% > 75% 44% 80%
Sydow et al., 2003 (16) 12/7 62 80 41% 50–70% 37% 39%
Koller et al., 2001 (10) 25/0 72 40.2 50% 78% — —
Putzke et al., 2004 (18) 29/23 72 3, 12, 24, 36 — > 83% — > 63%

Uni, unilateral; bi, bilateral; *, writing, drawing, pouring.
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compared to baseline and one patient was unchanged. Five-year follow-up 
data from the tremor rating scale were available for 15 patients with unilateral 
procedures. In these patients there was 75% improvement in targeted hand 
tremor, 46% improvement in overall tremor, 51% improvement in activities of 
daily living, 57% improvement in drawing, and 44% improvement in pouring. 
Seven ET patients who received bilateral implantation completed the 5-year 
follow-up. Global ratings indicated that all patients were improved compared to 
baseline. Tremor rating scale scores revealed 65% improvement in left-handed 
tremor, 86% improvement in right-handed tremor, 78% improvement in over-
all tremor, and a 36% improvement in activities of daily living. Of 45 patients 
with either ET or parkinsonian tremor, 27% required surgical revisions other 
than implantable pulse generator replacements while adverse events related to 
stimulation occurred in 10%. The most common adverse events in unilater-
ally operated ET patients included paresthesia (56%), pain (33%), asthenia 
(22%), dysarthria, incoordination, abnormal thinking and headache each in 
17%, depression and hallucinations each in 11%, and dysphagia, hypertonia, 
increased salivation, insomnia, hypophonia and somnolence each in 6%. In ET 
patients operated bilaterally, the most common adverse events were dysarthria 
(63%), incoordination (38%), pain, paresthesia, asthenia, insomnia, abnormal 
gait, hypophonia and somnolence each in 25%, and dysphagia and abnormal 
thinking each in 13%.

Limousin and colleagues (11) reported a multi-center European study of 37 ET 
patients evaluated 3 and 12 months after thalamic DBS. At 12 months, postural and 
action tremor of the upper and lower extremities were significantly improved com-
pared to baseline. Activities of daily living also remained significantly improved 
by 80% at 12 months compared to baseline. Adverse events were reported for the 
entire cohort of 111 patients with parkinsonian tremor and ET. One patient was not 
operated due to breathing problems in the operating room. Three patients died due 
to unrelated causes and one had a stroke 3 months after surgery. Three patients had 
hematomas that resolved without intervention and two patients had subcutaneous 
hematomas. Infection occurred in two patients which required temporary removal 
of the system. Stimulation related adverse events were mild and reversible with 
stimulation parameter adjustments. They included dysarthria in five unilaterally 
and two bilaterally implanted patients, disequilibrium in three bilaterally operated 
patients, and dystonia in one patient.

Sydow and colleagues (16) reported long-term follow-up assessment of 19 
ET patients (12 unilateral, seven bilateral) of the 37 patients enrolled in the 
study by Limousin et al. (11). A significant overall tremor improvement of 
41% was maintained 6.5 years following thalamic DBS. Importantly, although 
overall tremor was significantly improved compared to baseline at 6.5 years, 
the improvement was 14% less than that reported at 1 year compared to 
baseline. Upper limb action tremor was significantly improved by 71% at 12 
months and 50% at 6.5 years compared to baseline and upper limb postural 
tremor was improved by 83% at 12 months and 70% at 6.5 years compared to 
baseline. Activities of daily living were significantly improved by 39% at 6.5 
years; representing a reduction of 41% compared to the improvement seen at 
12 months. The most common adverse events were paresthesia (n = 6), dys-
arthria (n = 4; most with bilateral DBS), gait disorders (n = 3), headache (n = 
2), and other pain (n = 5). Infection, erosion and skin irritation each occurred 
in two patients, repositioning was necessary due to unsatisfactory effects in 
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one patient, loss of effect occurred in two patients, intermittent stimulation 
occurred in one patient, and five needed battery replacements after a mean of 
70 months. One patient experienced severe dystonia, which led to discontinu-
ation of stimulation.

Rehncrona et al. (15) examined two cohorts of ET patients from the 
Limousin et al. (11) study, which included 18 patients 2 years after thalamic 
DBS and 13 patients 6 to 7 years after thalamic DBS. They used a randomized, 
double-blind, cross-over design to evaluate patients in the stimulation on and 
stimulation off conditions at each follow-up visit. At 2 years, there was 67% 
improvement in upper limb postural and action tremor in the stimulation 
on compared to the stimulation off condition. The stimulation off condition 
did not differ from baseline. At 6 to 7 years after implant, there was a 67% 
improvement in both the stimulation on and off conditions compared to base-
line for upper limb postural tremor and a 50% improvement in upper limb 
action tremor with stimulation on compared to stimulation off, which was 
slightly worsened compared to baseline. Total tremor scores were improved 
by 49% at 2 years and 47% 6 to 7 years postoperatively in the stimulation on 
compared to the stimulation off condition. Similarly, writing, drawing, and 
pouring was improved by 75% at 2 years and 55% at 6 to 7 years with stimula-
tion on compared to the stimulation off condition. The authors concluded that 
thalamic DBS can successfully suppress action and postural tremor for at least 
6 years after implant.

Putzke and colleagues (18) reported their experience with unilateral and 
bilateral thalamic DBS for ET in 35 patients 3 months after surgery, 27 
patients after 1 year, 23 patients after 2 years, and seven patients after 3 
years. At all follow-up visits there was at least an 83% improvement in upper 
extremity tremor and at least a 63% improvement in activities of daily living. 
They observed no worsening of tremor over time. Adverse events included 
dysarthria in 40%, disequilibrium in 31%, motor disturbance (eye deviation, 
pulling, or tightness) in 24%, and paresthesia in 16%. Eight leads were repo-
sitioned due to loss of effect, two leads were replaced due to breakage, and 
one patient experienced infection requiring device removal. Similarly, in a 
long-term study of 25 ET patients followed for an average of 40 months (range 
22–69 months) after unilateral thalamic DBS, Koller et al. (10) reported that a 
significant improvement in total tremor of 50% was maintained at the longest 
follow-up, as was an improvement of 78% in targeted hand tremor. Surgical 
adverse events included seizures in one patient. Device complications included 
lead replacement due to loss of effect in six patients, lead fracture in one 
patient, lead migration in one patient, extension wire erosion in three patients, 
a pulse generator shocking sensation in one patient, and system removal due to 
loss of effect in one patient. Stimulation-related adverse events were mild and 
resolved with programming adjustments. These included paresthesia (84%), 
headache (60%), paresis (24%), dysarthria (16%), disequilibrium (16%), 
facial weakness (12%), and gait disorder, dystonia, dizziness, and cognitive 
deficits each in 8% of patients.

The American Academy of Neurology (AAN) Practice Parameter concern-
ing therapies for ET (19) concluded that DBS of the VIM thalamic nucleus 
effectively reduces contralateral limb tremor in medically refractory ET. 
Furthermore, they recommended that DBS of the VIM thalamic nucleus may 
be used to treat medically refractory limb tremor in ET (Level C).
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Unilateral vs. Bilateral Stimulation

Pahwa et al. (14) reported results of staged bilateral thalamic DBS in nine 
ET patients. The patients had a 35% improvement in total tremor scores after 
the first surgery and an additional 34% improvement 1 year after the second 
surgery. Combined postural and kinetic hand tremor scores for the target limb 
were improved by 68% after the first surgery and by 75% on the opposite side 
after the second surgery. Five patients had head tremor at baseline; only two 
had head tremor after the initial surgery and only one after bilateral DBS. The 
most common side effects were paresthesia, dysarthria, and disequilibrium. 
Dysarthria was assessed by a speech pathologist in six patients before and after 
surgery with the left stimulator on, the right stimulator on, and both stimula-
tors on. Three patients had increased dysarthria compared to baseline with 
one stimulator turned on. This effect was similar with either the right or left 
side on. With both stimulators on, the dysarthria score was further increased. 
One patient had increased dysarthria only with bilateral stimulation and two 
patients had no changes in dysarthria with unilateral or bilateral stimulation.

Ondo et al. (13) compared unilateral and bilateral thalamic DBS in 11 ET 
patients. Upper extremity tremor contralateral to the initial surgery improved 
by 68%, while the opposite side improved by 77% after the second surgery. 
Activities of daily living were improved by 45% after the initial surgery, 
which increased to 59% after the second surgery. Unilateral DBS improved 
head tremor by 30%, whereas a 65% improvement resulted after the second 
implant. The most common side effects were balance difficulty in five patients 
and speech difficulty, which occurred in only one patient after the initial pro-
cedure but in five additional patients after the second procedure.

The AAN Practice Parameter concerning therapies for ET (19) concluded 
that thalamic DBS suppresses only contralateral limb tremor and that bilateral 
DBS is necessary to suppress tremor in both upper limbs. However, they found 
no evidence for a synergistic therapeutic effect on limb tremor with bilateral 
DBS and insufficient data regarding the risk–benefit ratios of unilateral versus 
bilateral DBS. They further stated that side effects are more frequent with 
bilateral DBS and that bilateral thalamotomy is not recommended.

Head Tremor

Berk and Honey (20) reported two ET patients who underwent bilateral tha-
lamic DBS for isolated head tremor. They reported complete resolution of 
head tremor 9 months after surgery. Aside from this case report, no studies 
have reported thalamic DBS that was performed specifically for head tremor. 
However, several studies have examined effects of DBS on head tremor in 
patients who received unilateral and/or bilateral thalamic DBS for treatment 
of disabling hand tremor (Table 10.2).

Koller et al. (21) reported the effects of unilateral thalamic DBS in 38 ET 
patients at 3 months, 22 at 6 months, and 20 at 1 year. There were significant 
improvements in head tremor of 52% at 3 months, 35% at 6 months, and 50% 
12 months after surgery. At the 12-month evaluation, head tremor remained 
improved in 75% of patients, was unchanged in 20% of patients, and was 
worsened in 5% of patients compared to baseline. There was also significant 
improvement in total tremor scores at all follow-up visits. Similarly, Ondo 
et al. (12) reported a 55% improvement in head tremor in 14 ET patients 3 
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months after unilateral thalamic DBS for hand tremor but this improvement 
did not reach statistical significance.

Limousin and colleagues (11) reported a nonsignificant improvement in 
head tremor of 15% in 28 ET patients with unilateral thalamic DBS and a sig-
nificant 85% improvement 12 months after surgery in four ET patients oper-
ated bilaterally. From the same cohort, Sydow et al. (16) reported a significant 
improvement in head tremor of 58% when the entire cohort of 19 patients was 
examined 6.5 years after thalamic DBS. When examining unilaterally and 
bilaterally operated patients separately, there was a 45% improvement in head 
tremor 6.5 years after unilateral thalamic DBS in 12 ET patients and an 85% 
improvement in seven ET patients with bilateral thalamic DBS.

Ondo et al. (13) reported 11 patients with staged bilateral thalamic DBS of 
which nine had head tremor. In these patients, head tremor was nonsignificantly 
improved by 30% after unilateral thalamic DBS and significantly improved by 
65% after bilateral thalamic DBS. Obwegeser et al. (22) reported very similar 
results in 11 ET patients both after unilateral and bilateral stimulation. There 
was 38% improvement in head tremor 11 months after unilateral thalamic DBS 
and 95% improvement in head tremor 12 months after bilateral thalamic DBS. 
Finally, Putzke et al. (23) reported a significant improvement of at least 90% in 
head tremor at one, 3, 12, and 24 months after staged bilateral thalamic DBS.

Considering these data, the AAN Practice Parameter concerning therapies 
for ET (19) concluded that there is inconsistent and insufficient evidence to 
make recommendations about the use of unilateral or bilateral thalamic DBS 
for essential head tremor.

Voice Tremor

Only a few studies have examined the effects of thalamic DBS on voice tremor 
(Table 10.3). Carpenter et al. (24) studied the effects of thalamic stimulation 
on voice tremor in seven ET patients (five unilateral, two bilateral) who had 

Table 10.2 Selected studies of thalamic deep brain stimulation for the treat-
ment of essential head tremor (% improvement compared to baseline).

Author, year N (uni/bi) Follow-up (months) Head tremor

Koller et al., 1999 (21)
 Unilateral 20/0 12 50%*

Limousin et al., 1999 (11)
 Unilateral 28 12 15%
 Bilateral 9 12 85%*

Sydow et al., 2003 (16) 19 80 58%*

 Unilateral 12 80 45%
 Bilateral 7 80 85%
Obwegeser et al., 2000 (22)
 Unilateral 11 11 38%*

 Bilateral 11 12 95%*

Ondo et al., 2001 (13)
 Unilateral 11 3 30%
 Bilateral 11 3 65%*

Putzke et al., 2005 (23)
 Bilateral 13 24 90%*

*, reported as significantly improved.
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undergone thalamic DBS for hand tremor and had voice tremor before surgery. 
Voice assessments were conducted an average of 18 months (1–32 months) 
after surgery. They included patient and speech clinician global ratings as 
well as acoustic assessments. Voice tremor was improved significantly only in 
patients who had severe symptoms and did not parallel improvement in hand 
tremor. There were no notable differences between unilateral and bilateral 
patients. Overall, four of seven patients had documented improvement in voice 
tremor.

Limousin and colleagues (11) reported a 33% decrease in voice tremor in 
28 ET patients 12 months after unilateral thalamic DBS and a 40% decrease 
in nine ET patients 12 months after bilateral thalamic DBS; however, improve-
ments in voice tremor were not significant after either unilateral or bilateral 
implants. Sydow and colleagues (16) reported no significant change in voice 
tremor in 12 unilateral and seven bilateral thalamic DBS patients after 1 or 6 
years of follow-up. In a study of staged bilateral thalamic DBS, Obwegeser 
et al. (22) reported no significant change in voice tremor in 12 ET patients 11 
months after unilateral thalamic DBS. However, 12 months after the second 
implant, these 12 patients demonstrated a significant improvement of 83% in 
voice tremor. Dysarthria was a common adverse effect and was more preva-
lent after the second implant. Finally, Putzke et al. (23) reported a significant 
improvement in voice tremor at 1, 3, 12, and 24 months after staged bilateral 
thalamic DBS.

The AAN Practice Parameter concerning therapies for ET (19) concluded 
that there is inconsistent and insufficient evidence to make a recommenda-
tion about the use of unilateral or bilateral thalamic DBS for essential voice 
tremor.

Thalamotomy vs. Thalamic DBS

Thalamic DBS has largely replaced thalamotomy as the surgery of choice 
for disabling, medication-resistant ET. The advantages of thalamic DBS 
compared to thalamotomy include the reversibility of the procedure, lack of 
destruction of brain tissue, ability to adjust stimulation parameters to increase 
efficacy or reduce side effects, and the reduced morbidity associated with 

Table 10.3 Selected studies of thalamic deep brain stimulation for the treat-
ment of essential voice tremor (% improvement compared to baseline).

Author, year N(uni/bi) Follow-up (months) Voice tremor

Limousin et al., 1999 (11)
 Unilateral 28 12 33%
 Bilateral 9 12 40%
Sydow et al., 2003 (16)
 Unilateral 12 80 25%
 Bilateral 7 80 60%
Obwegeser et al., 2000 (22)
 Unilateral 11 11 28%
 Bilateral 11 12 83%*

Putzke et al., 2005 (23)
 Bilateral 13 24 65%*

*, reported as significantly improved.
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bilateral procedures. The disadvantages of thalamic DBS include increased 
costs, implantation of a foreign material (which increases the potential for 
infection), additional surgical procedures to replace the battery, possible need 
for replacement of other system hardware due to breakage or malfunction, and 
the additional time, effort, and follow-up visits required to optimize stimula-
tion parameters.

Several studies have compared the safety and efficacy of thalamic DBS and 
thalamotomy. Tasker and colleagues (25) retrospectively compared 19 tremor 
patients who underwent thalamic DBS (16 parkinsonian, three ET) to 26 
tremor patients who had thalamotomy (23 parkinsonian, three ET) all of whom 
were followed for at least 3 months. Efficacy was similar between the two 
groups with 42% of both groups having complete tremor resolution and 79% 
of those with DBS vs 69% of those with thalamotomy having marked reduc-
tion in tremor. Of the patients with thalamotomies, 15% required repeat sur-
gery while no patients with DBS required repeat surgery. The most common 
adverse events were ataxia, dysarthria, and gait disturbance, which occurred in 
42% of the patients with thalamotomy and in 26% of patients with DBS.

Pahwa and coworkers (26) also retrospectively compared 17 ET patients 
who underwent thalamotomy to 17 ET patients who underwent thalamic DBS. 
The average follow-up for the thalamotomy group was 2.2 months and the 
average follow-up in the thalamic DBS group was 3.1 months. The two groups 
were matched according to age, sex, side of surgery, and severity of tremor. 
Efficacy was similar in the two groups with total tremor ratings improving 
49% with thalamotomy and 50% with thalamic DBS. Surgical complications 
were more prevalent in the thalamotomy group with five patients having 
asymptomatic hemorrhages, and one patient having a symptomatic hemor-
rhage, while there were no hemorrhages in the thalamic DBS group. Cognitive 
problems occurred in 29% of the thalamotomy patients and in none of those 
with DBS. Patients with DBS had higher rates of paresthesia, dizziness, 
disequilibrium, and dysarthria but with reprogramming of the stimulation 
parameters, these side effects were eliminated. In the thalamotomy group, two 
patients had repeat surgery due to lack of benefit; in the thalamic DBS group 
there were six additional surgeries including four lead replacements, one pulse 
generator malfunction, and one battery replacement. In addition, in one patient 
the DBS system was explanted and a thalamotomy was performed due to lack 
of benefit.

Finally, Schuurman and colleagues (27) conducted a randomized prospec-
tive study that compared thalamic DBS and thalamotomy for treatment of 
tremor. In this study, six ET patients underwent thalamotomy and seven ET 
patients underwent thalamic DBS. Tremor reduction was similar for the two 
groups. Adverse events were more common in the thalamotomy group (50%), 
consisting of dysarthria, gait and balance difficulty, and cognitive deteriora-
tion compared to the thalamic DBS group in which only one patient (14.3%) 
had gait and balance disturbance. In each of the studies cited previously, it 
was concluded that thalamic DBS and thalamotomy were equivalent in terms 
of efficacy but that thalamic DBS was uniformly considered to be the treat-
ment of choice due to the ability to adjust stimulation parameters in order to 
improve efficacy and reduce adverse effects.

The AAN Practice Parameter concerning therapies for ET (19) concluded 
that both DBS and thalamotomy effectively suppress tremor in ET. Further, 
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they state that DBS is associated with fewer adverse events than thalamotomy. 
However, the decision to use either procedure depends on each patient’s cir-
cumstances and the risk for intra-operative complications compared to feasi-
bility of stimulator monitoring and adjustments.

Summary

VIM DBS is a safe, effective treatment for disabling, medication-resistant ET. 
Multiple studies have demonstrated significant efficacy of both unilateral and 
bilateral thalamic DBS in controlling upper extremity tremor. Head and voice 
tremor have also been significantly reduced with thalamic DBS but bilateral 
procedures have produced more dramatic effects than unilateral procedures. 
Several reports have demonstrated that the effects of thalamic DBS are main-
tained long term. However, in several studies there was some loss of benefit 
over time. It is unclear if this loss of benefit is due to disease progression 
and consequent worsening of tremor, tolerance to stimulation, or some other 
factor. Adverse stimulation-related events are typically mild and can generally 
be eliminated with adjustments of the stimulation parameter settings. Adverse 
events such as dysarthria and gait and balance disturbance have been shown 
to be more common with bilateral procedures. Device complications such as 
lead misplacement, migration, or fracture; extension wire erosion; and pulse 
generator malfunction may occur and often require additional surgical proce-
dures. Battery replacement is typically necessary every 3 to 6 years depend-
ing on usage patterns and stimulation parameter settings. Thalamic DBS and 
thalamotomy have been shown to have comparable efficacy; however, adverse 
events have been shown to be more common with thalamotomy. In general, 
DBS of the thalamus is considered the surgical treatment of choice for ET 
patients with disabling, medication-resistant tremor.
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Abstract

Deep brain stimulation (DBS) is approved by the U.S. Food and Drug 
Administration (FDA) for unilateral placement in the ventrolateral nucleus of 
the thalamus (VL) for the treatment of essential tremor (ET) and tremor due 
to Parkinson’s disease (PD). There is also evidence that VL DBS is effective 
for tremor secondary to other causes such as multiple sclerosis (MS), post-
anoxic and post-traumatic action tremor, and miscellaneous tremors from 
other causes. In this chapter, experience with VL DBS for tremor due to condi-
tions other than ET or PD are reviewed. It also discusses surgical approaches 
that may be unique to non-ET and non-PD patients. VL DBS is discussed as 
a safe, effective treatment for the reduction of tremor due to a wide variety 
of disorders. The issue of cost-effectiveness is also addressed. Finally, some 
implications of VL DBS for non-ET, non-PD, and other “off-label” indications 
will be considered.

Keywords: tremor, multiple sclerosis, stroke, deep brain stimulation, DBS, 
thalamus

Introduction

DBS is approved by the U.S. FDA for unilateral placement in the VL for the 
treatment of ET and tremor due to PD. However, there is evidence that VL DBS 
is also effective for tremor secondary to other causes such as MS, post-anoxic 
and post-traumatic action tremor, and tremor from other causes. The methodolo-
gies and devices used are essentially identical to those used for ET and PD. The 
precise mechanism by which DBS effects its therapeutic response is unknown 
(1, 2). It is clear that the success of DBS has forced a reconsideration of current 
theories of pathophysiology of movement disorders, particularly with respect to 
PD (3, 4). In the future similar studies may contribute to a better understanding 
of cerebellar physiology and pathophysiology thought to underlie other causes 
of tremor that will hopefully lead to more effective treatments.
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In the interim, physicians caring for patients with tremor due to conditions 
other than ET and PD are confronted with the fact that there are few effec-
tive alternative treatments. Despite this, there are inconsistencies in referral 
patterns, which require explanation. For example, at the Cleveland Clinic 
Foundation from 1997 to 2003, many patients with cerebellar outflow tremor 
due to MS underwent VL DBS but from 2003 to 2007 not a single patient with 
MS was referred to the University of Wisconsin-Madison for VL DBS. What 
are possible explanations for this discrepancy? Do physicians at the University 
of Wisconsin-Madison know either more or less about DBS for tremor than 
physicians at the Cleveland Clinic Foundation? Was new knowledge acquired 
subsequent to 2003? Are MS patients different in Wisconsin compared to 
Ohio? Was the decision simply a matter of physician preference that differed 
between Wisconsin and Ohio? Was the decision a matter of insurance prefer-
ences that differ in Wisconsin and Ohio?

In this chapter, experience with VL DBS for tremor due to neurological dis-
orders other than ET or PD are reviewed. There is a discussion of some aspects 
of the surgical approach that may be unique to non-ET and non-PD patients. 
Other implications of VL DBS for non-ET and non-PD for other “off-label” 
indications are also discussed.

General Experience of VL DBS for MS

VL DBS has been performed in a number of patients with disorders other than 
ET or PD. The majority of these patients have undergone VL DBS for cerebel-
lar outflow tremor due to MS. Tremor is a common and often very disabling 
complication of MS. According to some series, at least 50% of MS patients 
suffer from significant tremor (5). However, it is rare for a patient with MS to 
have tremor as their sole disability. Consequently, it is important to keep the 
expectations of VL DBS in perspective. The primary objective of VL DBS in 
MS is to improve tremor. Its effectiveness for treatment of the cerebellar ataxia 
very commonly associated with tremor is uncertain but the presumption has 
been that it is not effective. The degree to which reduced tremor contributes 
to patient independence and improved quality of life is difficult to assess. 
Keeping expectations for VL DBS within the perspective of the total disability 
experienced by the patient has proven to be problematic when considering the 
value and appropriateness of VL DBS.

It is important to stipulate to patients in advance what the measure of 
successful DBS will be. Some published studies have used changes in the 
Extended Disability Status Scale (EDSS) scale as the best measure of suc-
cess (6). These scales are commonly used in clinical studies of MS and are 
considered by some to be the standard. Most studies have found no significant 
improvement in the EDSS scores in MS patients after VL DBS (6). However, 
the EDSS and other similar outcome measures have typically been used when 
studying the natural history of MS and effects of therapeutic measures used 
to affect natural history. It is uncertain whether such measures are appropriate 
for assessment of the acute changes produced by VL DBS. Other measures 
such as independence, neuropsychological function, quality of life, or patient 
satisfaction have also not demonstrated significant improvements following 
VL DBS in MS patients (6–9). Consequently, many investigators have been 
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pessimistic about the value of DBS for MS tremor. However, when tremor 
scores alone are examined, nearly every study has concluded that VL DBS 
significantly reduces tremor (5–15). Summarizing, the outgives appear to 
include: (1) relief of tremor, (2) increase in function, (3) improvement in 
 quality of life, (4) cost effectiveness, and (5) the duration of improvement 
of these outgives. Table 11.1 summarizes many of the published reports on 
VL DBS for cerebellar outflow tremor secondary to MS.

Montgomery et al. had a modest expectation for reduction of tremor in the 
limb contralateral to VL DBS in the “cup task,” which measures the amplitude 

Table 11.1 Summary of published literature on the efficacy of VL DBS for cerebellar outflow 
tremor secondary to MS.

Article reference Type of study Number of subjects Outcomes

Brice and 
McLellan (36)

Retrospective, unblinded, 
and uncontrolled

Two; follow-up 5 and 6 
months

Tremor described as “strikingly” 
diminished

Nguyen and Degas 
(37)

Retrospective, unblinded, 
and uncontrolled

One; follow-up 17 
months

Tremor described as changing from 
severe to slight

Seigfried and 
Lippitz (38)

Retrospective, unblinded, 
and uncontrolled

Nine (among other types 
of tremor); follow-up 
not reported

All described as improving, not 
specified for patients with MS

Benabid et al. (39) Retrospective, unblinded, 
and uncontrolled

Four (among other 
types of tremor); 
follow-up from 3 to 
more than 6 months

Results not specified for patients 
with multiple sclerosis

Geny et al. (ref. 
40; may include 
patients from 
Nguyen and 
Degas [37])

Retrospective, unblinded, 
and uncontrolled

13; mean follow-up 13 
months

Tremor improved by 69%; patients 
described as more functional but 
no change in Extended Disability 
Status Scale

Whittle et al. (41) Retrospective, unblinded, 
and uncontrolled

Five; follow-up not 
reported

Eight subjects taken to surgery but 
only five implanted, these were 
the patients that demonstrated 
intra-operative reduction of 
tremor with stimulation

Hay (42) Retrospective, unblinded, 
and uncontrolled

One; follow-up 2 
months

Tremor described as improved

Montgomery et al. 
(11)

Retrospective, unblinded, 
and uncontrolled

15; follow-up from 3 to 
12 months

Mean tremor on the cup task pre-
operatively was 4 out of 4 which 
improved to 0.8 under optimal 
stimulation

Taha et al. (43) Retrospective, unblinded, 
and uncontrolled

Two; follow-up approx-
imately 10 months

Tremor improved in all patients to 
a tremor grade of 2 out of 4 but 
pre-operative scores not reported

Schuurman et al. 
(13)

Prospective, random 
assignment to VL DBS 
or thalamotomy and 
unblinded

Five (five other patients 
were assigned to tha-
lamotomy), follow-
up at 6 months

Frenchay Activities Index: statisti-
cally significant improvement; 
tremor severity; pre-operatively 
two patients with grade 3 out of 4 
tremor, three patients with grade 
4; post-operatively one patient 
with grade 0 tremor; one patient 
with grade 1; one patient with 
grade 2; two patients with grade 3

(continued)
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Article reference Type of study Number of subjects Outcomes

Matsumoto 
et al. (9)

Retrospective, unblinded, 
and uncontrolled

Three (three others had 
thalamotomy); fol-
low-up to 12 months

All had significant improvement 
in tremor scores (results not 
specified by type of surgery), no 
improvement in the Extended 
Disability Status Scale

Hooper et al. (7) Prospective, unblinded, 
and uncontrolled

15; mean follow-up 12 
months

Statistically significant improve-
ment in the severity of tremor 
(p = 0.02) in the Modified 
Fahn Tremor Rating Scale and 
improvement in hand function 
(p = 0.02); no change in disability, 
handicap, neuropsychological 
function, and independence using 
the Kurtzke Functional Systems 
Scale, Extended Disability Status 
Scale, Functional Independence 
Measure, London Handicap 
Scale, Handicap Questionnaire, 
Fatigue Severity Scale

Berk et al. (8) Prospective, blinded, and 
uncontrolled

12; follow-up 12 
months

70% reduction in action tremor at 
2 months and 67% at 1 year, no 
significant changes in the SF-36

Schulder et al. (6) Retrospective, unblinded, 
and uncontrolled

Nine; mean follow-up 
32 months

Tremor scores averaged 5.4 before 
surgery, 1.7 at 6 months after 
surgery, and 2.1 at late follow-
up; Extended Disability Status 
Scale scores averaged 7.2 before 
surgery, 6.8 at 6 months after 
surgery, and 7.8 at late follow-up

Wishart et al. (15) Literature review and ret-
rospective, unblinded, 
and uncontrolled report 
of authors’ case series

Four; mean follow-up 
22 months

All improved with tremor scores of 
3 out of 4 to scores of 0 in two 
patients and 1 in two patients

Nandi and Aziz 
(44)

Retrospective, unblinded, 
and uncontrolled

10; mean follow-up 15 
months

Custom method for measuring 
tremor, group improvement by 
64% in postural tremor and 36% 
in intention (action) tremor

Bittar et al. (ref. 
12; may include 
patients from 
Nandi and Aziz 
[44])

10 (10 patients under-
went thalamotomy); 
mean follow-up 14.6 
months

The mean improvement in postural 
tremor at 16.2 months follow-
ing surgery was 78%, compared 
with a 64% improvement after 
thalamic stimulation (14.6 month 
follow-up; p > 0.05)

Foote et al. (26) Retrospective, unblinded, 
and uncontrolled

One; at least 6 months 50% reduction in tremor with ventro-
intermediate thalamic (VIM) 
DBS and 63% with combined 
VIM and ventroanterior/ventro-
posterior VL DBS

Herzog et al. (45) Retrospective, unblinded, 
and uncontrolled. 
Objective to identify 
the optimal stimulation 
location was thought to 
be the subthalamic area 
rather than thalamus

11; follow-up not 
specified

62 to 76% improvement in tremor 
rating scale

Table 11.1 (continued)



11 Thalamic Deep Brain Stimulation for Other Tremors 219

of limb tremor as a subject reaches for a cup and brings it to their lips (7). This 
measure was chosen because it reflects an important activity of daily living 
(11). Using the Clinical Tremor Rating Scale (CTRS), Montgomery et al. 
demonstrated impressive reduction in tremor using the cup task (11). In addi-
tion to tremor others have reported improved upper extremity function during 
VL DBS (7, 8). Schulder et al. (6) found no significant improvement in the EDSS 
(mean pre-surgery scores of 7.2, mean 6 months post-surgery scores of 6.8, 
and mean late post-surgery scores of 7.8), but did find significant improvement 
in tremor specific ratings (mean pre-surgery scores of 5.4, mean 6 months 
post-surgery scores of 1.7, and mean late post-surgery scores of 2.1).

The emphasis on tremor reduction in the dominant upper extremity is 
reflected in the selection criteria used by most centers. That is, the tremor 
must be functionally limiting without significant weakness or sensory loss in 
the targeted limb. This is because weakness or sensory loss may contribute to 
tremor but are unlikely to improve after VL DBS. Patients are advised that 
DBS does not cure the underlying neurological disorder and that MS may 
progress despite VL DBS surgery. The decision to proceed with VL DBS 
surgery should consider whether a major reduction in tremor is sufficient to 
justify the surgical risk of DBS, estimated as a 2 to 3% risk of a significant 
and/or persistent neurological complication. Most centers require the MS to be 
relatively stable at the time of surgery. At our institution, the patient may not 
have had a significant neurological exacerbation in the preceding 6 months. 
We also require that speech and swallowing not be significantly compromised 
because exacerbation of speech and swallowing deficit had been a significant 
complication of ablative thalamotomy.

Long-Term Efficacy of VL DBS for MS

There are relatively few long-term follow-up studies of longer than 1 year fol-
lowing surgery (Table 11.1). A common belief had been that efficacy would 
wane. To address this issue, we carried out a retrospective chart review of 
25 consecutive patients with MS. The long-term efficacy of VL DBS was 
assessed by comparing the subject’s worst and best scores during sessions of 
DBS adjustment during their last clinic visit. Notwithstanding the caveats 
appropriate to such limited and potentially biased retrospective studies, some 
interesting observations were made. In the absence of better data, these may 
serve to guide patient management. Figure 11.1 shows the best CTRS score 
achieved after DBS adjustment during the last visit and the time between the 
last visit and the date of DBS surgery. If benefits were temporary, then sub-
jects furthest out from DBS surgery would be expected to have the greatest 
tremor. This was not the case including some subjects who had gone more 
than 1000 days since surgery (Figure 11.1). A correlation analysis demon-
strated no significant relationship between the best scores and the time since 
surgery. Figure 11.2 shows the individual differences between the worst and 
best scores at the time of the last clinic visit. All but two subjects showed 
improvement with effective DBS and six subjects had absence of tremor during 
the cup task.

Previous retrospective studies concerning long-term efficacy of DBS in MS 
have relied on the patient and/or caregiver’s global assessment often couched 
in the question of whether the patient would undergo the surgery again or 
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whether, in retrospect, the surgery was worthwhile (16). We conducted a more 
detailed retrospective telephone survey to determine long-term efficacy in 21 
consecutive patients who underwent VL DBS for MS tremor. A copy of the 
interview form is available from the author. Three patients were lost to follow-
up. Of the 18 responses, 11 surveys were completed by the patient and seven 
by the caregiver. The mean (SD) time between DBS surgery and completing 
the survey was 45 (13.3) months. Because of the relatively small number of 
subjects and difficulty quantifying the clinical results, the results of the inter-
view allow only a limited number of cautious conclusions. Twelve patients 
continued to use the stimulator while six patients stopped using DBS. In the 
six patients who stopped, the reason was not that “it did not help the tremor.” 

Figure 11.1 The best CTRS scores during the cup task for individual patients at the 
time of their last clinic visit prior to the retrospective review measured as days since 
DBS implant surgery. The lowest score indicates the least tremor

Figure 11.2 Comparison between the best and worst CTRS scores during the cup task for 
individual patients at the time of their last clinic visit prior to the retrospective review
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Of the 12 patients that continued to use DBS, six claimed an improved quality 
of life while six did not improve. Of the six that did not report an improved 
quality of life, four thought they would have an improved quality of life if they 
could get to the doctor for more frequent follow-up visits. Figure 11.3 shows 
the duration between the date of surgery and completion of the questionnaire. 
Most patients up to 40 months following DBS surgery generally describe an 
improvement in quality of life. More detailed results of the survey are avail-
able from the author.

Conundrum

Interpretation of the experiences described earlier leads to several reasonable 
conclusions. First, there is consistency in the observation that VL DBS 
significantly reduces tremor and that the benefit is sustained over time in a 
subset of patients who respond to this therapy. However, the question remains 
how to translate reduction in tremor to improvement in functional disabilities. 
Second, VL DBS does not consistently improve scores on global tests of 
functioning in MS patients such as the EDSS. It is an open question whether 
such global measures are appropriate to evaluate the effect of VL DBS for an 
isolated symptom such as tremor. Third, in a majority of patients, VL DBS 
does not improve patient or caregiver assessments of quality of life. Although, 
in our retrospective telephone survey, two-thirds of patients and/or caregivers 
reported that VL DBS did not improve long-term quality of life, most contin-
ued to use DBS. In addition, two-thirds of those still using VL DBS but report-
ing no improvement in quality of life said they thought that further stimulator 
adjustments would have helped. Although this is highly uncertain, it suggests 
that for many patients quality of life may be related more to access to follow-
up programming than to the inherent efficacy of VL DBS.

The observations described earlier indicate the complexity of medical deci-
sion making, the results of which will be quite different depending on which 
of the elements described earlier are given the greatest weight. For example, 

Figure 11.3 The relationship between the time since surgery and the impression 
that VL DBS improved or did not improve the patient’s quality of life based on the 
telephone interview. As can be seen, most patients that had surgery within the preced-
ing 40 months claimed an improved quality of life in contrast to those patients whose 
surgery was longer than 40 months from the date of the survey
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if one considers only a significant and sustained reduction in tremor that 
impairs the ability of the patient to eat or drink, the data argues in favor of VL 
DBS. If one considers only the effects of VL DBS on the EDSS it is reason-
able to conclude that VL DBS should not be recommended.

Medical decisions involve issues of cost in addition to issues of effec-
tiveness. The data reviewed here only relate to issues of effectiveness. 
A physician’s decision regarding whether to recommend VL DBS involves an 
assessment of cost and a perspective regarding how to factor in costs. Costs, 
and consequently medical decisions, include financial as well as medical, 
social, ethical, and moral considerations (17). Medical costs must also include 
the risks of performing surgery as well as the cost of continued disability if 
surgery is not performed. Regardless of one’s position on this issue, many 
physicians feel the right and/or obligation to consider costs in their recom-
mendations to patients (18–20).

As used to date, the EDSS and quality of life measures are too blunt as 
instruments to be used in the consideration of VL DBS for an individual 
patient. On the other hand, the evidence concerning reduction of tremor is more 
relevant and we believe the experience thus far is compelling. Consider a 
young man with severe cerebellar outflow tremor due to MS who underwent 
dominant-side VL DBS and experienced remarkable improvement of contral-
ateral upper extremity function. He was advised to turn the stimulator off at 
bedtime and to turn it back on during the day in order to preserve battery life 
and avoid tolerance. However, the patient did the opposite. DBS controlled the 
tremor sufficiently so that he could use a telephone, feed himself finger-foods 
and bring a cup with a lid and straw to his mouth. Having this control available 
at night allowed the patient to care for himself independently, even at a time 
when functional demands were less. He no longer required 24 hour nursing 
support, his independence at night was a significant boost to his self-esteem, 
and costs were reduced.

This author believes that the limited and possibly flawed available data, 
which suggests improved quality of life for 40 months, to be sufficiently com-
pelling to offer VL DBS to patients with cerebellar outflow tremor due to MS 
within the criteria discussed earlier. Additionally, we feel that insurer denial on 
the basis that VL DBS for non-ET or non-PD tremor is experimental or inves-
tigational is not persuasive. The author has previously described his opinion of 
the use of only level 1 evidence-based medicine criteria as a misrepresentation 
and disservice to evidence-based medicine and patient care (17).

Unique Pre-operative and Postoperative Issues Related 
to Non-ET and Non-PD Tremor

Clinical experience with VL DBS in patients with MS and post-traumatic 
action tremor illustrates a number of unique issues. First, patients with these 
tremors develop a number of habits that, while helpful in the presence of 
severe tremor, may become counterproductive once the tremor is under con-
trol. For example, patients often make very rapid limb movements to reach 
their target. They do so because they wish to reach the target successfully on 
their first attempt. They learn that if they must make several secondary, correc-
tive movements the tremor will become worse. Some patients appear to “swat” 
at the target. Our experience suggests that following successful VL DBS such 
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rapid movements to the target become less effective than slower purposeful 
movements. These patients may therefore require a period of retraining fol-
lowing DBS to modify strategies previously adopted prior to surgery.

Some patients attempt to minimize their tremor by reducing the degrees of 
freedom about limb joints. They typically do so by rigidly holding their arm in 
adduction against the chest in order to limit involuntary proximal movements 
of the elbow and shoulder. Continued use of this posture after surgery limits 
their use of the limb when the tremor is under control. In such cases, referral 
to an occupational therapist is helpful.

Another problem that frequently occurs in patients with action tremor, 
especially when secondary to MS, is the rapid development of tolerance to the 
DBS settings, which can occur within hours to days. Often, minimal changes, 
such as even a small reduction rather than increase in stimulation voltage, 
can regain tremor control. However, this often necessitates frequent visits for 
programming, which can be problematic for patients with the neurologic co-
morbidities typically associated with MS. This may result in dissatisfaction 
with DBS and may play some role in the therapeutic nihilism present in some 
physicians with respect to use of VL DBS for these tremors.

The mechanisms for tolerance are uncertain. To avoid tolerance, most 
patients with MS tremor are advised to turn the stimulator off at times when 
dependence on tremor control is minimal such as during the night. Another 
option is to implant impulse generators that allow the patient and/or caregiver 
some control over the stimulation parameters. In this way, the patient and/
or caregivers would be able to make small periodic adjustments in stimulation 
parameters in order to regain control if the patient develops tolerance.

Another issue unique for the MS patient is the risk for exacerbation of 
MS symptoms coincident with the DBS procedure. Because clinical experience 
is limited, a precise estimation of this risk is problematic. Montgomery 
et al. (11) suggested that the risk was approximately 10%. In their review of 
the literature, Wishart et al. (15) reported that six of 27 patients experienced 
an exacerbation of MS following DBS. For this reason, some centers have 
adopted as a surgical candidacy requirement the absence of any significant 
exacerbation of the MS within the previous 6 months, operationally defined 
as a significant and acute worsening of existing symptoms or the development 
of new symptoms and signs. A progressive worsening of cerebellar outflow 
tremor is not considered an exacerbation.

Patients with tremor secondary to other causes, particularly MS, are likely 
to have other concomitant neurological problems. The presence of dysphagia 
or dysarthria is particularly significant as there is considerable risk for exac-
erbation of these symptoms with VL DBS, particularly when carried out 
bilaterally. Consequently, the presence of significant dysphagia or dysarthria 
is considered a relative contraindication to VL DBS.

There has been considerable debate concerning the distinction between 
tremor and ataxia. The latter is generally considered poorly responsive to VL 
DBS. Unfortunately, there is little if any objective data that bears on this issue. 
The experience of this author is that ataxia is associated with greater proximal 
limb involvement compared to tremor. In general, proximal tremor is more dif-
ficult to control with VL DBS than distal tremor. It is therefore the practice of 
this author to discourage DBS in patients with marked and limiting proximal 
tremor. It is possible that proximal tremor has greater bilateral representation 
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thereby making unilateral DBS less effective for its control. The output of 
the cerebellum is via the brachium conjunctivum, which bifurcates into two 
divisions near the level of the red nucleus that may play a role in posture (21). 
The ascending division projects to the VL nucleus of the thalamus en route to 
cortex. The descending division projects to the brainstem and mediates stereo-
typic bilateral upper and lower proximal flexion responses to microstimulation 
of the deep cerebellar nuclei (21). Perhaps this descending pathway, which is 
unaffected by DBS, has a greater effect on proximal muscle coordination.

Surgical Issues Unique to Non-ET 
and Non-PD Tremor

The surgical methods for VL DBS have been reviewed elsewhere (22). 
However, several comments are indicated. First, targeting within VL thala-
mus is different for some types of cerebellar outflow tremors than for tremor 
associated with ET or PD. Tremor in ET or PD tends to be more distal com-
pared to the more proximal tremor associated with cerebellar outflow lesions. 
Consequently, DBS for these conditions should target the region representing 
the proximal musculature, which is more lateral in VL thalamus compared 
to representation of the distal musculature. For these reasons and others this 
author strongly recommends the use of intraoperative microelectrode record-
ing to determine the optimal target.

DBS for Tremors Other Than MS

VL DBS has been demonstrated to be effective in a number of other causes of 
tremor. These include: post-stroke tremor (23), post-traumatic tremor (24, 25), 
spinocerebellar degeneration (27, 28), a variant of Behr’s syndrome (29), Holmes 
midbrain tremor secondary to brainstem hemorrhage or tumors (30–33), and 
peripheral neuropathy secondary to monoclonal gammopathy (34). In the author’s 
limited experience, patients with post-traumatic or post-anoxic cerebellar outflow 
tremor do better than patients with MS tremor due to the non-progressive nature 
of the post-traumatic or post-anoxic disabilities.

“Off-label” vs “Experimental” Use of DBS 
and Insurance Coverage

The DBS systems currently used for VL DBS for non-ET and non-PD tremor 
are the same systems that have received approval from the FDA for PD, 
tremor, and dystonia. Consequently, the use of these systems for non-ET and 
non-PD tremor meets the standard definition of “off-label” use. Such use is 
not necessarily experimental or investigational but often falls within the limits 
of standard and accepted medical therapy.

Evidence-based medicine is sometimes misused to deny “off-label” uses, 
which are based on case experience or experts utilizing logical inference. 
There may be many reasons for the lack of such data such as the unfeasibility 
of controlled trials or lack of sponsors to financially support such studies. This 
is particularly true for cerebellar outflow tremors due to rare causes such as 
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anoxic brain injury. This author recently participated in VL DBS for cerebellar 
outflow tremor in a patient with galactosemia who did remarkably well. It may 
not be feasible to conduct randomized control studies in such circumstances. 
However, the insistence on level 1 evidence is against the original intent of 
evidence-based medicine (17). The original concept of evidence-based medi-
cine recognized the legitimacy of case reports and case series, as well as expert 
opinion (17).

DBS as “Symptomatic” Rather Than 
“Disease-Specific” Treatment

The issue of appropriate clinical indications can be viewed from a different 
perspective. One could reasonably consider VL DBS a symptomatic rather 
than a disease specific treatment. An analogy would be in considering the 
use of a new analgesic medication, which is clearly a symptomatic therapy. 
One would not require separate clinical trials for every possible cause of pain. 
Rather, physicians must use judgment to extrapolate useful indications based 
on the mechanism of action of the drug and a demonstration of efficacy across 
a broad spectrum of etiologies.

To take another example, globus pallidus DBS is effective across a broad 
range of etiologies including PD, dystonia, tardive dyskinesia, and Tourette’s 
syndrome. The argument has therefore been made to consider globus pallidus 
DBS a symptomatic form of treatment rather than a disease-specific treatment 
(35). The efficacy of VL DBS for a wide variety of cerebellar outflow tremors 
similarly supports the notion of a symptomatic therapy.
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Abstract

Thalamic deep brain stimulation (DBS) was introduced for the treatment of 
Parkinson’s disease (PD) tremor and essential tremor (ET) in the late 1980s. 
Its remarkable success for these indications was followed by the introduction 
of DBS in other brain targets for the treatment of PD and dystonia. With the 
advent of subthalamic DBS for PD, the use of thalamic DBS for PD tremor 
has markedly declined. However, thalamic DBS is effective for PD tremor and 
remains a valid option in selected older patients with tremor predominant PD 
who do not have other disabling features of PD.

Keywords: tremor, Parkinson’s disease, deep brain stimulation, DBS

Introduction

Several nomenclatures have been used for nuclei of the motor thalamus (1–4). 
Hassler’s terminology (1) is commonly used in the current clinical movement 
disorders literature. The motor thalamus lies ventrally and anterior to poste-
rior, consists of the lateral polaris (Lpo), which receives input from the globus 
pallidus interna (GPi) and substantia nigra pars reticulata (SNr); the ventralis 
oralis anterior (Voa) and ventral oralis posterior (Vop), which receive input 
from the GPi; and the ventral intermediate nucleus (VIM), which receives 
input from the cerebellum and lemniscal system (5). The relative contribution 
of cerebellar and lemniscal inputs to the VIM is uncertain and depends in part 
on whether human or monkey data are used (5). The ventralis caudalis (Vc) 
lies posterior to motor thalamus and receives lemniscal and spinothalamic 
sensory input. In the Anglo-American nomenclature, the ventral anterior (VA) 
nucleus includes Lpo and Voa; the ventrolateral nucleus (VL) includes Vop 
and VIM; and the ventral posterior nucleus is equivalent to Vc.

Microelectrode recordings obtained during stereotactic surgery have identified 
thalamic neurons that burst at a frequency identical to the patient’s tremor 
frequency (6). These are located in the ventral motor thalamus but also in 
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other thalamic nuclei, medial GPi, putamen, caudate, and subthalamic nucleus 
(STN). In the thalamus, these have been particularly well studied in Vc, VIM, 
Voa, and Vop where they correlate with electromyographic recordings of 
tremor (7). Subsequently, VIM has been accepted as the target of choice for 
the treatment of tremor (8). Neuronal bursts in VIM also occur in response to 
active or passive movement of small joints (9, 10). Intra-operative identifica-
tion of these movement sensitive neurons has been helpful in locating thalamic 
sites for optimal placement of surgical lesions or stimulating electrodes for the 
treatment of tremor. Surgical ablation and high-frequency stimulation of areas 
in the VIM that contain “tremor cells” successfully abolish tremor. However, 
the pathophysiologic role of these “tremor cells” in causing tremor is uncertain 
because similar tremor bursts are identified in the GPi (11) and STN (12) and 
lesions in those areas also abolish tremor.

Before the introduction of levodopa, thalamotomy was the most common 
surgical procedure for the treatment of PD tremor. This was because of its lower 
morbidity compared with pallidotomy and striking benefit for tremor. However, 
evaluation of surgical results was typically qualitative rather than quantitative 
and controlled studies comparing procedures were not carried out in that era. 
The surgical target for thalamotomy was usually VIM but sometimes included 
Vop for control of rigidity. After pharmacologic treatment became available for 
PD and ET, medication-resistant tremors continued to provide a valid indica-
tion for thalamotomy (13). Unilateral thalamotomy produced long-term effec-
tive treatment of contralateral tremor in up to 85% of patients but with a high 
incidence of transient complications lasting up to 3 months in as many as 60% 
of patients and a lower but substantial incidence of permanent complications, 
especially involving speech, in up to 23% of treated patients (14).

DBS

DBS has been a novel and rapidly expanding method for treatment of PD (15, 
16). Three targets have been used in PD: VIM, GPi, and STN. In the 1960s, intra-
operative stimulation was used to identify VIM just before creating an ablative 
lesion. Low-frequency stimulation was known to activate or drive tremor while 
high-frequency stimulation in the same location suppressed tremor (17–19). This 
technique was used during surgery to identify the proper site for thalamic lesion-
ing (19–21). The high frequency of adverse effects associated with bilateral 
thalamotomy motivated Benabid et al. to perform the first implantations of 
thalamic stimulators for the treatment of parkinsonian and ET (21, 22). Benabid 
et al. carefully studied the effect of varying pulse frequency, current intensity, pulse 
width, polarity, and pulse duration on tremor control. Because of the dramatic effi-
cacy and safety of thalamic DBS, the use of DBS in other brain targets such as GPi 
and STN was subsequently explored to control other parkinsonian symptoms.

Thalamic Stimulation for Tremor in PD

Background

Although tremor is often a major and very visible feature of PD, in most 
patients it is not necessarily a disabling symptom. Historically, the experience 
of thalamotomy was that even after successful alleviation of tremor, patients 
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were often left with functional disability due to persistent bradykinesia, which 
was unrelieved by the procedure. However, in some cases, PD tremor is disabling, 
especially if there is a significant postural or kinetic component which 
interferes with manual activity. Some disabling postural tremors in PD, such 
as re-emergent tremor (23), are easily overlooked because they do not appear 
until a new position of the hand has been assumed for several seconds.

Adverse effects on speech and cognitive function associated with thalamotomy 
motivated a search for alternative approaches for surgical treatment of tremor. 
Historically, chronic thalamic stimulation had already been used for the treat-
ment of chronic pain. Andy (20) suggested that chronic thalamic stimulation 
might be preferable to ablation for treatment of tremor, especially in elderly, 
poor-risk patients. He implanted chronic electrodes and stimulated at 50 to 
125 Hz in several thalamic nuclei in nine patients with a variety of motor dis-
orders. He treated five patients with parkinsonian tremor, three of whom were 
targeted in VIM (20). In most cases, stimulation was limited to 30 to 60 minutes 
three or four times daily but three patients underwent continuous stimulation. 
Results in PD tremor were “fair to excellent” but duration of follow-up was 
unstated. Siegfried and Lippitz (24) carried out VIM DBS in 40 patients with 
PD tremor, most of whom had undergone previous contralateral thalamotomy. 
Twenty-nine experienced complete tremor control. Tasker (25) also reported 
on chronic thalamic stimulation at 60 Hz in a small number of patients, one of 
whom had parkinsonian tremor, but with poor and short-lived results.

Benabid and his colleagues studied VIM stimulation further and concluded 
that it could be used as chronic therapy in patients with PD or ET who had 
previously undergone contralateral thalamotomy in order to avoid the potential 
adverse effects of bilateral thalamotomy. In their initial report, six patients 
with PD with previous thalamotomy were implanted in contralateral VIM 
(22) and stimulated at up to 130 Hz. Three patients were greatly improved 
and were connected to permanent stimulators thereby inaugurating the era 
of DBS for the long-term treatment of movement disorders. VIM DBS has 
also been extensively used for treatment of medication-resistant ET, which is 
primarily a postural or kinetic tremor and therefore more disabling than most 
parkinsonian tremors. Numerous studies have been carried out documenting 
the effect of VIM DBS in ET involving the extremities, head, and voice (21, 
26–36), which are not reviewed in this chapter but have been reviewed in detail 
elsewhere (37, 38).

Patient Selection

Proper patient selection is crucial for the successful surgical treatment of 
movement disorders in general and PD tremor in particular. General require-
ments for stereotactic surgery in PD include good general health, ability to 
undergo and cooperate with the demands of stereotactic surgery while awake, 
no uncontrolled psychiatric or behavioral disorder, and no significant dementia. 
In the case of DBS, patients must be willing and able to return for reprogram-
ming of the implantable pulse generator. VIM DBS should be considered for 
treatment of PD tremor if it is the major disabling feature of the disease, has 
a significant re-emergent or action component that interferes with activities 
of daily living, is refractory to pharmacologic treatment and is unilateral. 
Importantly, unlike medication-resistant bradykinesia or rigidity, medication 
refractory PD tremor does respond to VIM DBS. Bradykinesia, rigidity, and 
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postural instability should be minor or absent. Similar to thalamotomy, VIM 
DBS improves rigidity only slightly and has no effect on bradykinesia or gait 
disorder. A particular advantage for VIM DBS in this setting is that advanced 
age is not an absolute contraindication because it is a simpler and shorter pro-
cedure than GPi or STN DBS as it does not require microelectrode recording, 
requires fewer postoperative programming visits, and is less likely to cause 
adverse cognitive effects.

The Problem of Progressive Parkinsonism After Thalamic 
DBS for Tremor

Because GPi and STN DBS also effectively suppress PD tremor, the role of VIM 
DBS for this indication has declined, especially if other signs of PD are prominent 
(38, 39). However, the question remains as to whether VIM DBS should still be 
considered an appropriate consideration for patients with stable tremor-dominant 
PD who lack significant bradykinesia, rigidity, or gait disturbance. The answer to 
this question relies on the natural progression of PD following VIM DBS. Lyons 
et al. (40) followed nine PD patients for a mean of 40 months after unilateral 
VIM DBS. Tremor remained significantly improved compared to the baseline 
on-medication condition but Unified Parkinson’s Disease Rating Scale (UPDRS) 
motor scores at the longest follow-up with stimulation were not different from 
baseline on-medication scores. Several patients became significantly disabled 
because of their other parkinsonian symptoms and five patients required additional 
surgical procedures to maintain good tremor control. Tarsy et al. (41) followed 
nine patients with tremor-dominant PD for a mean of 5.5 years after VIM DBS 
(five unilateral; four bilateral), three of whom had tremor-dominant PD. Tremor 
suppression improved and remained stable without significantly increased aki-
nesia, rigidity, or gait disturbance. However, there was a significant increase in 
levodopa and dopamine agonist dose requirement and a global assessment of PD 
progression showed moderate worsening (41). In a 5-year follow-up study (42) of 
the North American multicenter trial of VIM DBS for essential and parkinsonian 
tremor (26), 15 of 19 patients with PD were followed for 5 years. Significant 
bradykinesia and rigidity were present in addition to severe tremor. With stimu-
lation, tremor was improved by at least 82% at 5 years compared to baseline. 
Rehncrona et al. (43) followed 16 patients with tremor-dominant PD for 2 years 
and 12 patients for 6 to 7 years after unilateral VIM DBS. Tremor was equally 
suppressed at 2 and 6 to 7 years after surgery, while UPDRS motor scores and 
mean levodopa intake were significantly increased at 6 to 7 years with stimulators 
off. Putzke et al. (44) followed 23 patients with tremor-dominant PD for a mean 
period of 18.7 months following unilateral or bilateral VIM DBS. Tremor control 
was stable. Although UPDRS was not recorded, mean levodopa equivalent daily 
dose did not increase. These follow-up studies are limited because only two (43, 
44) were limited to patients with tremor-dominant PD and follow-up motor assess-
ments were usually carried out while patients were on medication, potentially 
masking signs of progressive parkinsonism.

The Importance of Tremor in PD

Tremor is one of the more obvious and visible features of PD; however, it is 
generally not as functionally disabling as other parkinsonian features. This 
is because PD tremor is usually present when the affected limb is at rest 
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and suppresses during voluntary movements. In this situation, severe resting 
tremor may therefore be more of a cosmetic than functional concern. In some 
individuals, this may still constitute a valid indication for surgery, such as 
the actively employed individual who feels self-conscious socially or in his 
workplace because of tremor. In some patients there is a significant component 
of postural or re-emergent tremor in addition to the rest tremor that does, in 
fact, disturb motor function (23). Bilateral VIM DBS for PD is generally not 
recommended due to adverse effects on speech and balance that may already 
be present in PD (32). Therefore, PD patients with bilateral tremor being con-
sidered for DBS should undergo STN DBS.

Although it was initially reported that VIM DBS is more effective for 
distal than proximal tremor (21, 45), uniform benefits for rest, kinetic, distal 
postural, and proximal postural tremor have also been demonstrated in PD 
(27, 46). Lower limb, midline, and even ipsilateral resting tremor may also 
be relieved in some patients (27). If lower extremity tremor is the principle 
indication for VIM DBS a more lateral site in VIM may need to be chosen for 
electrode implantation (47).

Severity, distribution, and type of tremor should be documented by use of 
standard tremor rating scales such as the UPDRS motor scale (48) and Tremor 
Rating Scale (49), supplemented by standard tasks such as writing, drawing a 
spiral, drawing a straight line between lines, and pouring water from one cup 
to another (26). Tremor severity in operated patients has typically been 3 to 4 
out of 4 in the UPDRS tremor subscale, moderate to marked and present most 
of the time.

Results of VIM DBS for Treatment of Tremor in PD

In the early report by Benabid et al. (21) of VIM DBS for tremor, 26 patients 
with disabling PD tremor were implanted, 21 of whom had undergone 
no previous neurosurgery. Eight patients underwent bilateral VIM DBS 
implanted simultaneously. A Radionics 2.3-mm diameter electrode was used 
initially and later switched to a Medtronic 1.2-mm diameter electrode. The 
correct target was determined to be where stimulation at 100 Hz or higher 
suppressed tremor with the lowest possible voltage. Stimulation at lower 
frequencies either had no effect or aggravated the tremor. Electrodes were 
connected to an extension lead externalized over the scalp and test stimu-
lation was carried out over at least 1 week. Once stimulation effects were 
deemed satisfactory, a programmable stimulator, the Medtronic Itrel I or Itrel 
II, was implanted in the subclavicular region and stimulation was maintained 
at 130 Hz. Contralateral upper limb tremor was totally suppressed in 23 and 
markedly improved in nine cases out of 34 thalami stimulated. Similar to 
the effects of thalamotomy, rigidity was slightly improved but there was no 
effect on akinesia. A microlesion effect lasting for 1 to 10 days occurred in 
some patients. Adverse effects were mild and stimulation-related including 
limb or face paresthesia, limb dystonia, and dysmetria. Dysarthria and gait 
disequilibrium occurred in six patients, five of whom had either bilateral 
DBS or a previous thalamotomy, and could be controlled by reducing the 
intensity of one or both stimulators.

Subsequent studies by Benabid and colleagues (31, 33, 50) involving up to 
91 patients with PD documented improvement for up to at least 3 to 6 months 
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postoperatively. There was good to excellent tremor suppression in 88% of PD 
patients. Resting tremor was better controlled than postural or action tremor, distal 
better than proximal or axial tremor, and upper better than lower extremity tremor 
(45). Stimulation voltage had to be increased over the first several weeks following 
surgery, likely because of increases in tissue impedance. There was a subsequent 
need to increase stimulus voltage to control action tremor in some patients, more 
commonly in ET than PD. This was attributed to tolerance, possibly supported by 
the rebound increase in tremor which occurred in some patients when the stimula-
tor was turned off. However, despite the observation of rebound tremor, tolerance 
evidenced by reduced clinical effect or need for increased stimulus voltage, has 
been reported in some (51) but not all studies (22, 41).

Subsequent studies with more prolonged follow-up have confirmed the 
beneficial therapeutic effect of VIM DBS on PD tremor, which, similar 
to earlier studies, has been effective in approximately 90% of patients 
(26, 29, 40, 41, 46, 52–54). In most studies, PD patients have had tremor 
predominant forms of PD. In the North American prospective multicenter 
trial, 24 PD patients were implanted with VIM thalamic stimulators and 
were evaluated using a double-blind assessment at 3 months and open 
follow-up assessments at 6, 9, and 12 months following surgery (26). 
There was a statistically significant and clinically dramatic decrease in 
contralateral tremor compared to baseline with total resolution of tremor 
in 14 of 24 PD patients. However, by contrast with ET patients in the 
same study, functional activities of daily living (ADLs) such as handwrit-
ing, dressing, and cutting food were not improved, likely due to lack of 
improvement in parkinsonian bradykinesia. A single center study of 19 
patients using similar methodology and examiner-blinded assessment at 
3 months produced similar results with regard to both tremor and ADLs 
(29). A European prospective multicenter trial (13 sites) assessed 73 
PD patients in an unblinded fashion for 12 months following surgery 
(30). There was a significant decrease in contralateral tremor, which was 
similar in magnitude to the North American trial. However, by contrast 
with the North American trial, ADLs were improved in the European 
study. Other studies have confirmed that subjective global disability 
ratings improve similarly in PD patients compared with ET patients (46, 
55). Although tremor is clearly improved and most studies have shown 
improved ADLs following VIM DBS, quality-of-life measures have not 
been extensively studied following VIM DBS (56) by contrast with effects 
on quality of life after other surgical treatments of PD (57).

In one multicenter trial, VIM stimulation appeared to improve con-
tralateral akinesia in addition to tremor (30). However, akinesia was 
mild preoperatively, may have been difficult to assess in the presence of 
severe tremor, and very likely appeared to improve postoperatively due to 
improved tremor. In other studies, akinesia has shown little or no change 
following VIM DBS (27, 28, 33). Gait and balance in PD patients have 
shown only minor and inconsistent improvement (58–60). In one study, 
levodopa-induced dyskinesia was improved following thalamic DBS in 
five affected patients (28, 61), but subsequent analysis of thalamic stimu-
lation sites concluded that effects on dyskinesia were more likely due to 
more medial and deeper electrode placement closer to the centromedian 
and parafascicular nuclei (62).
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Adverse Effects of VIM DBS

Adverse effects associated with VIM DBS in short-term studies have been 
related to regional effects of stimulation, hardware-related complications, and 
neurological consequences of intracerebral electrode implantation.

Regional Effects of Stimulation
In Benabid et al.’s early reports (21), adverse effects were mild and limited to 
stimulation effects such as paresthesia, limb dystonia, and dysmetria, which 
could be controlled by stimulation adjustment. Dysarthria and gait disequilib-
rium were uncommon and nearly always limited to patients receiving bilateral 
stimulation or those that had undergone previous contralateral thalamotomy. 
Paresthesia is a very common and expected adverse effect, occurring in 13 to 
27% of PD patients (42). It is nearly always limited to several seconds after the 
IPG is turned on and is due to the spread of current to Vc, the thalamic sensory 
receiving immediately posterior to VIM. Dysmetria and gait disequilibrium 
are attributable to DBS effects on Vop, the pallidal receiving nucleus imme-
diately anterior to VIM. The incidence of serious paresthesia was only 2.5% 
in the Medtronic clinical investigation of DBS for tremor (63). The higher 
frequency of dysarthria, dysmetria, and disequilibrium in patients undergoing 
bilateral VIM DBS has been documented (32, 41) and is more common in 
patients with PD than ET (42). Although these adverse effects can usually be 
managed by adjustments in stimulator parameters, tremor suppression on at 
least one side of the body may become compromised as a result (32).

Hardware-Related Complications
Recently, longer-term studies following DBS have shown a higher incidence 
of hardware complications than occurred in previous shorter-term studies 
(64, 65). Oh et al. (64) reported a 33-month retrospective study of 79 patients 
with 124 electrode implants, 38 of which were in thalamus. Overall, 25.3% 
of patients had hardware-related complications including lead fractures, lead 
migrations, open circuits, erosions and/or infections, foreign body reactions, 
and cerebrospinal fluid leaks. The hardware-related complication rate per 
electrode year was 8.4% and many occurred as late complications, possibly 
explaining the lower rates of hardware complications reported in shorter-term 
studies. Joint et al. (65) prospectively studied their experience over 3 years 
and reported a 20% occurrence rate of hardware-related problems in 49 oper-
ated patients with 79 implants, 14 of which were in thalamus. These included 
lead fractures, lead erosion, IPG malfunction, and lead misplacement. Useful 
references providing detailed methodology for troubleshooting hardware com-
plications are available (66, 67) and are discussed elsewhere in this book. DBS 
technology is rapidly evolving and procedural and equipment modifications 
such as moving the electrode connector away from the cervical region to the 
scalp, use of low profile connectors, and use of microplate and screw fixation 
at the burr hole instead of a silicone burr ring and cap may reduce hardware 
complications (27, 68), although a more recent survey showed a 13.9% inci-
dence of hardware-related complications (68). In an autopsy study of six 
PD patients with thalamic DBS, pathological examination up to 70 months 
following electrode implantation showed only a thin inner capsule of connec-
tive tissue and mild fibrillary gliosis around the lead track and active contact 
electrode (69). Explantation of the intracerebral electrode is only occasionally 
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necessary and is indicated in the presence of active infection or skin erosion 
unresponsive to medical management or skin grafting. If explantation should 
be required but reimplantation is not feasible, limited experience suggests it 
may be possible to generate a permanent thalamotomy using the DBS elec-
trode to create a radiofrequency lesion prior to its removal (69, 70).

Neurologic Adverse Effects
Transient mild postoperative headache is common and attributable to the 
stereotaxic frame and skull fixation bolts. Intra-operative focal or generalized 
seizures are uncommon and not more frequent than during other stereotac-
tic neurosurgical procedures. Permanent neurologic adverse effects of VIM 
DBS are uncommon. The most potentially serious neurologic adverse effect is 
intracranial hemorrhage. Benabid and coworkers (33) reported six intracer-
ebral microhematomas in 177 operations, three of which were symptomatic. 
The incidence of documented intracranial hemorrhage was 2% in the North 
American and 5% in the European trials (26, 30). The incidence of intracra-
nial hemorrhage among 266 patients in the Medtronic clinical investigation of 
DBS treatment of tremor was 2.6% (63). Hemorrhages include subdural and 
intracerebral hematomas. Many intracerebral hematomas are asymptomatic, 
may be limited to a region along the electrode tract, and are discovered only 
by postoperative brain imaging. There was only one immediate postoperative 
death among 266 patients enrolled in the Medtronic clinical trial of DBS for 
treatment of tremor (63). Detailed neuropsychological testing has shown no 
significant change in cognitive function following thalamic stimulation (56, 71, 
72), although mild deficits in verbal fluency have been documented (33, 73).

VIM DBS Compared With Thalamotomy

Speech and cognitive deficits and tremor recurrence rates of 4 to 22% fol-
lowing thalamotomy (74) motivated Benabid and colleagues to consider VIM 
DBS a potentially safer treatment for PD (33). Increasing thalamotomy size 
to prevent recurrence only served to increase the frequency of neurologic 
morbidity (75). It has been suggested that VIM DBS is less helpful for rigidity 
and levodopa-induced dyskinesia than VIM thalamotomy (76). This is likely 
because historically aggressive ablative lesions often included the Vop in 
addition to the VIM. There is universal agreement that neither procedure 
significantly improves akinesia.

There have been relatively few head to head studies comparing VIM DBS 
and thalamotomy. In a retrospective, non-randomized study, Tasker (47) 
compared 16 PD patients who underwent VIM DBS with 23 PD patients who 
underwent thalamotomy. Follow-up was more than 1 year in 60% of patients. 
Clinical outcome was assessed in an unblinded fashion using a semiquantita-
tive scale. Outcomes were similar in the two groups with complete abolition 
of contralateral tremor in 42% of both groups and virtually complete abolition 
of tremor in 79% of VIM DBS patients and 69% of thalamotomy patients. 
Tremor recurred in 5% of VIM DBS cases and 15% of thalamotomy cases. No 
VIM DBS case required repeat surgery while 23% of thalamotomy cases 
had to be repeated in order to achieve a satisfactory response. Preoperative 
levodopa-induced dyskinesia improved in one-half of patients in each group. 
The major difference between the two groups was in complication rates. 
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Intracerebral hemorrhage occurred in 4% of the thalamotomy cases and in 
none of the VIM DBS cases. Permanent ataxia occurred in 15% and per-
manent paresthesia in 34% of thalamotomy cases. By contrast, stimulation 
induced ataxia and paresthesia occurred in 5% and 47% of VIM DBS cases 
respectively but could be alleviated by programming adjustments in all cases. 
Modern studies of unilateral thalamotomy have shown little postoperative 
cognitive change (76).

There is only one published prospective, randomized study comparing VIM 
and thalamotomy in patients with PD (77). In this study, which also included 
patients with ET and multiple sclerosis, 22 patients with PD were assigned 
to VIM DBS and 23 to thalamotomy. The follow-up period was 2 years but 
the main analyses were carried out at 6 months. Outcomes were assessed in 
an unblinded fashion using an ADL scale, a subjective patient assessment of 
functional status, and several tremor rating scales. In PD patients, improve-
ment in ADL scores was significantly greater following VIM DBS than tha-
lamotomy. Improvement in PD tremor was similar in the two treatment groups 
but adverse events were much more common in the thalamotomy group. 
Tremor was suppressed completely in 20 of 21 VIM DBS cases compared 
with 20 of 23 thalamotomy cases. Adverse effects were nearly all stimulator 
related in the VIM DBS cases except for one case each of hematoma, infection 
at the IPG site, and intracerebral hemorrhage. By contrast, permanent adverse 
effects occurred in 16 of 23 PD patients undergoing thalamotomy including 
cognitive deterioration, dysarthria, gait or balance disturbance, and arm ataxia. 
Neuropsychological outcomes were not reported in this study.

Conclusions

VIM DBS is highly effective for the treatment of resting or postural tremor in 
PD. It is safer than thalamotomy and can be carried out bilaterally with less risk 
for speech or gait impairment than thalamotomy. According to the only avail-
able prospective randomized study, (77) it is also more effective for restoring 
upper extremity function than thalamotomy. Nearly all adverse effects such as 
paresthesia, dysmetria, gait disturbance, and dysarthria are transient stimulation 
effects and can be managed by altering stimulation parameters. Serious infectious 
complications such as meningitis and brain abcess have been exceedingly rare and 
no long-term tissue damage around the electrodes has been reported. Although 
hardware problems such as lead fractures, lead migration, skin erosions, scalp 
infection, infection at the IPG site, and IPG failure have been uncommon in short-
term follow-up studies, they have occurred in up to 27% of patients (68) in recent 
longer-term studies. As discussed earlier, new procedural and technical advances 
have begin to reduce the frequency of these hardware complications.

In PD patients, the only indication for VIM DBS is control of unilateral, 
functionally disabling tremor that has failed medical management. Patients 
with disabling, tremor-dominant PD with stable or very slowly progressive 
akinesia may be potentially good candidates for thalamic DBS, particularly 
if they are frail or elderly patients who may not tolerate STN or GPi DBS. If 
PD appears to be progressive and disability is due to bradykinesia, gait distur-
bance, motor fluctuations, or levodopa-induced dyskinesia, STN or GPi DBS 
rather than VIM DBS are more appropriate.
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Abstract

Deep brain stimulation (DBS) has become the treatment of choice for patients 
with Parkinson’s disease (PD) who are experiencing unmanageable compli-
cations of long-term medical therapy. The two established sites for DBS for 
PD are the subthalamic nucleus (STN) and the globus pallidus interna (GPi). 
Although most providers have already decided that STN is the preferred site 
for DBS, only one small, randomized trial has compared STN to GPi DBS, 
finding no difference between the two procedures in improving motor function 
following surgery. This chapter reviews the literature on the use of unilateral 
and bilateral GPi on patient outcomes including motor function, quality of 
life, medication use, and adverse events. The available data suggests that both 
GPi and STN DBS are effective interventions for PD. Target choice may be 
dependent on patient characteristics such as age or symptom profile. Large, 
randomized controlled trials continue to be needed to inform these decisions.

Keywords: deep brain stimulation, DBS, globus pallidus, subthalamic nucleus, 
Parkinson’s disease, movement disorders

Introduction

It has long been recognized that the basal ganglia are a useful target for sur-
gery in the treatment of movement disorders. Studies by Meyers and others 
in the 1930s involved surgery in the pallidothalamic pathways, the caudate 
nucleus and the GPi (1). However, high morbidity and mortality rates limited 
these strategies. Surgeons began performing pallidotomies in the late 1940s 
with better success, but then shifted to thalamotomy as an apparently safer 
procedure in the 1960s. Surgery was all but abandoned in the 1970s after levo-
dopa was introduced. However, complications of levodopa therapy eventually 
fueled a search for better treatments and surgical approaches have enjoyed a 
renaissance. In the 1990s, unilateral pallidotomy became the most common 
surgery used for movement disorders worldwide (2).
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With the advent of DBS and the ability to modulate abnormal neuronal 
discharge using electrical stimulation, the use of pallidotomy decreased dra-
matically in the late 1990s. By 2000 it had already become a niche surgery. 
Neurosurgeons in Europe and North America quickly adopted DBS as the 
preferred surgical treatment for PD and other movement disorders. The advan-
tages of DBS include the ability to safely perform surgery bilaterally for a 
bilateral disease and to target different structures for stimulation without the 
risks associated with ablative surgery.

Studies of DBS in the GPi suggest that stimulation may activate axons 
that produce GABAergic inhibition of the GPi neurons. Further, it may be 
that high-frequency nonphysiologic stimulation may override existing, highly 
abnormal GPi neuronal discharges with an uninterpretable but less noxious 
signal sent to afferent structures (3). GPi stimulation can improve all of 
the cardinal symptoms of PD including tremor, bradykinesia, rigidity, and 
levodopa-induced dyskinesias. It also has a direct anti-dyskinetic effect. Anti-
parkinson medications are usually not reduced following GPi DBS. In fact, 
stimulation of the GPi may allow for increased doses of levodopa to address 
ongoing PD symptoms by relief of dose-limiting dyskinesias.

A small study by Bejjani et al. (4) examined the effects of GPi stimulation in 
different portions of the GPi. Stimulation in the dorsal GP resulted in improved 
gait, akinesia, and ridgity but also was able to induce dyskinesias. Contacts 
that induced dyskinesias were within or very close to the external pallidum. 
Posterovental GP stimulation resulted in worsened gait and akinesia, decreased 
rigidity, but dramatically reduced levodopa induced dyskinesias. Krack et al. (5) 
reported similar findings. To some extent location of GPi stimulation should be 
tailored to each patient’s specific symptoms; but Krack et al. recommend a com-
promise between these opposite effects by stimulating through contacts located 
at an intermediate point between dorsal and ventral GPi.

Review of Studies Utilizing Unilateral or Bilateral 
GPi DBS

There are only a few published studies of the outcomes of unilateral GPi DBS 
and results have been variable. Other papers have reported on both unilateral 
and bilateral GPi patients (6, 7) or unilateral GPi following a previous abla-
tive procedure such as unilateral pallidotomy (8). A larger number of studies 
have reported on outcomes of bilateral GPi DBS. Reported outcomes typically 
utilize subscales of the Unified Parkinson’s Disease Rating Scale (UPDRS), 
including the motor (part III) and activities of daily living (ADLs; part II) 
scores, timed measurements of motor function, changes in medication use, 
neuropsychological outcomes, and adverse events. Findings for each of these 
outcomes are described below.

Impact on Motor Outcomes

Six studies specifically reported UPDRS motor scores off medications for 
patients undergoing unilateral GPi DBS (Table 13.1).Pahwa et al. (7) reported an 
average 46% improvement in motor function in two patients following unilateral 
stimulation. Similarly, Vingerhoets et al. (9) reported a 45% improvement in 
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UPDRS motor scores 3 months following unilateral GPi. Loher et al. (10) tested 
nine patients who received unilateral GPi at 3 and 12 months post-surgery. The 
improvement was the same at both 3 and 12 months (38%). Kumar et al. (11) 
reported a 37% improvement over baseline scores of 38.9 on the UPDRS motor 
scale for five subjects while Gross et al. (12) reported a 31% improvement for 
seven patients who underwent unilateral GPi. Visser-Vandewalle et al. (13) per-
formed posteroventral pallidal stimulation in 26 patients with PD. At baseline, 
these patients had an average UPDRS motor off medication score of 26.5 ± 9.2. 
These scores improved by almost 51% (mean 13.1 ± 6.1) 3 months after surgery. 
However, when these patients were re-evaluated an average of 32.7 months later, 
UPDRS scores had actually worsened over baseline by 8.3% (mean 28.7 ± 7.6). 
The authors explained this worsening as a function of disease progression that 
outweighed the benefits of unilateral GPi over time. Of note, the baseline data 
suggest that the subjects in the Loher and Gross studies were more impaired 
before surgery than those in the Visser-Vandewalle study. On the other hand, 
patients were followed for only 12 months in the Loher study but for an average 
of more than 2.5 years in the Visser-Vandewalle study.

Several studies have reported on motor outcomes following bilateral GPi 
DBS (7, 10, 11, 14–25). Table 13.1 provides information about the charac-
teristics of subjects, and baseline and follow-up UPDRS motor scores. Most 
studies were conducted in Europe, had very small sample sizes (only three 
studies had 20 or more subjects), and follow-up was 1 year or less in all but 
two studies. Across these studies, the average improvement in UPDRS motor 
scores over baseline was 40%, although improvement ranged from a low of 
10.5% (20) to a high of 68% (7). Ghika et al. (16), reporting on outcomes at 24 
months, found that improvement in motor function declined only slightly from 
53% at 6 months to 50% at 2 years. Rodriquez-Oroz et al. (24) followed sub-
jects between 3 to 4 years following GPi DBS and also found a mild decline 
in motor function after the initial gains recorded at 1 year (43.5% at 12 months 
to 38.7% at 3–4 years). Although the data are very limited, these two studies 
suggest slight waning of motor improvement over time.

Impact on PD Medication Use

Only two of the unilateral GPi DBS studies reported medication dose in 
levodopa equivalents following intervention (Table 13.2). The dose was 
essentially unchanged in one study (10) but increased significantly (53.8%) in 
the other (13). In a meta-analysis of bilateral DBS trials, change in PD medi-
cations as a result of DBS was examined (26). Effect sizes for nine bilateral 
GPi DBS studies ranged from −0.60 to 0.40 and the mean effect size was 
−0.02 (95% CI: −0.29–0.26) indicating that on average there was no change 
in medication dose. The effect size was negative in three studies (indicating 
that doses actually increased following DBS), positive in three other studies, 
and essentially unchanged in the remaining three. In two long-term follow-up 
studies of bilateral GPi DBS, one reported a slight decrease in medication dose 
while the other reported a 32% increase in levodopa equivalents from baseline 
(24). Although due to the small number of studies, small sample sizes and 
conflicting results it is difficult to draw definite conclusions regarding medica-
tion dosing following GPi DBS, GPi DBS appears to have had no consistent 
effect on medication dose in these studies.
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Because GPi DBS does not exacerbate levodopa-induced dyskinesias, most 
providers have not tried to reduce medication dose. In fact, medication is 
sometimes increased as the patient becomes able to tolerate larger doses, and 
the medication may help other symptoms of PD not adequately managed with 
DBS. At this point, there is insufficient information to know whether anti-
parkinson medications can or should be reduced in patients who have under-
gone GPi DBS. There is also some evidence that stimulation of the pallidum 
sometimes induces dyskinesia but, as already discussed, this is probably an 
effect of dorsal GPi stimulation (27).

Table 13.2 Levodopa equivalents and UPDRS ADL scores before and after GPi DBS.

Author/year (bilat-
eral, unless noted) N

Medication (levodopa equivalents)
UPDRS–II (ADL scores; off medi-

cation/on stimulation)

Baseline Follow-up
% 

Change Baseline Follow-up
% 

Change

Pahwa, 1997 
(unilateral)

 2 na na na 30 23.5 −21.6

Pahwa, 1997 
(bilateral)

 3 na na na 25.3 ± 4.5 21 ± 4.58 −17

Ghika, 1998  6 1080 960 −11 31 8 −74.2
Krack, 1998  5 865 ± 366 1110 ± 444 28.3 27.8 ± 8.2 15.0 ± 6.4 −46
Durif, 1999 10 1200 ± 260 1275 0.06 na na na
Vingerhoets, 1999 

(unilateral)
20 780 ± 278 na na 8.8 ± 5.4 4.4 ± 3.8 50

Kumar, 2000 
(unilateral)

 5 na na na 26.9 ± 2 14.5 ± 5.2 −44

Kumar, 2000 
(bilateral)

17 na na na 30.0 ± 1.7 18.4 ± 1.8 −39

Pillon, 2000 
(Greenoble)

 8 744 ± 264 873 ± 478 17.3 na na na

Pillon, 2000 (Paris)  5 850 ± 514 725 ± 308 14.7 na na na
Krause, 2001  6 na na na 17.4 ± 1.5 18.0 ± 1.4 +0.6
Deep Brain 

Stimulation for 
Parkinson’s 
Disease Study 
Group, 2001

38 1090.9±543 1120±537 0.15 27.9±7.4 17.9±8.4 −34

Volkmann, 2001 11 836 + 391 700 + 311 −16.3 21.0 + 6.72 9.5 + 7.8 −54.8
Loher, 2002 

(unilateral)
 9 1235.5* 1233.5* 0 30.8 + 7.1 20.4 + 4.2 −33.6

Loher, 2002 
(bilateral)

16 1235.5* 1233.5* 0 34.9 + 8.6 22.3 + 6.4 −36

Visser-Vandewalle, 
2003 (unilateral)

26 788 + 262 1212 + 409 53.8 na na na

Rodriguez-Oroz, 
2005

20 1074 + 462 1242 + 528 15.6 26.8 + 8.9 18.1 + 9.2 −32.5

Minguez-Castellanos, 
2005

10 762 + 24.22 827 + 337 +9.0 29.2 + 6.44 20.1 + 8.16 −32

*Levodopa equivalents were combined for unilateral and bilateral cases.
na, information was not available.
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ADLs (UPDRS Part II)

Across unilateral and bilateral GPi DBS studies, all except one have reported 
improved ADL scores off medication/on stimulation compared with preopera-
tive off medication scores (Table 13.2; ref. 20). Younger patients (mean age 
55 years or less) had greater improvement in ADL scores than older patients 
(26). Although the number of studies is small, ADL scores for the on-medica-
tion/on-stimulation state were significantly improved in the GPi studies com-
pared with preoperative on-medications scores, whereas improvement in the 
on-medication/on-stimulation state was not observed after STN DBS (26). It 
is possible that anti-parkinson medication and GPi DBS may have an additive 
effect in PD patients (28).

Impact on Quality of Life

Self-Reported Motor Function

A commonly used data collection tool in the area of movement disorders is the 
use of patient self-reported diaries. In 30-minute intervals over a 24-hour period, 
patients are asked to indicate which of four categories best reflects his/her physi-
cal functioning. These categories include: asleep, off (e.g., unable to move or 
very slow movements), on (good functioning), and on with troublesome dys-
kinesias. Although this information is frequently collected in clinical trials of 
medications in PD, it is rarely reported in DBS studies. We identified three 
studies that reported use of diaries in patients who underwent GPi DBS. The 
results of these three studies were very similar. Pahwa et al. (7) report an 
improvement in good on time from 21% at baseline to 65% three months after 
DBS for two unilateral and three bilateral cases. Similarly, both the Deep Brain 
Stimulation for Parkinson’s Disease Study Group (22) and Rodriquez-Oroz et al. 
(24) report similar improvements in on time from 28 to 64% and from 26 to 69%, 
respectively. Unfortunately, none of these studies reported the actual number of 
hours of on time reported by each patient. However, if we assume that the aver-
age person has 16 hours of awake time a day, these subjects averaged 3.5 to 4.5 
hours of on time per day prior to GPi DBS which improved to 10 to 11 hours a 
day; a gain of between 5.5 and 7.5 hours in a good functioning on state.

It is important to note that the magnitude of the improvement in on time 
following DBS is considerably greater than increases in on time noted with 
most drugs which have been tested as adjuncts to levodopa in PD. Most stud-
ies of medication use in PD report improvements in on time of only 1 to 3 
hours (29, 30). While this may be a consequence of the usual severity of PD 
in DBS treated patients, it represents a considerable improvement in function 
and may be more meaningful to patients than the other measures of PD, which 
are used in rating patients.

Neuropsychological Outcomes of DBS

Quality of life has been increasingly recognized as an important outcome to 
assess in any intervention. Several disease specific quality of life measures 
have been developed for PD. The most frequently reported is the PD question-
naire (PDQ-39; ref. 31). In our review of GPi studies, we did not find a single 
study that used the PDQ-39. A few studies reported on the Beck Depression 
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Inventory. Troster (32), Volkmann (21), and Vingerhoets (9) all reported trends 
in reduced symptoms of depression following DBS. Burchiel et al. (28) reported 
a 49% improvement in depression. Vingerhoets et al. (9) used the Sickness 
Impact Profile to assess patient quality of life. They found positive trends in the 
psychosocial dimension of the scale. Sleep and eating also improved and com-
ponents of the physical dimension, ambulatory, body care, and movement also 
improved. Although it appears that quality of life is improved as a result of GPi 
DBS, there is little available data to support this. Future studies should include a 
quality of life assessment such as the PDQ-39 as part of the test battery.

Adverse Events Associated with GPi DBS

Complications or adverse events in DBS are usually categorized into three 
groups: hardware-related complications, surgical complications, and stimulation- 
and target-related complications. Infections, skin erosions, lead breaks, lead 
migration, and hardware failure are all considered hardware complications 
(33). In the largest published study of GPi DBS to date, 41 patients expe-
rienced two lead migrations, one infection, one lead break, and one seroma 
(22). Volkmann (21) reported one lead migration and two skin erosions in 
11 patients. The Deep Brain Stimulation for Parkinson’s Disease study group 
(22) reported nine procedure-related complications including four intracranial 
hemorrhages, three instances of hemiparesis (secondary to hemorrhage), one 
patient with seizure, and one patient with dysarthria. Stimulation-induced 
complications reported in GPi DBS include confusion, depression, increased 
akinesia, and induction or aggravation of gait and speech problems (33). Many 
of these complications are transient or can be eliminated by adjusting stimula-
tion parameters. Krause et al. (20) reported on several severe events including 
one patient with severe depression requiring hospitalization, two patients who 
experienced strongly increased libido who were hospitalized psychiatrically, 
two cases of severe dysarthria, and one severe psychotic reaction attributed to 
initiating a new medication rather than stimulation. This study appears to be 
exceptional, as most other GPi DBS studies in PD have described less severe 
and more transient events or complications. Most recently, Blomstedt et al. 
(34) report on complications in both DBS and ablative movement disorder 
procedures. They found eight adverse events in five of 11 GPi DBS proce-
dures, including two hardware complications, two cases of dysarthria, and 
single instances of hypophonia, vasovagal reaction, and confusion.

Although the data are limited, it is believed that postoperative psychiatric 
symptoms in GPi DBS are less common than after STN DBS (35). Because 
there are far fewer studies of GPi DBS than STN DBS, comparison between 
these surgical targets is difficult. In addition, some convention is needed to 
standardize the reporting of adverse events or complications in order to make 
comparison across studies easier.

Current Status of GPi DBS in PD

Currently, most providers have reached the conclusion that STN is the pre-
ferred site for DBS for treatment of PD and, as a result, few patients are rec-
ommended for GPi DBS. However, in actuality, only one small, randomized 
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controlled trial of STN vs GPi DBS has been published (25). This study did 
not find a difference in off-medication/on-stimulation motor scores by surgical 
target. The authors concluded that stimulation of either the GPi or the STN 
improves many of the symptoms of advanced PD and that it is premature to 
exclude GPi as an appropriate target for DBS in PD. All other published stud-
ies have been retrospective observational studies and most have involved very 
small sample sizes. A meta-analysis of patient outcomes following STN vs 
GPi DBS also found no statistically significant difference in motor or ADL 
functioning by target of DBS (26).

There is also little comparative data on health-related quality of life and no 
comparisons of the relative cost-effectiveness of GPi and STN DBS in PD. 
Because of the higher stimulus frequency and pulse width usually required 
to stimulate the larger region of the globus pallidum, GPi patients are likely 
to require battery replacement more frequently than their STN counterparts. 
On the other hand, data suggest that neuropsychological complications that 
appear to be more frequent in the STN group may result in higher costs due 
to increased hospitalizations and psychiatric medications, not to mention the 
adverse impact of such complications on patient quality of life. Furthermore, 
we have only limited data on the long-term effects of DBS. Two recent studies 
suggest that motor function is sustained for at least 4 to 5 years after bilateral 
GPi implantation (24, 36). Long-term effects on other outcomes is even less 
clear. In a 5-year follow-up study, Krack et al. (36) reported the appearance 
of midpoint motor deficits, akinesia, speech deficits, and dementia in patients 
who underwent bilateral STN DBS, which was felt to be due to progression of 
PD. Unfortunately, similar data are not available for GPi DBS. It should also 
be recognized that because most centers abandoned GPi as a target in favor 
of STN, it is likely that the technique had become less refined by that point, 
resulting in less than optimal outcomes (37).

It is likely that both GPi and STN DBS are effective interventions for PD. 
Optimal target selection may be dependent on the most prominent PD symp-
toms experienced by patients (e.g., the possible use of GPi DBS for severe 
dyskinesias or dystonia). Outcomes of DBS may also be influenced by patient 
characteristics such as age, duration of illness, or age at diagnosis. Large ran-
domized controlled trials, such as a multicenter U.S. Veterans Administration 
study that is currently near completion (38), will allow a more rational match 
of patients and surgical interventions in order to promote the best possible 
patient outcomes.
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Abstract

Levodopa remains the gold standard for the treatment of Parkinson’s  disease 
(PD). However, its chronic use is associated with motor and psychiatric com-
plications causing significant disability. Thus, there is a need for alternative 
approaches including surgical treatment. Better understanding of basal ganglia 
circuitry and the availability of an experimental animal model of Parkinson’s 
 disease in the form of the 1-methyl-4-phenyl-1,2,3,6 tetrahydropyridine (MPTP)-
treated  monkey have made evident the crucial role of the subthalamic nucleus 
(STN) in basal ganglia function. Deep brain stimulation (DBS) has become an 
 acceptable treatment option, improving quality of life (QOL) for PD patients 
with  medically intractable symptoms. Good pre-operative levodopa respon-
siveness and younger age appear to be the best predictors of surgical  success, 
particularly with respect to improvement in motor function. Although benefits 
in mobility are achieved, complications are not infrequent, and risk–benefit 
ratio should be assessed on an individual basis for each patient depending on 
personal preferences, s ocioeconomic status, and local disease demographics. In 
this  chapter, a comprehensive review of the current literature on the topic is pre-
sented in addition to our own results with STN DBS for the treatment of PD.

Keywords: deep brain stimulation, subthalamic nucleus, Parkinson’s disease, 
functional neurosurgery

Rationale for the STN as Target for PD Treatment

With time, as complications and failures of levodopa therapy were revealed, 
interest in PD surgery and ablative lesional therapy re-emerged (1). 
Hyperactivity in STN projections to the globus pallidus internus (GPi) had 
been established as a crucial feature of parkinsonism in animal models of PD 
(2, 3). The role of increased STN activity in the development of parkinsonism 
was derived from experiments in the MPTP monkey where lesions experi-
mentally introduced in the STN were associated with a dramatic reversal of 
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parkinsonian motor signs (3, 4). In the past decade, most centers using ablative 
therapy have switched to DBS because it presents advantages over ablation 
including reversibility, lower reintervention rates due to inadequate lesion 
volume, and lower morbidity (4). Since its introduction, the administration 
of continuous high-frequency electrical stimulation to the STN through a 
surgically implanted stimulator has been shown to improve motor symptoms 
in patients with advanced PD (5, 6). However, the fact that it is not curative 
makes this therapy acceptable only to patients in whom symptomatic benefits 
are greater than inherent surgical risks and in whom it is expected to reduce 
disease burden more effectively than optimal drug treatment. Rapid and impor-
tant advances in our understanding of basal ganglia physiology and anatomy 
have led to controversy over the best target for DBS. The thalamic target has 
proven effective for tremor, but much less so for other cardinal PD symptoms 
and presently is rarely considered. The controversy over which target is best 
overall for PD has led to an important showdown between GPi DBS and STN 
DBS. To date, a number of studies have shown that bilateral stimulation of GPi 
(7–9) and STN (10–13) are both safe and effective for PD symptom manage-
ment. It is for both practical and theoretical reasons that STN is considered 
by many to be the preferred target for DBS in patients with advanced disease 
(14–16). However, comparative studies are limited (17–19). In one representa-
tive prospective double-blind randomized study conducted by Andersen et al. 
(20), 23 patients with idiopathic PD, levodopa-induced dyskinesia and response 
fluctuations were randomized to implantation of bilateral GPi or STN DBS and 
tested pre-operatively and after 12 months of DBS. The authors found that off-
medication Unified Parkinson’s Disease Rating Scale (UPDRS) motor scores 
were improved after 12 months of GPi and STN stimulation. Bradykinesia 
tended to improve more with stimulation of STN than GPi and no  improvement 
of on-medication function was observed in either group. Levodopa dose was 
reduced only in STN-stimulated patients while dyskinesias were reduced after 
stimulation of both GPi and STN (89 vs 62%). Cognitive and behavioral com-
plications were observed only following STN DBS. These results indicate that 
it remains premature to conclude that the STN is a superior target for DBS in 
patients with advanced PD and that further studies are warranted.

Indications and Contraindications for the Procedure

Selection of the right patient has a large impact on surgical outcome. There is 
general agreement that idiopathic PD patients with symptoms responding to 
levodopa, who retain normal cognition and, if present, respond to medication 
for depression or mood disorders, are ideal candidates for any of the neurosur-
gical procedures currently available including STN DBS. The main surgical 
indications for STN or GPi DBS include bradykinesia, rigidity, tremor, gait 
impairment, motor fluctuations, levodopa-induced dyskinesias, and dystonia. 
Lang and coworkers (21) stated that the ideal surgical candidate is severely 
disabled in the off-drug condition and fully independent in the on-drug condi-
tion related to cardinal PD symptoms and excluding dyskinesia-related dis-
abilities, and that severe disability generally appears at a UPDRS motor score 
of about 30/108. Patients with UPDRS motor scores under 30 in the off-drug 
condition are usually not considered sufficiently disabled to justify invasive 
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therapy but individual considerations may influence this decision. Some 
authors also advocate the use of STN DBS for patients with isolated, medica-
tion refractory rest tremor, regardless of their UPDRS score (22).

Because certain disease variables affect clinical outcome, it is important 
to take these under consideration during the candidate selection process (23). 
Response to antiparkinson drug therapy, but not levodopa-related motor com-
plication severity, is considered predictive of surgical benefit (24–26). Age is 
also an important factor and, although patients of all ages may respond well to 
STN surgery, younger patients generally do better than older patients (26–28). 
In the literature, mean age at time of STN DBS ranges between 40 and 60, with 
the youngest reported patient being 30 and the oldest 80. Some articles mention 
ages of 70 to 75 years as the upper limit but do not specify the rationale for this 
cut off (29–42). Others indicate greater benefit in younger patients and a nega-
tive correlation between age and outcome (33, 43–44). In practice, the patient’s 
biologic age at the time of proposed surgery should be the main consideration, 
although there is not a clear age cutoff and surgical indications may be more 
dependent on the patient’s medical condition and comorbidities.

Brain atrophy on MRI and postural instability merit special mention. 
Specific CT or MRI findings have not been shown to predict response to 
surgery, although adequate data are lacking. In patients being considered 
for STN DBS, pre-operative imaging is mandatory, preferably MRI. During 
MRI screening, structural lesions as well as features of atypical parkinsonism 
such as multiple system atrophy (MSA) should be sought. With the excep-
tion of obvious structural lesions or abnormal anatomical findings, which 
may contraindicate the surgical procedure, imaging results alone should not 
be relied on to rule out STN DBS. Bonneville et al. (45) found normalized 
brain parenchyma volume and frontal scores to be lower in older patients with 
longer disease duration but also noted that brain atrophy was not predictive 
of postoperative outcome and should therefore not be considered an exclusion 
criterion for neurosurgery. Nevertheless, the fact that a smaller normalized 
mesencephalon surface was associated with less beneficial effect for parkin-
sonian motor disability after STN DBS suggested that this could be explored 
as a possible predictive factor for postoperative outcome. While functional 
imaging studies with 18-F-dopa PET or DA-transporter SPECT may be help-
ful in confirming the clinical diagnosis of PD, there have been no studies using 
functional imaging to predict outcome after DBS.

Axial signs that respond poorly to levodopa, especially postural instability 
and ON freezing, also respond poorly to DBS (33, 36, 39). Ghel et al. (46) 
found that axial symptom severity was a negative predictive factor of the effect 
of STN DBS for speech disturbance and postural instability. This suggests 
that patients should be carefully evaluated for levodopa-resistant axial symp-
toms before referring them for surgery. Welter et al. (33) and Charles et al. 
(43) also found that age and residual axial symptoms observed after levodopa 
intake before surgery are predictive of unfavorable motor outcome after bilat-
eral STN stimulation.

Patients unresponsive to medical therapy, with signs of a parkinson-plus 
syndrome, or with significant cognitive impairment are less likely to have 
long-lasting improvement, and may be unable to cooperate with testing during 
surgery (46–48). Beneficial achievements of surgery in these particu-
lar patients, if any, are rapidly overcome by motor or non-motor disease 
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 progression and they should not undergo the procedure (49–51). Patients 
 suffering other  progressive disabling clinical conditions including unstable 
heart disease, active infection, marked subcortical arteriosclerotic encepha-
lopathy, other cerebrovascular disease, comorbid malignancy with reduced 
life expectancy that would significantly limit DBS benefits, or with increased 
surgical risk from other causes should also be excluded.

Effects of STN DBS on PD non-motor symptoms or whether their presence 
or absence should be considered an indication or contraindication to the proce-
dure has yet to be established. Anti-parkinson drug sensitivity associated with 
visual hallucinations, excessive daytime sleepiness, or pathological gambling 
that respond to lowering of drug doses, if present in the absence of significant 
cognitive impairment, may not necessarily be contraindications to STN DBS 
although further investigation on the subject is necessary.

Effects on Motor Aspects of PD

Advantages to using the STN as the target for surgical treatment of PD motor 
symptoms are reflected in the highly favorable results reported by many groups 
following earlier publications by the French pioneers in this area (5, 6, 52–58).

UPDRS

STN DBS has been reported to produce significant and sustainable improve-
ment of the UPDRS activities of daily living subscore in the off-medication 
condition, in a range varying from 17 (54) to 82% (59). For the UPDRS motor 
subscore, reductions varying between 31 (39) and 72% have been reported 
(59). Significant heterogeneity in changes in UPDRS scores has been reported 
across studies but, on average, UPDRS off-state motor scores improved by 
approximately 52% over baseline. Coinciding with other published results, our 
own series of patients undergoing STN DBS showed sustained improvement 
during 36 months of follow-up of approximately 58% (Figure 14.1).

Effectiveness of STN stimulation on the parkinsonian triad of rigidity, 
bradykinesia, and rest tremor has been confirmed by electrophysiological 
studies. STN DBS reduced amplitude, regularity, and tremor-EMG coher-
ence (60). For bradykinesia, Lopiano et al. (61) found a significant effect of 
STN DBS on movement time, a parameter strongly related to bradykinesia. 
STN DBS (62) also increased movement speed and the amplitude of the first 
agonist burst and burst duration, reduced the number of agonist bursts and co-
contractions, increased the size of the antagonist EMG, and reduced antagonist 
EMG centroid time in the same manner as levodopa. However, movement 
speed was not restored to normal due to limitations in the amplitude and tem-
poral scaling of the agonist and antagonist bursting patterns (63). Figure 14.2 
displays values of rigidity, tremor, and bradykinesia in our own series of 34 
patients at 36 months follow-up.

Levodopa Equivalent Dose (LDED)

STN DBS has been reported to allow reduction of LDED ranging from 19.5 (30) 
to 100% (64) with many patients able to function with DBS as monotherapy. 
Despite the observation that the therapeutic effect of STN DBS on motor 
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Figure 14.1 Total and motor UPDRS III subscore in a group of 38 IPD patients who 
underwent bilateral STN DBS. Significant improvement was sustained at 36 months 
follow up

Figure 14.2 UPDRS score for bradykinesia (A) rigidity (B) and rest tremor (C) in a 
group of 38 IPD patients underwent bilateral STN DBS. Significant improvement is 
sustained at 36 months follow-up
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signs can be equivalent to that of levodopa, maintaining stimulation monotherapy 
is not an easy task and only a few patients can get along without medications for 
an extended period of time. Vingerhoets et al. reported that 50% of patients were 
able to stop all antiparkinson medications for up to 2 years (65). Figure 14.3 
displays LDED values obtained in our 34 patients previously described.

Figure 14.2 (continued)
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Dyskinesias

Dyskinesia reductions ranging from 39.6 (66) to 100% (64) have been reported 
after STN DBS. Variability of results is likely due to multiple causes including 
differences in length of follow-up and the dyskinesia rating scales which were 
used. Several mechanisms have been postulated as a possible explanation for 
dyskinesia reduction after STN DBS. These include a direct effect of STN 
DBS by activation of pallidofugal fibers running dorsal to STN and post-
procedural levodopa dose reduction (67, 68). We believe that the effect 
may also be due to continuous stimulation, which may interrupt or reverse 
downstream changes induced by pulsatile stimulation of the dopamine recep-
tors. Both peak dose and diphasic dyskinesias are relieved after STN DBS. 
Interestingly, despite the apparently limited effect of STN DBS on primary 
dystonia (69), its effect on levodopa-induced peak and off period dystonia is 
marked. Figure 14.4 displays effects on dyskinesia from our own series of 34 
patients after 36 months.

Motor Fluctuations

STN DBS has been reported to achieve a reduction of OFF time ranging from 
17 (54) to 100% (55). Evaluation of motor performance using UPDRS part IV 
and patient diaries showed a decrease in the severity and duration of immobility 
and a decrease in the duration and severity of dyskinesias among patients who 
underwent STN DBS (70). STN DBS may compensate for the short-duration 
levodopa response (71) as a putative mechanism for the persistent mobility of 
patients receiving DBS monotherapy. Vallderiola et al. (64) found no significant 

Figure 14.3 L-DOPA equivalent dose in a group of 38 IPD patients who underwent 
bilateral STN DBS. Significant improvement was sustained al 38 months follow-up
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differences in most clinical outcome measures when comparing patients who 
underwent STN DBS while still taking levodopa and dopamine agonists com-
pared to patients receiving STN DBS as monotherapy. Several patients still 
taking anti-parkinson medication displayed mild dyskinesias and motor fluc-
tuations while patients with STN DBS monotherapy did not, suggesting that 
its therapeutic effect on motor function may be equipotent to that of levodopa, 
with the added benefit of avoiding motor fluctuations and dyskinesias.

Balance

Crenna et al. (72) have described beneficial effects of STN DBS on posture 
while standing including significant improvement of the vertical alignment of 
the trunk and shank, decreased hip joint moment, backward shift of the center 
of pressure, and reduction of abnormal tonic and/or rhythmic activity in the 
thigh and leg muscles. It would appear that STN DBS and levodopa may not 
act on the same neurological systems involved in postural regulation. The 
former could improve posture via effects on the pedunculopontine nucleus 
(73) known to be involved in postural regulation and by improving abnormal 
sensory aspects of postural instability and postural movement velocity. These 
are effects that medication does not modify. Neither STN DBS nor levodopa 
improve postural reaction time (74). Vranken et al. (75) recently found that 
STN DBS improved postural control by reducing trunk sway during stance as 
well as duration of gait tasks, by increasing trunk pitch velocity while rising 
from a chair, and by improving roll stability. Coulnat-Coulboise et al. (76) 

Figure 14.4 Dyskinesia score in a group of 38 IPD patients who underwent bilateral 
STN DBS. Significant improvement is sustained at 36 months follow-up
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observed a decreased number of falls and more appropriate sensorimotor strat-
egies after STN DBS in PD patients, together with improvement in equilib-
rium scores, suggesting that non-dopaminergic pathways may be involved in 
postural regulation and that STN DBS may influence the functioning of these 
pathways. Nonetheless, postural instability that is unresponsive to levodopa is 
unlikely to improve following STN DBS. In fact, worsening of balance was 
one of the most common side effects reported in a subgroup of patients receiving 
STN DBS, making equilibrium problems a point to carefully address prior to 
considering STN DBS in patients with this disability.

Gait

STN DBS provides significant improvement in certain aspects of gait such as 
increased stride length and walking speed, increased range of motion of lower 
limb joints, greater physiologic mobility and postural attitude of the trunk, and 
an increased power production peak at push off. In most cases such improve-
ments are similar to those associated with levodopa treatment. Effects on gait 
initiation include shortening of the imbalance phase, larger backward/lateral 
displacement of the center of pressure, and a more physiological expression 
of the underlying anticipatory muscular synergy (72). Additional changes are 
shortening of the unloading phase, shortening of the first-swing phase and 
increase in the length of the first step. From a clinical point of view, several 
studies have shown that off-period freezing of gait is significantly improved 
with STN DBS while for on-period freezing no further improvement is reg-
istered (77, 78). Figure 14.5 displays our data for postural instability and gait 

Figure 14.5 Postural instability and gait disorders (PIGD; a composite score of 
UPDRS items 29–31) in a group of 38 IPD patients who underwent STN DBS. 
Significant improvement is sustained at 36 months follow-up



262 M. Merello 

disorders as a composite score resulting from the combination of UPDRS 
items related to gait, posture, and balance in 34 patients 36 months after STN 
DBS, showing significant and persistant benefit while off medications.

Effects on Nonmotor Aspects of PD

Cognition

Studies on the cognitive effects of bilateral STN stimulation have shown 
inconsistent results (78). Discrepancies are thought to be methodology-
dependent and have varied according to DBS electrode localization (79) 
and the investigational tools used in each study. Morrison et al. (80) and 
Funkiewiez et al. (81) reported mild adverse effects on attention and verbal 
fluency. Ardouin et al. (82) and Alegret et al. (83) found little negative effect 
on cognition. Saint Cyr et al. (84) and Dujardin et al. (85) both found a decline 
in memory performance, mental speed, and fluency; the latter group also found 
STN stimulation induced overall cognitive decline and behavioral changes in 
some patients. In our series, STN DBS induced modest, albeit nonsignificant 
deterioration of attention, memory, verbal fluency, and visuospatial abilities at 
1-year follow-up, without significant deterioration in Addenbroke’s Cognitive 
Examination (ACE) scores. When patients were evaluated at 3 years follow-
up however, ACE score deterioration had become significant (Figure 14.6). 
Whether these long-term changes are related to disease progression or to 
surgery-related effects is uncertain.

Behavior

Effects of STN DBS on mood disorders is also a matter of some controversy. 
In a recent structured review by Takeshita (86,87), average depression scale 
score improved or remained unchanged after STN DBS, in agreement with 
findings in our series where little effect on the Hamilton depression scale was 
observed during stimulation.

In our experience, apathy and irritability scores after STN DBS were signif-
icantly higher than preoperative scores. Mentation subscores in UPDRS part 
I also worsened after surgery. The ability of STN DBS to induce apathy has 
been a matter of controversy (81, 88, 89), and a number of procedure-related 
psychiatric side effects are increasingly being reported, including a higher risk 
of suicide (90). The core features of the apathy observed include motivational 
deficits and defective self-initiated response. It has been suggested that mes-
olimbic and nigrostriatal dopamine loss in PD may increase glutamate input 
signal in the ventral striatum (VS), which in turn, may produce disruption 
in the limbic ventropallidal system crucial for the translation of motivation 
into action (91). We believe that stimulation in the motor STN region can, 
by current spread, affect areas outside the motor territories thereby producing 
nonmotor effects via its influence on neighboring limbic regions. There may 
also be potential disruption of the direct corticosubthalamic pathways or the 
indirect limbic corticostriatal circuits.

Dopamine dysregulation syndrome comprises a group of behaviors that 
may result from chronic use of dopaminergic drugs. These behaviors include 
“hedonistic homeostatic dysregulation,” which is an excessive and pathological 
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Figure 14.6 Addenbroke’s Cognitive Examination (ACE), a battery of tests evaluating 
six cognitive domains including attention, verbal fluency, memory, orientation, 
language, and visuo-spatial abilities in a group of 20 IPD patients who underwent 
bilateral STN DBS. A non-significant deterioration at 12 months follow-up in atten-
tion, memory, verbal fluency, and visuo-spatial abilities was observed. (B) Total ACE 
scores in the same group of patients. A non-significant deterioration was observed at 12 
months follow-up. Differences became significant at 36 months follow-up when scores 
deteriorated in comparison with basal evaluations
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use of dopaminergic medications for non-motor purposes as well as several 
compulsive behaviors such as hypersexuality and pathological gambling (92). 
Witt et al. (93) suggested that depressive symptoms improve with levodopa 
and STN stimulation to the same extent. Nevertheless, several reports indi-
cate that patients with preoperative levodopa “addiction” may have difficulty 
reducing dopaminergic medications postoperatively (92, 94). Because it 
appears that hedonic tone improves with levodopa and not STN DBS there is 
apparently a dissociation of depressive symptoms and anhedonia in response 
to these treatments. Nevertheless, recently Bandini et al. (91) reported two 
patients with pathological gambling who improved dramatically after bilateral 
STN DBS and early postoperative withdrawal of dopaminergic therapy.

Sexual Effects

STN DBS appears to affect sexual function in a small but positive direction. 
Male patients with PD, especially when under age 60, reported improved 
sexual well-being over a short follow-up period after surgery. However, there 
are no case–control studies in the literature confirming this observation (96).

Sleep

In advanced PD, chronic STN DBS is associated with subjective improvement 
in sleep quality, possibly through increased nocturnal mobility and reduction 
of sleep fragmentation (97, 98). Lyons et al. (99) also found that bilateral STN 
DBS increased total sleep time and reduced patient-reported sleep problems 
and early morning focal dystonia for up to 24 months. These sleep changes 
were related to improvements in motor functioning, specifically those affected 
by bradykinesia. But, despite significant reductions in anti-parkinson medica-
tion, STN DBS did not reduce excessive daytime drowsiness (99). Others have 
found that sleep quality and duration were improved, not only by the direct 
action on PD cardinal symptoms, but also by improving sleep architecture 
(100). Recently, Driver-Dunckley et al. reported postoperative restless legs 
syndrome (RLS) improvement in six advanced PD patients. Despite a mean 
56% decrease in their levodopa equivalents after surgery, RLS scores dropped 
by a mean of 84%, suggesting that bilateral STN DBS surgery may also 
improve RLS in patients with advanced PD (101).

Bladder Function

Clinical studies have shown that STN DBS ameliorates urinary bladder dys-
function in PD by delaying the initial desire to void and increasing bladder 
capacity. This modulation may result from facilitated processing of afferent 
bladder information (102).

QOL

After STN DBS, patients on average perceive a general improvement in 
QOL of about 50%. However, when evaluated retrospectively, patient tend 
to overestimate their pre-operative functioning, therefore obscuring the true 
improvement achieved by surgery. Improvement in QOL following bilateral 
STN DBS appears to be maintained in the long term, and correlates strongly 
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with improvements in motor function, primarily bradykinesia. By contrast, 
mental functions such as emotional well-being, social support, cognition, and 
communication showed milder improvement. A recent study by Deuschl 
et al. (70) demonstrated superior efficacy of neurostimulation over best medical 
management on quality of life measurements in patients with advanced PD 
and levodopa-related motor complications. In their study, neurostimulation 
was associated with a 25% improvement in the PDQ-39 summary index, con-
sistent with 22% improvement in the SF-36, a generic QOL scale.

On the other hand, Schupbach et al. (103) stated that despite marked 
improvement in parkinsonian motor disability, the absence of significant 
changes in cognitive status indicated that social adjustment did not improve to 
the expected level. This may have been for several reasons including patient 
self-perception of body image, marital status, and patient profession.

Side Effects and Complications of Chronic STN DBS

STN DBS is associated with several clinically significant adverse effects 
but, in properly selected patients, seems relatively safe from a cognitive 
standpoint. Current literature suggests that the risk of permanent complica-
tions is greatly exceeded by the beneficial effects offered by this treatment, 
with an overall cumulative incidence of adverse effects directly related to 
the surgical procedure of roughly 11% (104). However, difficulty in iden-
tification of factors which underly some of the nonmotor aspects of the 
disease discussed earlier illustrates the need for careful patient selection 
to minimize side effects and complications. Despite good patient follow-
up and detailed reporting of clinical outcomes, the true incidence of side 
effects and complications may not be reliably reported, and is probably 
underestimated (104).

Many of the peri-operative side effects and complications of DBS STN, 
such as device-related infections, skin erosions over implanted hardware, 
cerebral infarct, subdural hematoma, air embolism, wound hematomas 
or seromas, peri-operative seizures, and postoperative confusion are not 
discussed here, as they are addressed elsewhere in this book. However, a 
serious complication that should be underscored is intracerebral bleeding. 
According to Bloomsted et al. (105), hemorrhagic complications of DBS 
and ablative lesions for PD have been relatively uncommon and do not 
differ between the two procedures. Binder et al. (106) reported a relative 
risk of hematoma of 3.1% per lead implant and found brain targeting had 
a significant effect on the risk of hemorrhage. The incidence of hematoma 
by target site was 2.5% per lead for STN DBS, 6.7% for GPi DBS and 0% 
for VIM DBS and an overall risk of intra-operative or early postoperative 
symptomatic hemorrhage with microelectrode-guided DBS of 1.4% per 
lead implant. According to Benabid (79), the risk of significant intracranial 
hemorrhage during subthalamic surgery is about 1.1%. At our center, with 
more than 200 procedures since 1994, a similar incidence of 0.95% has 
been observed. However, the only two hemorrhages which occurred were 
fatal because of rapid progression due to their large size and deep location. 
Currently, a prospective audit to evaluate bedside administration of recom-
binant activated factor VII in case of signs of bleeding during the surgical 
procedure is underway in our center (107).
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Psychiatric Complications

Temel et al. (108), in a review of the current literature, found a total of 1,398 
reported patients who underwent bilateral STN DBS. Among them, cogni-
tive problems occurred in 41%, depression in 8%, and hypomania or mania 
in 4%. Anxiety disorders were observed in less than 2% and personality 
changes, hypersexuality, apathy, anxiety, and aggressiveness occurred in 
less than 0.5%.

There have been an increasing number of reports of post-procedural psy-
chiatric complications including depression, mania, aggression, and language 
deficits (109). Among patients followed at our institution transient irritability, 
excitation, paranoia, severe insomnia, and severe apathy lasting for as much 
as 12 months were observed in several cases.

Okun et al. (110) reported a case of pseudobulbar crying with features of 
pseudobulbar palsy associated with STN DBS. Krack et al. (111) presented 
two PD patients in whom acute stimulation of an electrode located in the STN 
using stimulation parameters 50% above normal therapeutic range induced 
infectious laughter and hilarity whereas normal therapeutic parameters 
induced hypomanic behavior and marked improvement of akinesia.

Kulisevsky et al. (112) described three DBS patients with no prior psychiat-
ric history who became manic after receiving stimulation at the most inferior 
contact of quadripolar electrodes implanted bilaterally in the STN. Symptoms 
developed within 48 hours after stimulation was begun, and satisfied DSM-IV 
criteria for mania due to a general medical condition. After stimulation was 
changed to more superior electrode contacts, manic symptoms resolved gradu-
ally over 2 weeks. It was suggested that the lower electrode contacts may have 
been stimulating neurons at the level of the midbrain, caudal to the subtha-
lamic nucleus, where fibers from ventral tegmental areas or anterior cingulate 
cortical circuits may have been activated. Krack et al. (113) mentioned tran-
sient postoperative hypomania in 4 of 49 patients, none of whom had “major 
ongoing psychiatric illness.” Houeto et al. (11) described a 61-year-old man 
with a history of depression who developed aggressiveness, irritability, exhibi-
tionism, excessive gambling, and mood swings from depression to exaltation 
following subthalamic DBS. Because a hypomanic episode had occurred 10 
years previously, it was thought that DBS had activated the patient’s mood 
disorder. Mandat (114) described two patients who developed hypomania fol-
lowing STN DBS in whom adjustment of stimulation parameters resolved the 
hypomania while maintaining motor benefits. Although hypersexuality has 
been induced by DBS, in other circumstances DBS has also reduced levodopa-
induced hypersexuality due to ability to reduce the levodopa dose (115).

Suicide attempts and/or suicides have been documented in uncontrolled 
series ranging from 0.5 to 2.9%. (109, 113, 116, 117). A multicenter study of 
450 STN DBS patients reported a postoperative suicide rate of 0.5% (109). 
In contrast, a study of 120 patients who underwent DBS (PD, dystonia, and 
essential tremor patients) documented a postoperative suicide rate of 2.9% 
in PD patients who had undergone STN DBS (117). In this latter study, the 
authors suggested that young males with a history of multiple surgeries may 
be at greater risk of such outcomes. However, given the fact that the study 
was that of a small and uncontrolled retrospective cohort from a single center, 
conclusions made from this study must be very limited (113, 116). In our own 
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series, one patient committed suicide while waiting for battery replacement 
after the stimulator battery wore off, making loss of stimulation rather than 
stimulation itself a possible contributing factor.

Dysarthria/Hypophonia and Weight Gain

Dysarthria/hypophonia, weight gain, and postural instability have been the 
most frequent chronic long-term side effects reported with STN DBS. Guehl 
et al. (46) found that whereas dysarthria/hypophonia remained stable over 
time, weight gain and postural instability increased during the first year post-
operatively.

Levodopa and STN DBS have been associated with both improvement 
and exacerbation of dysarthria in PD. It seems that, like other motor func-
tions, motor subcomponents of speech can be improved, but that complex 
coordination of all speech-related anatomical substrates is not responsive to 
STN DBS (118). In general, with normal settings, there was no significant 
difference between DBS in off or on modes, but in some patients intelligibil-
ity deteriorated with DBS on. Higher frequencies or amplitudes caused sig-
nificant impairment of intelligibility, whereas changing the polarity between 
the separate electrode contacts did not (119). Santens et al. (120) analyzed the 
effects of left and right STN DBS on different aspects of speech separately 
and found significant differences between left- and right-sided stimulation. It 
appears that selective left-sided stimulation has a profoundly negative effect 
on prosody, articulation, and intelligibility while right-sided stimulation does 
not. These differential effects were not found when bilateral DBS was com-
pared with the DBS off condition (120).

Patients with PD often lose weight, but weight gain has been observed 
after STN DBS associated with a reduction in energy expenditure without 
daily energy expenditure adjustment (121). Magnitude of weight gain can be 
significant and DBS candidates should be given nutritional counselling before 
surgery to prevent rapid or excessive weight gain. Of patients undergoing 
STN DBS, 50% gain weight during the first 3 months after surgery while 30% 
continue to show weight gain at 1-year follow-up. In one study, mean weight 
gain was about 15% above body weight prior to surgery (122).

Dyskinesias

Spontaneous dyskinesias may occur after STN DBS and although they 
can be common immediately after subthalamotomy, there are not many 
published reports on this issue following STN DBS. This may be due to 
their rapid reversibility after stimulation parameters are adjusted. We have 
reported on a patient who after bilateral STN DBS with a particular setting 
developed mild dyskinesias in the right foot, which became progressively 
more violent and severe and involved the entire limb (123). When stimula-
tor settings were returned to previous values, involuntary movements disap-
peared completely within ten minutes. Interestingly, and at variance with 
levodopa-induced dyskinesias, the involuntary movements observed in 
this case were unresponsive to amantadine (123). Recently, Brodsky et al. 
published an interesting case of rebound dyskinesia in an off levodopa state 
after switching the stimulator off, generating still more controversy on the 
antidyskinetic effect of STN DBS (124).
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Postural Instability

As stated several times through the chapter, the response of postural instabil-
ity to STN DBS remains an unresolved issue. Postural instability has been 
reported in many series as a frequent complication of STN DBS. This con-
trasts with the beneficial effect on postural instability observed when analyzed 
separately or within composite postural instability, gait disturbance (PIGD) 
scores where patients are taken as a group or when the beneficial effect was 
studied using laboratory kinematic analysis. Such discrepancies have raised 
the possibility that postural instability may not be related to STN DBS but 
either to electrode implantation or its trajectory through the thalamus. Further 
studies are necessary to clarify this point.

Comparison of DBS to Subthalamotomy

A considerable body of evidence has suggested that the potential risk of 
hemiballismus subsequent to subthalamotomy (125–127) makes STN DBS 
preferable to surgical ablation. However, cost, need for regular hardware 
replacements, and side effects associated with STN DBS represent stimulation 
disadvantages, justifying the need to explore other therapeutic options. Given 
these circumstances, we recently conducted a prospective comparison on the 
efficacy and safety of both surgical STN approaches, in which a consecutive 
series of sixteen PD patients were randomized to receive either bilateral STN 
DBS, bilateral subthalamotomy, or unilateral subthalamotomy plus contral-
ateral STN DBS implantation and were evaluated 1 year after surgery. Total 
UPDRS scores improved after each procedure at 12 months follow-up and no 
statistical differences were observed between the three groups. A deleterious 
effect of surgery was observed in UPDRS part I (mentation, behavior, and 
mood) in patients undergoing bilateral DBS. Significant beneficial effects 
were observed after surgery on UPDRS part II (activities of daily living) after 
all three procedures, as well as on UPDRS part III (motor examination) and 
UPDRS part IV (complications of therapy) in the medication-off condition 
(Figure 14.7). Significant beneficial effects were observed after each of the 
three procedures for bradykinesia, rigidity, tremor, dyskinesias, and on a com-
posite score of postural instability and gait disorders (PIGD). No significant 
effect on mini-mental status examination score was observed after all three 
procedures, nor was any significant effect on ACE scores observed. ACE 
subitems, which showed statistically nonsignificant deterioration after surgery, 
were memory, verbal fluency and visuospatial abilities for bilateral DBS; 
attention, visuospatial abilities and language for bilateral subthalamotomy, and 
orientation in the combined group. Psychiatric evaluation showed significantly 
increased apathy and irritability scores and mood, mentation and behavioral 
deterioration after surgery in the bilateral DBS group as the only remarkable 
psychiatric side effects. One patient from the bilateral subthalamotomy group 
presented severe hemiballismus immediately after surgery that persisted 
for 3 months and requiring posteroventral pallidotomy for resolution. One 
patient from the combined technique group presented short-lived hemiballismus 
that resolved spontaneously. In summary, early motor performance improved 
significantly after all three surgical procedures without significant group dif-
ferences with marked effects on cardinal motor symptoms as well as on drug-
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induced dyskinesias. There was levodopa dosage reduction at 1-year follow up 
in all three groups. The reduced frequency of psychiatric issues after ablative 
surgery is surprising and requires further clarification. Reduction of proce-
dure-related costs and reduced risk of hardware related complications makes 
the combination of DBS plus contralateral ablation an option to be considered 
for bilateral STN interventions in appropriate cases.

Conclusions: What Physician and Patient 
Should Expect

Beyond the known improvement of motor signs of PD, more evidence is 
needed to determine the impact of STN DBS on QOL, caregiver burden, 
social outcomes, non-motor and other non-dopaminergic symptoms. In addi-
tion, we also must address many methodological issues including the need for 
appropriate control groups and a mechanism by which difficulties in achieving 
blinding and randomization can be addressed before a definitive conclusion 
regarding STN DBS for the treatment of Parkinson’s disease can be reached.

Currently, despite adequate patient selection, patients who have had an 
excellent motor response without major changes in cognition frequently feel 
vaguely unsatisfied after surgery. To address this issue five major points 
must be made explicitly clear for patients from the outset: (1) This is a non 
curative procedure. (2) It is applied in a progressive disease. (3) There is a 

Figure 14.7 Shows total UPDRS score of a group of 15 IPD patients randomized to 
Bilateral subthalamotomy (n = 5), bilateral STN DBS (n = 5), and a combination of 
unilateral subthalamotomy plus contralateral STN DBS (n = 5). A significant effect 
was observed after each procedure at 6 and 12 months follow-up but no differences 
between groups were observed
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risk of permanent complications. (4) There is a risk of cognitive side effects. 
(5) Lengthy and sometimes complex follow-up is required.

When pondering the degree of improvement the surgery may bring, abstract 
figures are difficult for patients to translate to real disabilities, which are not 
homogeneous. It is best is to imagine how patients feel, look and perform 
within their own social and working environment during their best moments 
of the day, even though this may be achieved only briefly, and to point out 
that the objective of surgery is to extend these moments to last the entire day 
together with significant reduction in anti-parkinson drug use.

Little information can be found in the literature concerning the percentage 
of PD patients who are suitable for STN DBS. Lopiano et al. (128) suggests 
that 30% of PD patients are suitable. In our unpublished experience this figure 
is lower. We believe that less than 10% of PD patients in a movement disorders 
clinic fulfill clinical criteria for STN DBS and are willing to accept the advan-
tages and disadvantages of participating in a STN DBS program.

For the time being, in the absence of curative therapy, STN DBS, although far 
from ideal, represents a viable option in a relatively small group of patients with 
more advanced PD who fail to respond to best available medical treatment.
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Abstract

Proper comparison of the therapeutic efficacy of subthalamic nucleus (STN) 
deep brain stimulation (DBS) vs globus pallidus internus (GPi) DBS is not 
possible with the information currently available. Multi-center randomized 
studies are in progress that may settle this point. Despite this, the choice of 
GPi as a surgical target has decreased enormously in practice and most recent 
studies concern data derived from patients treated with STN DBS. Why this 
has occurred cannot be entirely explained on scientific grounds. Perhaps the 
larger number of experimental studies demonstrating the impact of STN stim-
ulation on parkinsonism as well as the anatomo-physiological data indicating 
the prominent capacity of the STN to modulate basal ganglia output created a 
scenario that has led specialists to prefer the STN. Finally, the ability to reduce 
or even discontinue levodopa and other antiparkinson treatments after STN 
DBS undoubtedly has had a major influence on its relative popularity.

Keywords: deep brain stimulation, DBS, globus pallidus internus, subthalamic 
nucleus, Parkinson’s disease

Introduction

The development and application of DBS for treatment of Parkinson’s disease 
(PD) has been greatly influenced by pathophysiological concepts. During 
the 1980s, research studies in animal models of parkinsonism, particularly the 
1-methyl, 4-phenyl-1,2,3,6 tetrahydropyridine (MPTP) monkey model, showed 
that dopamine depletion leads to increased neuronal activity of the STN and 
the output nuclei of the basal ganglia, i.e., the GPi and the substantia nigra pars 
reticulata (SNr; refs. 1–3). In the 6-hydroxydopamine (6-OHDA) rat model, 
the subthalamic lesion was associated with a robust normalization of neuronal 
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metabolic markers in the basal ganglia (4). Subthalamotomy performed in 
MPTP monkeys induced a marked motor benefit and a concomitant reduction 
in neuronal activity in the GPi and SNr (5–7). Initial experimental studies did 
not target the GPi. However, the fear of inducing severe hemichorea-ballism 
secondary to lesions of the STN precluded the application of these experimental 
results and concepts to PD surgery. In 1992, Laitinen et al. reported striking 
benefits derived from unilateral pallidotomy, which facilitated the resurgence 
of surgery for PD with GPi as the target (8). Pallidotomy quickly became the 
surgical treatment of choice for PD patients in the mid-1990s. The clinical ben-
efits were significant but occurred mainly contralateral to the lesion (9), which 
limited the benefit of this approach, because the majority of patients requiring 
surgical treatment display generalized or bilateral motor manifestations. On the 
other hand, bilateral pallidotomy induced severe cognitive and speech deficits in 
a substantial proportion of patients (10). Although cognitive deficits may have 
been associated with larger lesions that included nonmotor regions of GPi, even 
well placed smaller lesions were sometimes associated with speech deficits.

DBS mimicking the effect of ablative lesions was initially introduced in the 
surgical armamentarium to replace thalamotomy in patients with resting tremor 
(11). The realization that thalamic DBS contributed a benefit against tremor 
similar to that of a lesion (12), the need for bilateral surgery in the majority of 
candidates and studies in MPTP monkeys using high-frequency stimulation (13, 
14) led the Grenoble group to introduce STN DBS for the treatment of advanced 
PD (13). Coincidentally, Siegfried and Lippitz (1994) successfully applied DBS 
to the GPi seeking to mimic the effect of pallidotomy described by Laitinen (15). 
Initial results were positive and set the stage for larger clinical experiences. A 
multi-center trial was begun in 1996 to assess the safety, viability, and short-term 
efficacy of DBS of either STN or GPi (16). The trial was not randomized and no 
specific guidelines were issued for allocating patients to one target or the other. 
Both groups showed significant improvement induced by stimulation (16). Over 
the years, many groups all over the world have applied DBS of the STN and 
GPi to treat PD (Tables 15.1 and 15.2) but publications properly comparing the 
therapeutic efficacy of the two targets were limited to only a single group (17).

Nevertheless, STN DBS has become by and large the preferred procedure 
in most centers (18). It is interesting to ask why this preference has prevailed. 
There appear to be three main reasons. First, after the initial clinical trial, 
there was the impression that clinical benefit for the cardinal features of PD 
obtained by STN DBS was greater than for GPi DBS, despite the absence of 
validated data. Second, from a surgical point of view, it appeared to be easier 
to define the sensorimotor region and surrounding structures of the STN physi-
ologically than the GPi using microrecording and microstimulation. Finally, 
and perhaps the major distinction between the two procedures was that STN 
DBS allowed for a significant reduction in the daily dose of levodopa, which 
could not be achieved with GPi DBS. This was a very attractive clinical 
option, considering the profusion of motor (i.e., dyskinesias) and non-motor 
(i.e., psychiatric complications, sleep problems, etc.) adverse effects associ-
ated with chronic levodopa treatment. However, it should be noted that the 
ability to reduce levodopa dosage after STN DBS was discovered only after 
doses were reduced to deal with exacerbated dyskinesia. Because GPi DBS 
directly reduces levodopa-induced dyskinesia (LID) there may have been little 
motivation to lower levodopa dose after GPi DBS.
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Overall, the issue of the advantages and disadvantages of either target have 
remained open to question (18, 19). It is surprising to realize that critical 
questions such as relative efficacy and the incidence of adverse events and 
complications have remained unanswered for more than 10 years since the 
generalized application of DBS for PD began. To re-assess the pros and cons 
of these targets, this chapter reviews available published reports that have 
compared STN and GPi DBS carried out by the same group (16, 17, 20–24).

Clinical Results

The data available from different studies which describe the clinical results 
of STN and GPi DBS show an overall improvement of cardinal motor fea-
tures and a significant reduction in the “off” Unified Parkinson’s Disease 
Rating Scale (UPDRS) motor subscore (part III; Tables 15.1 and 15.2). This 
is accompanied by decreased time spent in the “off” state condition and 
increased number of “on” hours without disabling dyskinesias. Although not 
prospectively and systematically studied in controlled fashion, a reduction 
in the daily dose of levodopa has occurred after STN DBS and no change or 
a slight increase in levodopa dose has occurred after GPi DBS (16, 17, 21). 
However, appropriate comparison of the therapeutic merits of either target 
would require a randomized study.

Most surgical groups have selected the basal ganglia target on the basis of 
the patient’s predominant clinical characteristics and the biases and surgical 
experience of the group. For example, we initially chose to use STN DBS 
to treat patients with predominant gait and axial features and allocate to GPi 
DBS those with severe LIDs, particularly those with diphasic dyskinesias. 
It is also notable that most publications concerning GPi DBS have generally 
reported assessment over a relatively short follow-up compared with STN 
DBS for which several reports have followed up for 4 to 5 years after surgery 
(20, 25, 26).

Effect of DBS Against Cardinal Features of PD and “Off” Disability

Anderson et al. reported the only prospective and randomized comparative 
study of STN and GPi DBS with 12 months of follow-up evaluation in 20 
patients (10 each group; ref. 17). They showed that “off” medication and on 
stimulation improvement was 39% for GPi DBS patients and 48% for STN 
DBS patients. There was no improvement in on-medication function in either 
group (Table 15.3). Improvement of tremor, rigidity, and bradykinesia was not 
significantly different between the two treatment groups, although bradykinesia 
tended to improve more in the STN DBS group (p < 0.06). Improvement of 
axial symptoms was also not significantly different (p < 0.12; Table 15.3) 
and LIDs were reduced for both targets with no difference between groups. 
This reduction was 89% for GPi DBS and 68% for STN DBS. Levodopa was 
reduced only in the STN DBS group but it is unclear whether any attempt was 
made to reduce levodopa in the GPi DBS group. This prospective, randomized 
study therefore found no evidence of a substantially better response with STN 
DBS than GPi DBS.

Volkmann et al. retrospectively compared patients treated with STN 
DBS (n = 16) versus GPi DBS (n = 11) at 12 months postoperatively (21). 
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Table 15.3 Clinical Results of studied including DBS of the GPi and STN.

Author Baseline 6 months 12 months
3 to 4 
years

3 to 4 years 
vs 1 year

Volkmann et al. 16 STN 
11 GPi (21)

UPDRS III STN/GPi 56.4/52.5 18.6/22.9 22.4/16.7
Bradykinesia 2.5/2.5 1.1/1.3 1.3/1.3
Rigidity 2.4/2.2 0.5/1.1 0.6/1.1
Tremor 0.9/0.8 0.1/0.2 0.1/0.2
Posture/Gait 2.7/2.2 1.0/0.8 1.1/0.8
Swallowing 1.7/1.3 1.2/0.9 1.3/0.9

Krack et al. 8 STN 
5GPi (23)

UPDRS III STN/Gpi 57.3/53.6 17.1/32.5; p < 0.05
Tremor 4.0/4.0 0.5/1.6 ns
Rigidity 13.8/13.9 4.5/6.8 ns
Akinesia 19.9/19.7 5.7/13.7; p < 0.05
Gait scores 14.1/13.5 3.0/8.0; p < 0.05

Anderson et al. 10 STN 
10 GPi (17)

UPDRS III STN/GPi 51/50 27.0/30.0; p < 0.40
Rigidity 10.5/9.5 5.0/5.0; p < 0.18
Tremor 9.0/7.0 1.0/1.5; p < 0.51
Bradykinesia 18/15 10/10; p < 0.6
Axial scores 8/7.5 4.5/4.5; p < 0.12

Rodriguez-Oroz et al. 49 
STN 20 GPi (20)

UPDRS III STN/GPi 56.7/51.7 24.6/29.2 28.6/31.7 p < 0.02/ns
Tremor 13.1/11.3 2.3/2.7 1.7/1.7 ns/ns
Rigidity 10.8/10.9 3.8/6.5 4.4/6.5 ns/ns
Bradykinesia 19.9/18.3 10.7/10.9 11.3/12.9 ns/ns
Postural stability 2.6/2.3 1.2/1.4 1.8/1.7 p < 0.001/ns
Gait 2.8/2.5 1.4/1.5 1.7/1.8 p < 0.02/ns
ns, not significant.
                                                     

Motor UPDRS was significantly reduced for both targets (p < 0.005; Table 
15.3), but somewhat exceptionally, limb symptoms such as tremor, rigid-
ity, and bradykinesia were only significantly reduced following STN DBS. 
Posture and gait also improved for both targets but only STN DBS reached a 
significant difference (Table 15.3). Dyskinesias were alleviated significantly 
for STN (p < 0.001) and GPi (p < 0.005). Reduction in levodopa dose reached 
a significant difference with respect to the pre-operative dose after STN 
(65.3%) but not GPi DBS (16%; ref. 21).

A similar study was described by Krause et al. in a prospective non-ran-
domized study in which six patients were treated with GPi DBS and 12 with 
STN DBS. They described a superior effect of STN DBS for most of the motor 
scores assessed. STN induced significant improvement in motor UPDRS, 
whereas GPi DBS had no significant effect. Motor fluctuations were reduced 
only by STN DBS (22).
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Krack et al. compared eight patients with bilateral STN DBS vs five patients 
with GPi DBS at 6 months postoperatively (Table 15.3; ref. 23). They reported 
that motor UPDRS was alleviated in both targets after surgery but this was 
significant only in the STN DBS group (p < 0.05). Tremor and rigidity showed 
similar degrees of improvement but akinesia was better alleviated with STN 
DBS (p < 0.05). Axial symptoms, such as gait scores, were significant reduced 
with STN DBS (p < 0.05) but not with GPi DBS (23).

The most comprehensive study of STN DBS compared with GPi DBS in 
the largest number of patients assessed using the same methodology was con-
ducted at 18 centers worldwide between 1995 and 1999 (16). This comprised 
134 patients with bilateral implantation (96 STN and 38 GPi). Initial results 
were reported in 2001. This prospective trial was not randomized for the surgi-
cal target but did include a randomized double-blind evaluation of the effect of 
DBS at 3 months. This study showed that either target significantly improved 
motor function in the “off” medication state. At 6 months (open evaluation), 
patients with STN DBS showed 74% (p < 0.001) improvement in “on” time 
without dyskinesias (27% baseline) while patients with GPi DBS a 64% 
(p < 0.01; 28% baseline) improvement (16).

A follow-up study of patients in this multi-center study has been recently 
published 3 to 4 years postoperatively (20). Patients treated with STN DBS (n 
= 49) outnumbered the GPi DBS treated group (n = 20). The analysis com-
pared both targets at 3 to 4 years compared with the effects seen at baseline 
and 1 year postoperatively. Although the trial was not originally designed for 
direct comparison of target efficacy, the demographic characteristics of both 
groups were very similar, with the important exception (see later) of cognitive 
impairment. Thus, this study may be considered to be the most important data 
source available to compare the effect of GPi DBS vs STN DBS for cardinal 
features of PD after prolonged follow-up. UPDRS motor scores remained 
significantly improved after 3 to 4 years compared with baseline for both 
targets (p < 0.0001), but the STN DBS group showed worsening in UPDRS 
motor scores compared with the benefit obtained at 1 year (p < 0.02). By 
contrast, the GPi DBS group maintained the benefit observed at 1 year when 
re-evaluated 3 to 4 years later. In this study, cardinal features such as tremor, 
rigidity and bradykinesia were still improved after 3 to 4 years in both groups 
compared with the baseline and 1-year assessments. Postural stability showed 
no significant difference compared with baseline in the GPi DBS group while 
gait improved. Both postural stability and gait were improved at 3 to 4 years 
compared with baseline in the STN DBS group (p < 0.0001). However gait, 
postural instability, and speech all significantly declined in the STN DBS 
group while off medication between the 1-year and 3- to 4-year assessment but 
showed no change in the GPi DBS group. Dyskinesias also remained reduced 
for both targets at 3 to 4 years vs baseline (p < 0.0001) but were not signifi-
cantly different compared with the 1-year evaluation. The study concluded that 
STN and GPi DBS both continue to produce improvement 3 to 4 years after 
surgery but that there is a decline in axial motor signs in the STN DBS group 
while off medication that was not evident in the GPi DBS group. The reason 
for the latter finding is uncertain but may relate to a number of factors such 
as possible residual long-duration effects of the larger dose of levodopa the 
GPi DBS patients were taking and other possible underlying differences in the 
two patient populations (20). Superiority of GPi DBS over STN DBS cannot 
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be concluded from this study but other commonly held assumptions that STN 
DBS may be superior to GPi DBS may also be unwarranted.

Some GPi DBS follow-up studies have reported failure of long-term relief 
of parkinsonian disability with some patients requiring a second operation to 
implant electrodes in the STN (27, 28). Volkmann et al. reported on 11 patients 
with bilateral GPi DBS at long term follow-up (5 years) in whom initial alle-
viation of off-period motor symptoms and fluctuations declined after the first 
year. Four patients with waning efficacy were re-operated with STN DBS 
(27). Other authors have described patients with motor improvement following 
GPi DBS, in whom efficacy at 2 years was markedly less than that at 1 year 
(29). The reason for these late failures is uncertain but could possibly include 
suboptimal lead location, patient selection, and programming issues, none of 
which were adequately studied or discussed.

Effects of DBS in the “On” Medication State

Assessment of the effect of stimulation in both targets has revealed that the 
“on” medication condition is not usually improved after surgery. This indi-
cates that there is no additional DBS benefit over and above the levodopa 
effect (17, 20, 21, 23). In the large multi-center study discussed earlier (20), 
at 1 year the total motor UPDRS score on medication and on DBS was not 
significantly improved for either STN or GPi DBS and had significantly wors-
ened at 3 to 4 years (p < 0.01 and 0.05 for STN and GPi). When the results at 1 
vs 3 to 4 years were compared while on medication, gait and postural stability 
deteriorated in the STN DBS group but only gait and not postural instability 
deteriorated in the GPi DBS group. Similar to results off medication discussed 
above, these results are of uncertain significance and may have been affected 
by underlying differences in the two treatment groups.

All studies have found a marked reduction in levodopa dyskinesia with 
either GPi or STN DBS. Although the reduction of dyskinesia in STN DBS 
patients is statistically equivalent to GPi DBS, the pathophysiological mecha-
nisms may be different. Daily levodopa equivalents were reduced in STN 
DBS patients but not GPi DBS patients at 1 and 3 to 4 years (17, 20, 21, 23). 
Similar to effects of pallidotomy, GPi DBS may alleviate levodopa dyskinesia 
by disrupting or interfering with neuronal signals in the pallido-thalamic 
motor circuit. There is general agreement that STN DBS primarily reduces 
dyskinesia by an indirect effect mediated by reduction in daily levodopa dose 
(30–32). On the other hand, a direct antidyskinetic effect of chronic STN DBS 
possibly mimicking the effects of continuous dopaminergic stimulation has 
been suggested by other authors (33–35).

In summary, DBS of both targets alleviates the cardinal features of PD 
during the “off” condition at long-term follow-up. A major improvement in 
on-medication scores is not expected but dyskinesias are prominently attenu-
ated, leading to a marked improvement in activities of daily living in the “on” 
condition. Comparisons of the effect of DBS in either target on specific motor 
features such as gait, postural stability, and speech is not possible due to lack 
of proper randomization in all studies. Although some authors have suggested 
that STN DBS may convey a more striking benefit than GPi DBS, this is not 
supported by the only randomized study published to this time (17, 20). There 
may be theoretical reasons to favor STN over GPi DBS. It may be that the 
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volume of tissue affected by stimulation in STN (about 160 mm3) compared 
with GPi volume (about 460 mm3; ref. 36) could allow activation of a larger 
proportion of STN than GPi outflow. Another point may be that STN DBS 
could have an impact on both efferent systems of the basal ganglia, the GPi 
and SNr, and their projections to the brainstem as well as nigro-striatal fibers 
projecting over the STN. This effect on larger numbers of efferent circuits may 
possibly be an advantage over GPi DBS, but at this time has not been validated 
by results of randomized, controlled clinical trials.

Adverse Events

Events related to hardware, such as lead fracture, infection, and skin ero-
sions seem to be similar for both targets and are not considered here. Battery 
replacement has been more frequent in GPi DBS than STN DBS, likely related 
to the higher voltages and pulse widths used in GPi DBS (20). We consider in 
this section the analysis of adverse events related to stimulation.

Two studies have reported that GPi DBS may induce different effects 
depending on electrode placement (37, 38). The more dorsal contacts appear 
to induce dyskinetic movements and alleviate akinesia and are considered 
“prokinetic,” whereas the most ventral ones may induce akinesia and are 
antidyskinetic. This suggests that parkinsonian and antidyskinetic responses 
to GPi DBS may be a reflection of at least two different anatomo-functional 
loops within GPi and possibly GPe (37–39).

It is also noteworthy that very few psychiatric or mood disorders have been 
described after GPi DBS (17, 20). On the contrary, STN DBS has been asso-
ciated with depression, apathy, disinhibition, hallucinations and abulia (20, 
40–43). An important point to consider is that some patients may already have 
had psychiatric complications or cognitive deficits that were aggravated after 
surgery. In this context, Houeto et al. have described depression in patients 
who had depressive episodes prior to surgery (44). Nevertheless, cognitive 
changes such as mood disorders or depression are reported more frequently 
after STN than GPi DBS and may be related to the spread of current to limbic 
or associative portions of the nucleus. However, cognitive and psychiatric 
disturbances are also frequently described in advanced PD patients treated 
chronically with levodopa (45). In this context, it would therefore be necessary 
to distinguish between behavioral disturbances caused by DBS or progression 
of the disease itself. An analysis of the cohort of patients included in the 3 to 
4 year multi-center study discussed above has shown that the occurrence of 
altered cognition and incidence of depression were more frequent in the STN 
group than the GPi group of patients (20, 46).

Conclusions

Proper comparison of the therapeutic efficacy of STN DBS versus GPi DBS 
is not possible with currently available information. Multi-center randomized 
studies are in progress, which may settle this point. Despite this, the choice of 
GPi as a surgical target has decreased enormously in practice and most recent 
studies concern data derived from patients treated with STN DBS. Why this 
has occurred cannot be entirely explained on scientific grounds (19). Perhaps 



286 J. Guridi et al. 

the larger number of experimental studies demonstrating the impact of STN 
stimulation as well as the anatomo-physiological data indicating the prominent 
capacity of the STN to modulate basal ganglia output, created a scenario that 
has led specialists to prefer the STN. Finally, the ability to reduce or even 
discontinue levodopa and other anti-parkinson treatments after STN DBS 
undoubtedly has had a major influence on its relative popularity.

Notwithstanding the above considerations, we generally agree with a 
preferential choice of STN DBS for surgical treatment of PD. Currently, 
patients are submitted to surgery for two major reasons: Problems derived 
from severe dopaminergic depletion leading to highly disabling and frequent 
“off” episodes and limited mobility during bed hours and problems related to 
the effects of dopaminergic drugs consisting of dyskinesias and psychiatric 
complications. The available data and our experience indicate that STN DBS 
significantly ameliorates “off” disability while simultaneously reducing daily 
levodopa requirements, so that drug-induced complications are immediately 
reduced. The potential to decrease the demand for dopaminergic drugs is a 
major long-term benefit of STN DBS. However, there are a few instances 
where we may prefer GPi DBS. This includes patients with unusually severe 
LIDs including severe and unmanageable diphasic dyskinesias. In such cases, 
GPi surgery will be immediately effective against dyskinesias and secure bet-
ter overall clinical control. STN DBS may be less effective in this situation, 
especially when STN stimulation is not able to remove the need for levodopa 
treatment. Another clinical scenario where we may prefer GPi DBS is when 
the patient has a speech problem or cannot afford to suffer speech deterioration 
for professional or social reasons. All points considered, however, current data 
are not sufficient to state that one target is superior to another and the choice 
for target selection will continue to be made based on local preferences and 
interpretation of the data collected to date.

Curiously, more than 10 years after DBS was first initiated in several centers 
worldwide, simple questions such as the optimal target remain unclear. 
Data from long-term follow-up of patients treated with either approach is 
needed to allow a better definition of the benefit to risk ratio for either target. 
Fortunately, there are two prospective and randomized clinical trials currently 
under way in the United States, which will hopefully shed some light on this 
debate and provide a clinically based rationale for target selection for the treat-
ment of PD in the future.
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Abstract

Deep brain stimulation (DBS) for Parkinson’s disease (PD) has gained widespread 
acceptance for improving motor function and disability. Patients with features 
suggestive of atypical parkinsonism (AP) tend have a much poorer and less sus-
tained response to levodopa and also a poorer prognosis overall. DBS experience 
with this group of patients is very limited and evidence is lacking with regard to 
its efficacy and adverse effects. In this chapter, we review the available published 
experience of DBS surgery in patients with multiple system atrophy and other 
forms of secondary parkinsonism. Based on the limited data reviewed here, DBS 
for patients with multiple system atrophy is not recommended.

Keywords: deep brain stimulation, DBS, atypical parkinsonism, parkinson 
plus syndrome, multiple system atrophy, radiation induced parkinsonism, 
hypoxic-ischemic parkinsonism

Introduction

Subthalamic nucleus (STN) DBS provides effective treatment for properly 
selected patients with advanced PD. STN DBS improves the cardinal motor fea-
tures of PD and reduces motor complications. It is the only surgical therapy for 
PD that allows the levodopa dose to be reduced, thereby ameliorating levodopa 
induced dyskinesia. DBS of the internal segment of globus pallidus (GPi) has 
also been used with good effect in both idiopathic PD and primary generalized 
and segmental dystonia (1–4). By contrast with patients with idiopathic PD, it is 
believed that patients with AP experience little relief of symptoms and disability 
after DBS. However, evidence-based consensus statements concerning DBS for 
PD have been unable to properly address the role of DBS in AP due to a lack of 
published evidence in this area (5–7). Here we examine the available literature 
describing outcomes of DBS for AP, including the specific syndromes for which 
they were treated, the anatomic sites selected for surgery, and whether future 
surgical targets can be identified for these diseases.
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Atypical Parkinsonism

Parkinsonism is a syndrome clinically defined by the presence of akinesia, 
rigidity, rest tremor, and postural instability. Many efforts have been made to 
distinguish idiopathic PD, the most common cause of parkinsonism, from AP, 
as the response to treatment and the prognosis of these diseases differ signifi-
cantly (8). Also known as parkinsonism-plus syndromes, they have received 
attention due to their poor response to anti-parkinson medications, such as 
dopamine agonists and levodopa, as well as their more rapid progression and 
generally poorer prognosis (9).

The diagnosis of these syndromes is based on several clinical features that, 
when present, should alert clinicians to the possibility of AP. Several studies 
investigating the accuracy of clinical diagnosis as compared to the gold stand-
ard of post-mortem pathologic examination have placed accuracy of diagnos-
ing PD as between 77 and 98%, depending on the patient population studied 
and the expertise of the physicians making the diagnosis (10, 11). The most 
common misdiagnoses of idiopathic PD are made in patients found to have 
multiple system atrophy (MSA), progressive supranuclear palsy, dementia 
with Lewy bodies, Alzheimer’s disease, and vascular pathology (12). Clinical 
features that should suggest AP include early postural instability with falls, 
symmetric onset of motor findings, absence of rest tremor, rapid disease pro-
gression, poor or unsustained response to levodopa therapy, prominent and 
early autonomic features, oculomotor or cerebellar deficits, or early dementia 
(Table 16.1). In a recent study, 30 of 34 post-mortem proven cases of MSA 

Table 16.1 Features suggestive of an AP disorder (adapted from ref. 53).

Motor

Rapid disease progression
 Early instability and falls
 Absent, poor, or not maintained response to levodopa therapy
 Myoclonus
 Pyramidal signs
 Cerebellar signs
 Early dysarthria and/or dysphagia
 Early dystonia/contractures (unrelated to treatment)

Autonomic features
 Impotence/decreased genital sensitivity in females
 Early orthostatic hypotension unrelated to treatment
 Early and/or severe urinary disturbances

Oculomotor
 Marked slowing of saccades
 Difficulty initiating saccades, gaze (oculomotor apraxia)
 Supranuclear gaze palsy
 Nystagmus

Cognitive and behavioral
 Early and severe frontal or cortical dementia
 Visual hallucinations not induced by treatment
 Ideomotor apraxia
 Sensory or visual neglect/cortical disturbances
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who were evaluated by movement disorder specialists were correctly diag-
nosed (11). However, it should be emphasized that diagnostic accuracy is less 
in patients with early and milder symptoms and is also confounded by the fact 
that 10 to 20% of patients with MSA have features of asymmetry, levodopa 
responsiveness, dyskinesias, and motor fluctuations (13).

Because effective treatment options for AP are usually lacking, strategies 
normally reserved for patients with idiopathic PD have been used in patients 
with AP with variable success. Stereotactic surgical procedures are usually 
reserved for patients with levodopa-responsive idiopathic PD and disabling 
motor complications, but have also been carried out in patients with suspected 
AP. Prior to the era of DBS, posteroventral pallidotomy was carried out in a 
number of patients with levodopa unresponsive parkinsonism with very lim-
ited success (14), although improvement was reported in a small number of 
cases (15, 16). Thalamotomy for tremor was carried out in two MSA patients 
and was not beneficial (17). We do not review responses to ablative surgery 
here, limiting this review to the use of DBS in AP with the major emphasis 
on MSA (Table 16. 2).

Multiple System Atrophy (MSA)

A consensus statement on the diagnosis of MSA (18) formalized previous 
criteria delineated by Quinn (19) for the diagnosis of MSA. There have been 
several attempts to identify factors that reliably differentiate MSA from PD 
(13, 20, 21). These include symmetric onset, absence of rest tremor, poor or 
unsustained response to levodopa, rapid progression, and autonomic signs. 
DBS has been carried out more frequently in MSA than other forms of atypi-
cal or secondary parkinsonism. This is due to the frequent close clinical resem-
blance of MSA to PD and the fact that 10 to 20% of patients with MSA may 
have features of asymmetry, levodopa responsiveness, dyskinesias, and motor 
fluctuations. Moreover, about 30% of patients with MSA initially respond to 
levodopa, although only about 13% retain this response after several years of 
treatment (22).

STN DBS in MSA Patients with Features of PD
Berciano et al. reported the first pathologically proven patient with MSA 
who was treated with DBS (23). A 63-year-old man initially presented with 
bradykinesia and rest tremor in the left hand. He had a good initial response to 
levodopa 300 mg/day and was diagnosed with idiopathic PD. He subsequently 
developed significant motor fluctuations and axial, appendicular, and orofacial 
dyskinesias, which were only partially relieved by levodopa and pergolide. 
There were no autonomic signs and brain MRI was normal. He underwent 
bilateral STN DBS 6 years after presentation and showed initial improvement 
(UPDRS-III score off medication declined from 49 to 26) which allowed him 
to reduce his levodopa dose by 60%. However, postoperatively he developed 
hypomania, paranoia, impaired gait, fever, and a pleural effusion and died 
3 weeks after surgery of a massive pulmonary embolism. DBS electrodes 
were properly placed within the subthalamic nuclei. There was severe loss of 
pigmented neurons in the substantia nigra and locus coeruleus without Lewy 
bodies. There was no cell loss or gliosis in the putamen, caudate, or subtha-
lamic nuclei. There was mild to moderate neuronal loss with gliosis in basis 
pontis, inferior olivary nuclei, dentate nuclei, and cerebellar cortex. Numerous 
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glial cytoplasmic inclusions (GCI), the pathologic hallmark of MSA, were 
present throughout the hippocampi, subcortical white matter, globus pallidus, 
brainstem, cerebellum, and spinal cord. Therefore, despite a clinical picture 
indicative of PD, the pathological findings were diagnostic of MSA. The 
patient’s response to levodopa was attributed to the preserved striatum in this 
case, which contains nigrostriatal dopaminergic receptors. A normal putamen 
is observed in approximately 10% of MSA patients examined at postmortem 
(24, 25) and there is a trend for levodopa response to inversely correlate with 
the degree of putaminal damage (13, 26).

Lezcano et al. (27) reported a patient whose clinical presentation was 
indistinguishable from idiopathic PD who received bilateral STN DBS. This 
57-year-old man presented with right-sided resting tremor, akinesia, and rigid-
ity and had a good response to levodopa. He developed severe motor fluctua-
tions and peak-dose cranial and orofacial dyskinesias 2 years after beginning 
levodopa. Brain MRI was normal. SPECT-IBZM revealed abnormal and 
asymmetric D2 receptor density in the putamen. He underwent bilateral STN 
DBS 6 years after onset of symptoms. Seven days following DBS initiation he 
developed compulsive gambling with paranoid delirium. Levodopa dose was 
reduced and olanzapine was added with remission of psychiatric symptoms. 
Akinesia and rigidity improved but he developed severe dysarthria and dys-
phagia requiring a nasogastric tube. Three months after surgery UPDRS motor 
score off medication improved during stimulation from 43 to 39. However, 
even on both medication and stimulation, UPDRS motor score was worse 
than on medication prior to surgery (31 vs 16). Six months after surgery he 
was evaluated off stimulation and off medication and had significant tremor, 
akinesia, and dysphagia. Twelve months after surgery, he was evaluated while 
on and off stimulation, with and without medication. Stimulation while off 
medication continued to provide a reduction of UPDRS motor score (56 vs 
39) but this improvement was not as great as the effect of medication without 
stimulation (56 vs 35). Notably, being on stimulation and on medication made 
him worse than being on medication alone (44 vs 35). He died of aspiration 
pneumonia 1.5 years after surgery. Autopsy showed countless GCI, neuronal 
depletion, and gliosis in substantia nigra without Lewy bodies, only a small 
decrease of large neurons limited to dorsal putamen, and moderate Purkinje 
cell loss in cerebellum. Similar to Berciano et al. (23), these authors attributed 
the temporary response to DBS to the limited neuronal loss found in the puta-
men (27).

Chou et al. (28) reported a 54-year-old man who presented with tremor 
and impaired dexterity in left hand followed over the next several years by 
bradykinesia and rigidity involving left more than right side, bilateral arm 
tremor, unsteady gait, and choking. Levodopa produced a marked benefit 
until the appearance of motor fluctuations, and cervical dyskinesias. MRI 
showed mild brainstem and cerebellar atrophy. He underwent bilateral STN 
DBS 8 years after onset with a presumptive diagnosis of PD. There was 
no response to DBS with immediate postoperative confusion and marked 
worsening of bradykinesia, rigidity, and dysphagia. He died 12 weeks after 
surgery after repeated aspiration pneumonia. Post-mortem examination 
revealed multiple alpha-synuclein positive GCI in all brain regions, most 
abundant in cerebellum, brainstem, and striatum without Lewy bodies. 
There was profound neuronal loss with gliosis in substantia nigra and, to a 
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lesser extent, in striatum and globus pallidus. The authors speculated that the 
poor response to DBS may have been due, at least in part, to the pathologic 
findings in striatum.

In contrast to the above cases, Tarsy et al. (29) reported the effects of bilat-
eral STN DBS in a patient in whom MSA was suspected prior to surgery but 
who had displayed prominent levodopa-induced dyskinesias and wearing off 
effects. She was a 57-year-old woman who presented with right upper extrem-
ity bradykinesia and unsteady gait. Facial masking, hypophonia, asymmetric 
bradykinesia, and rigidity, and extensor plantar responses were evident within 
2 years. After 4 years, she developed prominent autonomic features and mild 
cerebellar signs. Levodopa markedly improved bradykinesia, gait, and balance 
but was followed within a year by severe wearing off effects and limb, trunk, 
cervical, and facial dyskinesias followed by less responsive bradykinesia, gait 
disturbance, freezing, and hypophonia. Bilateral STN DBS was carried out 
7 years after disease onset and produced improvement, which was limited to 
upper extremity bradykinesia with a decline in UPDRS motor score while off 
medication from 40 to 36. Gait, postural instability, and dysarthria failed to 
improve. Over the next 9 months, dysarthria, dysphagia, aspiration, gait dif-
ficulty, and freezing increased. Stimulators were turned off 11 months after 
surgery with improvement in swallowing, aspiration, and drooling but no 
change in gait or balance.

Talmant et al. (30) reported a 63-year-old patient with a 6-year history 
of levodopa-responsive parkinsonism who experienced a 45% decrease in 
UPDRS motor score after STN DBS. Although he experienced dysphagia, 
erectile dysfunction and obstructive urinary retention, he was diagnosed with 
idiopathic PD. Pyramidal or cerebellar involvement and orthostatic hypoten-
sion were not prominent. He then developed disabling fluctuations and mid-
line motor signs, which lasted for 1 year before he underwent bilateral STN 
DBS. Postoperatively, UPDRS motor score improved by 45%. One year after 
surgery, he developed axial symptoms, recurrent falls, and increased dysar-
thria and dysphagia. He died suddenly following prostate surgery 2 years after 
DBS surgery. Autopsy disclosed severe neuronal depletion in substantia nigra 
without Lewy bodies and numerous GCI in basal ganglia, pontine nuclei, and 
cerebellar white matter. The authors concluded that although STN DBS may 
be temporarily beneficial in MSA, the procedure could not be recommended 
for patients with MSA because of the striatonigral degeneration characteristic 
of this disease.

Among case series of PD patients undergoing STN DBS, several cases of 
MSA have been mentioned in passing whose diagnosis became more appar-
ent after DBS. Okun et al. (31) refer to four cases of AP in a series describing 
patients who experienced a suboptimal response to DBS. Out of 41 patients 
referred for DBS failure, five received revised diagnoses for conditions that 
DBS would not be expected to help, including two cases of MSA, and one case 
each of corticobasal degeneration, progressive supranuclear palsy, and myo-
clonus. In three of these cases, reprogramming was attempted but no improve-
ment occurred except for one patient who experienced slight improvement 
in motor symptoms. Schupbach et al. (32) reported a case of a patient who 
died suddenly of probable cardiac arrest after DBS surgery and on autopsy 
was found to have MSA. There was no information published regarding her 
disease history or clinical features.
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STN DBS in Patients with Typical MSA
STN DBS has also been carried out in patients experiencing prominent motor 
symptoms, which were known to be poorly responsive to levodopa at the time 
of surgery. Pinter et al. (33) reported a 54-year-old woman with MSA who 
was unresponsive to levodopa or apomorphine. Nonetheless, she underwent 
bilateral STN DBS, which did not improve her symptoms.

Visser-Vandewalle (34) reported four patients with probable MSA who under-
went bilateral STN DBS, three of whom experienced moderate benefit. Patients 
were selected specifically on the basis of having levodopa-unresponsive parkin-
sonism. All had severe akinetic-rigid syndromes, gait ataxia, absence of tremor, 
and autonomic failure and were not receiving anti-parkinson medications. IBZM-
SPECT scanning showed significantly decreased postsynaptic striatal dopamine 
receptors in each patient. Four patients were assessed 1 month postoperatively 
and a second time 6, 28, 29, or 44 months after surgery. One patient died of pneu-
monia 6 months after implantation. At one month, median UPDRS motor scores 
decreased from a baseline of 45.5 to 23.5 (p < 0.05) with DBS. At the second 
evaluation, 6 to 44 months after surgery, median UPDRS motor scores decreased 
from 53 off stimulation to 41 (p < 0.05) on stimulation. Improvement in gait 
and postural instability was minor and less than the improvement in rigidity and 
akinesia. There was also significant improvement in UPDRS activities of daily 
living scores and Schwab and England functional scores at 1 month, which was no 
longer evident at 6 to 44 months. Gait ataxia did not change and bulbar symptoms 
were not mentioned. They emphasized the lack of alternative treatments for MSA 
and concluded that these results justified a larger, prospective controlled trial.

Alterman et al. reported in abstract form (35) two patients with MSA who 
underwent bilateral STN DBS. Both were levodopa-responsive, and one had 
motor fluctuations. There was mild, subjective improvement in parkinsonism 
at 3 and 12 months postoperatively. UPDRS motor scores improved by 29% 
in one patient. Postoperatively, both patients had worsening of dysarthria, and 
one had a progressively worsening gait. The authors concluded that DBS may 
be potentially effective in selected patients with AP who have had a beneficial 
response to levodopa.

Globus Pallidus DBS for Patients with MSA
In one case of MSA with features typical for PD and in two cases in which 
prominent dyskinesias and dystonia were associated with MSA, medial globus 
pallidus (GPi) DBS was carried out with variable effects. Ghika et al. reported 
on seven patients who received GPi DBS for PD, one of whom developed 
autonomic symptoms, pyramidal signs and decreasing clinical improvement 
after DBS despite continued adjustments of settings (36). Her UPDRS scores 
were excluded for analysis and therefore not published.

Huang et al. (37) reported a 49-year-old woman with autopsy proven MSA 
who underwent GPi DBS. She presented at age 35 with left leg bradykinesia 
and postural instability. Asymmetrical limb akinesia and rigidity evolved over 
several years and she subsequently developed dysarthria, postural hypotension, 
inspiratory stridor, and action myoclonus of the fingers. She was initially levo-
dopa responsive and within 1 year developed severe motor fluctuations and 
peak-dose generalized axial dyskinesias. GPi DBS was carried out 14 years 
after onset of symptoms primarily to manage severe dyskinesias. There was 
striking improvement in dyskinesia, a 26% reduction in total UPDRS score, 
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and improved gait and quality of life. It is not clear whether motor assessments 
were done on or off stimulation and medication. She died 18 months after 
surgery following an episode of inspiratory stridor followed by pneumonia. 
Post-mortem examination showed abundant GCI throughout the brain and 
neuronal loss limited to substantia nigra and locus coeruleus, consistent with 
“minimal-change” MSA (38). Similar to other investigators reported earlier, 
the authors conclude that relative sparing of striatal neurons in relatively early 
stages of MSA may account for an initial response to levodopa and DBS.

Patrick et al. (39) reported a 57-year-old man with MSA with prominent dys-
tonia who died 7 months after bilateral GPi DBS surgery. He initially presented 
with left-sided bradykinesia and pyramidal signs without tremor. He was unre-
sponsive to levodopa and other anti-parkinson medications. He later developed 
blepharospasm, laryngeal stridor, and axial dystonia with anterocollis that did not 
abate with levodopa withdrawal or respond to tetrabenazine or botulinum toxin. 
GPi was targeted because of success of GPi DBS for primary generalized dysto-
nia. Postoperatively he developed increased akinesia, anarthria, dysphagia, and 
inability to walk. There was only temporary improvement in axial dystonia. He 
died suddenly 7 months postoperatively due to suspected pulmonary embolism, 
but autopsy was not performed. Taken together with previous published cases, the 
authors concluded that MSA patients are unsuitable candidates for DBS.

STN DBS in Other Forms of AP

Following a case report in which a patient with parkinsonism due to hypoxic 
encephalopathy showed improved motor signs after pallidotomy (15), Krack 
et al. (40) reported a 63-year-old man who developed parkinsonism after 
cardiac arrest. Following recovery, cognition was relatively unaffected but 
the patient had severe akinesia, rigidity, hypophonia, dysphagia, gait disor-
der, and postural instability. Levodopa produced no improvement. Striatal 
PET measurements of dopa decarboxylase activity, postsynaptic D2 receptor 
binding, and metabolism were all decreased. Bilateral STN DBS was carried 
out 3 years after the cardiac arrest. He experienced subjective improvement 
in swallowing and gait but double-blind UPDRS motor assessments showed 
no change. The authors concluded that levodopa-unresponsiveness, striatal 
hypometabolism, or decreased striatal D2 receptor binding may be considered 
predictive of lack of response to bilateral STN stimulation.

Revilla et al. (41) reported a 20-year-old man who developed parkinsonism 
following whole brain radiation at age 7. At age 16, he developed rest tremor 
in both arms and dystonia in left hand and arm followed several months later 
by shuffling gait and postural instability. Following treatment with levodopa, 
UPDRS motor score declined from 79 to 47. 18F-dopa PET revealed reduced 
uptake in the striatum bilaterally. Following bilateral STN DBS, UPDRS 
motor score off medication improved from 70 off stimulation to 57 on stimula-
tion, there was a 33% reduction in levodopa dose, and wearing off effects and 
levodopa induced dyskinesias were improved.

Future Targets for DBS in AP Syndromes

Levodopa-responsiveness is the most robust predictor of the clinical response 
to STN DBS in patients with idiopathic PD (42, 43). The question is whether 
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the same is true for AP, especially MSA. As reviewed earlier, although 
several patients with AP who have undergone STN or GPi DBS were levo-
dopa-responsive, there has usually been a limited or poor outcome following 
surgery. Although 10 of the 13 patients with MSA summarized in the table 
were reported to show some improvement this was often very limited, typi-
cally lasted for a year or less, and was accompanied by early adverse effects 
on motor or bulbar function and continued progression of disabling motor and 
bulbar signs following surgery. In addition, four deaths occurred within 18 
months of surgery, two of these occurring within 3 months of surgery. One 
death occurring 7 months after surgery was precipitated by increasing bulbar 
dysfunction caused by active DBS.

It has been postulated that in MSA progressive postsynaptic striatal degenera-
tion may account for whether DBS is either ineffective or lacks durable benefit. 
In MSA and other striatal degenerations, 18FDG PET imaging, a measure of 
regional cerebral glucose metabolism, shows decreased striatal metabolism 
thereby distinguishing such patients from those with PD in which pathology is 
limited to the substantia nigra (44). In MSA, there is a preferential loss of striatal 
neurons containing D2 receptors as evidenced by studies using 11C raclopride, 
which specifically binds D2 receptors (45, 46) and by studies using 123I IBZM 
SPECT, a D2 receptor marker (47). In idiopathic PD, dopamine deficiency 
causes disinhibition of D2 receptors in the striatum resulting in disinhibition 
of activity in the indirect striatopallidal pathway and excitation of STN activ-
ity. The benefit produced by dopaminergic therapy is due to reversal of this 
sequence of changes in striatopallidal activity. In MSA and other forms of AP, 
the limited response to STN DBS is likely due to degeneration of striatal output 
neurons and downstream striopallidal hypoactivity (44).

Another issue is the different range of symptoms and disabilities that are 
prominent in AP. STN DBS is effective in treating tremor, bradykinesia, and 
rigidity but midline abnormalities such as gait disturbance, axial symptoms, 
postural instability, dysarthria and dysphagia may not be due to degeneration 
of striatonigral connections but rather to other brainstem nuclei degenerations, 
which are independent of the dopaminergic system (48).

Recent attention has been paid to DBS of the pedunculopontine nucleus (PPN) 
for idiopathic PD. The PPN has extensive connections between the basal ganglia 
and corticospinal tracts and is thought to be a modulator of gait and postural 
stability (49). In 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated 
monkeys, low-frequency PPN stimulation improved akinesia. In patients with 
advanced PD gait disturbance, freezing of gait and postural instability are com-
monly not improved significantly following STN DBS. Three groups recently 
described the use of PPN DBS in PD patients. Two subjects reported by Plaha 
and Gill (50) experienced significant improvement in gait and postural instability 
after undergoing PPN DBS as well as a 57% reduction in UPDRS motor score 
and 18 to 47% reduction in their levodopa-equivalent dose. Mazzone et al. (51) 
also reported improvement in a limited UPDRS motor score assessment during 
intra-operative stimulation. Stefani et al. (52) reported improvement of gait and 
postural stability using DBS of both STN and PPN targets simultaneously in six 
advanced PD patients with prominent gait and postural instability. Although it is 
unclear what role the PPN may play in AP, it is thought to play an important role 
in gait and postural instability and therefore may be a more appropriate target in 
patients who have significant disability in this domain.
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Conclusions

:::DBS, while highly effective for alleviating symptoms and disability associ-
ated with idiopathic PD, has been largely ineffective for parkinsonism due to 
other etiologies. MSA represents the largest cohort of patients with AP who 
have undergone DBS and nearly all groups have reported poor outcomes with 
surgery, including functionally limiting dysphagia, dysarthria, and postural 
stability and death within several months after surgery in over a quarter of the 
patients. DBS target selection for treatment of midline symptoms which are 
poorly responsive to STN DBS may have an important future role to play as 
new targets for DBS therapy become available for consideration.
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Abstract

Accumulating and more controlled data is providing strong evidence that 
bilateral pallidal deep brain stimulation (DBS) produces a marked beneficial 
effect in dystonia severity and disability in selected patients, with the greatest 
benefit found in primary generalized dystonia, some primary segmental 
dystonias, and tardive dystonia. To date, the preferred target for DBS is the 
internal pallidum but other targets such as thalamus or subthalamic nucleus 
(STN) may turn out to be an option in some forms of secondary dystonia or 
in patients who do not improve with pallidal stimulation. Successful treatment 
of patients with generalized dystonia related to birth injury remains a serious 
challenge for neurostimulation. Alleviating the burden of these disorders 
would potentially allow patients to enjoy a more normal social, affective, 
and professional life. Moreover, the alleviation of dystonia and restoration of 
normal motor control may help provide insights into mechanisms of cerebral 
plasticity and learning capabilities of the sensorimotor system.

Keywords: dystonia, deep brain stimulation, DBS, globus pallidus

Introduction

Dystonia is characterized by twisting repetitive movements or abnormal 
postures that result from involuntary muscle contractions (1). Despite this 
apparently straightforward definition, the complexity of dystonia appears, not 
only in term of clinical features and therapeutic approaches, but also in terms 
of its multiplicity of causes and potential progression of the syndrome.

The mainstay of treatment for focal and segmental dystonia (mainly 
primary dystonia) is the injection of botulinum toxin. When this approach 
fails, because too many muscles are involved or the movement pattern is 
too complex, the management of dystonia may become difficult as other 
pharmacological treatments usually have limited efficacy or are associated 
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with unacceptable adverse effects. Alternatively, surgical approaches, such as 
DBS, have provided a favorable risk–benefit ratio in selected cases. DBS has 
recently demonstrated beneficial effects in primary dystonia in several open 
label studies (2–6) and more recently in two prospective controlled studies 
(7, 8). Within the past few years, DBS has also been more frequently utilized to 
treat not only primary dystonia but also various forms of secondary dystonia. 
However, in most cases of secondary dystonia patients experience only partial 
benefit, although a few patients may experience clinical improvements similar 
to those observed in primary dystonia. By contrast, a mean 50% improvement 
of motor symptoms and disability may be obtained in primary dystonia (this 
may extend up to 90% improvement in select cases), whereas a small number 
of patients have unexpectedly had little improvement, without evident expla-
nation. The appropriate selection of patients for DBS is a crucial issue for both 
neurologists and neurosurgeons. Moreover, several variables should be taken 
into consideration such as selection of the surgical target, accuracy of localization 
of therapeutic contacts, and patient management including use of appropriate 
DBS parameter settings, standardized evaluation of treatment efficacy, long-
term beneficial effects, and evaluation of adverse events. Better knowledge 
concerning the pathophysiological mechanisms that underlie dystonia may 
help us to identify predictive factors for the best beneficial outcome.

Clinical Results

Ablative surgery, mainly of the thalamus (Vim, Voa/Vop, VL, pulvinar; ref. 9), 
and to a lesser extent the globus pallidus internus (GPi; refs. 10–12) has been 
carried out in the past but now been almost abandoned. In select cases, a few 
patients have been treated with thalamic (VoA, VL; refs. 13 and 14) or subthala-
lamic region (STN, Forel’s field, zona incerta) DBS (15, 16). Although thalamic 
DBS inspired modern functional neurosurgery, bilateral GPi stimulation is cur-
rently the most popular surgical method for treatment of dystonia. Unilateral 
GPi DBS is sometimes used in patients with hemidystonia or those with gen-
eralized dystonia with markedly asymmetric signs. Overall, DBS targeting the 
internal globus pallidus is a reversible procedure with low morbidity.

Evaluation of the Efficacy of Treatment

A standardized evaluation is mandatory in any surgical center that treats 
patients with dystonia. The most commonly used rating scale is the Burke–
Fahn–Marsden (BFM) scale for dystonia (17). This scale has two sections, a 
movement scale based on a motor examination, and a disability scale based 
on patient interview. The BFM scale has shown excellent internal consist-
ency, validity, and inter-rater reliability (17, 18). Although this scale has been 
designed for the assessment of generalized dystonia, it has also been used in 
segmental dystonia. The Toronto Western Spasmodic Torticollis Rating Scale 
(TWSTRS) rating score has also been used for pre- and postoperative assess-
ment in patients with spasmodic torticollis (19, 20). Evaluation of quality of 
life (SF-36; ref. 21), neuropsychological performance, and mood are also an 
important part of the evaluation of safety and surgical outcomes.
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Primary Dystonia

Generalized Dystonia

Since the seminal description by Coubes of a dramatic improvement of dystonia 
by bilateral pallidal stimulation in a 8-year-old girl who had suffered since the 
age of 3 severe, progressive and disabling non-DYT1 generalized dystonia 
(22), more than 50 papers have been published on the beneficial effect of DBS 
for dystonia. Case reports or small groups of patients with primary generalized 
dystonia (both DYT1-positive and -negative) were scattered or embedded in 
reports of heterogeneous groups of patients (3, 6, 13, 20, 23–31), including 
those with secondary (2, 6, 13, 25, 27, 32, 33) or focal dystonia (3, 20, 27). 
Most patients had a beneficial outcome with improvements of up to 90% on 
the BFM severity scale (average beneficial effect was about 50% improve-
ment with some variability among patients, including several with little or no 
improvement). In early studies, results in patients with primary non-DYT1 
dystonia appeared slightly inferior to those in patients with DYT1-positive 
dystonia. A large uncontrolled study demonstrated long-term efficacy and 
safety of bilateral GPi DBS in 31 adults and children with primary dystonia 
with 2 years of follow-up (5). In this group, although dystonia severity scores 
on the BFM scale were slightly more improved in children than in adults, 
there was no significant difference in improved disability. Despite the earlier 
impression that DYT1 positive patients were better candidates for DBS with 
better outcomes, no significant difference was found according to genetic 
DYT status in this series. Overall, dystonia was improved by 79% and disabil-
ity by 65%. Dystonic movements of the limbs and axial muscles were equally 
improved while oromandibular dystonia showed less improvement. Similar 
results have been obtained by other groups from Europe and North America 
and are outlined in Table 17.1.

In the first prospective, double-blind, video-controlled multi-center study in 
22 patients with primary generalized dystonia with a follow-up of 12 months, 
the SPIDY Group reported a mean improvement of 51% at 1 year (BFM 
movement score; ref. 7). Compared to baseline, the majority of movement 
subscores were improved at month 3 and remained stable until month 12. 
Twelve months postoperatively, axial and limb subscores improved by 68 and 
52% respectively. Face and speech subscores were unchanged at follow-up 
assessments compared to pre-operative values. We observed that the patients 
with the greatest improvement were those with mobile or phasic dystonia, 
whereas patients with more severe tonic postures showed little improvement. 
Although this observation has also been found by other groups (32, 34), it cannot 
be taken as a predictive factor for good outcome because currently there is 
limited ability to assess this factor due to a lack of standardized criteria for 
classifying patterns of dystonia. The global disability score was improved at 
3 months and continued to be improved through 12 months (47% improve-
ment). All rated items were improved (dressing, feeding, walking, hygiene, 
eating and swallowing, writing) except for speech. Although most patients 
were improved (some of them up to 90%), there was still some variability of 
results as has also been found in open label studies. Three patients showed 
little or no improvement. The improvement of quality of life (SF-36 scale), 
especially general health and physical functioning, paralleled the reduction of 



308 M. Vidailhet et al. 
Ta

bl
e 

17
.1

 S
ur

ve
y 

of
 th

e 
m

ai
n 

st
ud

ie
s 

th
at

 h
av

e 
ad

dr
es

se
d 

th
e 

qu
es

tio
n 

of
 p

al
lid

al
 D

B
S 

ef
fi

ca
cy

 in
 d

ys
to

ni
a.

P
at

ie
nt

s
O

ut
co

m
e

A
ut

ho
r 

(y
ea

r)
St

ud
y 

de
si

gn
IT

D
 / 

SD
 (

n)
G

en
. /

 S
eg

. (
n)

D
Y

T
 1

 +
 (

n)

D
ur

at
io

n 
of

 D
B

S 
(M

on
th

s)
Im

pr
ov

em
en

t 
of

 d
ys

to
ni

a 
(%

)

Pr
im

ar
y 

dy
st

on
ia

K
up

sc
h 

et
 a

l. 
(2

00
6)

R
an

do
m

iz
ed

 / 
bl

in
de

d
20

 / 
0

12
 / 

8
2

3
39

, 3

V
id

ai
lh

et
 e

t a
l. 

(2
00

5)
B

lin
de

d
22

 / 
0

22
 / 

0
7

12
51

 (
0Š

10
0)

B
itt

ar
 e

t a
l. 

(2
00

5)
O

pe
n

12
 / 

0
6 

/ 6
N

A
12

46
, G

en
 I

T
D

 5
9,

 C
er

vi
ca

l d
ys

to
ni

a
E

lta
ha

w
y 

et
 a

l. 
(2

00
4)

O
pe

n
4 

/ 0
0 

/ 4
N

A
15

73
 (

61
Š8

5)
K

at
ay

am
a 

et
 a

l. 
(2

00
3)

O
pe

n
5 

/ 0
5 

/ 0
N

A
6

51
Š9

2
V

es
pe

r 
et

 a
l. 

(2
00

2)
O

pe
n

2 
/ 0

2 
/ 0

1
6

80
Š9

5
B

er
ez

na
i e

t a
l. 

(2
00

1)
O

pe
n

6 
/ 0

1 
/ 5

1
3

72
, 5

 (
50

Š1
00

)
K

ra
us

s 
et

 a
l. 

(1
99

9)
O

pe
n

3 
/ 0

0 
/ 3

N
A

3
44

 (
43

Š7
0)

Ta
rd

iv
e 

dy
sk

in
es

ia

T
ro

tte
nb

er
g 

et
 a

l. 
(2

00
5)

O
pe

n
0 

/ 5
 (

Ta
r. 

D
ay

s.
)

5 
/ 0

0
12

87
Fr

an
zi

ni
 e

t a
l. 

(2
00

5)
O

pe
n

0 
/ 2

 (
Ta

r. 
D

ys
.)

2 
/ 0

N
A

12
>

90
H

et
er

og
en

ou
s 

po
pu

la
tio

n

C
if

 e
t a

l. 
(2

00
3)

, C
ou

be
s 

et
 a

l. 
(2

00
4)

O
pe

n
32

 / 
21

53
 / 

0
15

12
71

, I
T

D
 D

Y
T

 1
 +

 7
4,

 I
T

D
 D

Y
T

 1
 −

 
7,

 S
D

K
ra

us
e 

et
 a

l. 
(2

00
4)

O
pe

n
10

 / 
6

N
A

4
12

–4
8

56
, I

T
D

 D
Y

T
 1

 +
) 

35
, I

T
D

 D
Y

T
 1

 −
 

6Š
77

, S
D

K
ra

us
s 

et
 a

l. 
(2

00
3)

O
pe

n
2 

/ 4
6 

/ 0
0

24
70

Š7
8,

 I
T

D
 2

3,
 S

D
Y

ia
nn

i e
t a

l. 
(2

00
3)

O
pe

n
19

 / 
6

18
 / 

7
N

A
12

,3
 (

4–
24

)
45

, 8
 (

19
Š8

5)
, G

en
 I

T
D

 5
9,

 5
 (

44
Š8

4)
, 

C
er

vi
ca

l d
ys

to
ni

a 
37

,1
 (

0–
73

,9
 )

, S
D

Su
rv

ey
 o

f 
th

e 
m

ai
n 

st
ud

ie
s 

th
at

 h
av

e 
ad

dr
es

se
d 

th
e 

qu
es

tio
n 

of
 p

al
lid

al
 D

B
S 

ef
fi

ca
cy

 i
n 

dy
st

on
ia

. 
Fo

r 
ea

ch
 t

he
 s

tu
dy

 t
he

 m
ai

n 
cl

in
ic

al
 c

ha
ra

ct
er

is
tic

s 
of

 t
he

 p
at

ie
nt

s 
to

ge
th

er
 w

ith
 t

he
 

im
pr

ov
em

en
t 

of
 d

ys
to

ni
a 

se
ve

ri
ty

 a
re

 g
iv

en
. A

cc
or

di
ng

 t
o 

th
e 

st
ud

ie
s,

 t
he

 a
ve

ra
ge

 a
nd

/o
r 

th
e 

ra
ng

e 
(b

et
w

ee
n 

br
ac

ke
t)

 o
f 

im
pr

ov
em

en
t 

ar
e 

pr
ov

id
ed

. F
or

 s
tu

di
es

 t
ha

t 
in

cl
ud

ed
 p

ri
m

ar
y 

an
d 

se
co

nd
ar

y 
dy

st
on

ia
, r

es
ul

ts
 f

or
 th

e 
di

ff
er

en
t s

ub
gr

ou
ps

 a
re

 g
iv

en
 w

he
n 

av
ai

la
bl

e.
 

IT
D

, 
id

io
pa

th
ic

 t
or

si
on

 d
ys

to
ni

a;
 S

D
, 

se
co

nd
ar

y 
dy

st
on

ia
; 

Ta
r. 

D
ys

., 
po

st
-n

eu
ro

le
pt

ic
 t

ar
di

ve
 d

ys
ki

ne
si

a;
 G

en
, 

ge
ne

ra
liz

ed
; 

Se
g,

 s
eg

m
en

ta
l 

dy
st

on
ia

, 
m

ai
nl

y 
ce

rv
ic

al
 d

ys
to

ni
a;

 N
A

, 
no

t 
av

ai
la

bl
e

   
   

   
   

   
   

   
   

  



17 Deep Brain Stimulation in Dystonia 309

disability due to dystonia. This quality of life finding was consistent with other 
studies, although sample sizes were small (29, 35, 36). The beneficial effect 
of DBS was also demonstrated by double-blind video-controlled assessment 
at 3 months. In another multi-center study, patients were assigned to receive 
either neurostimulation or sham stimulation for 3 months in double-blind 
fashion (8). Similar results were obtained with 39% improvement in dystonia 
severity, 38% improvement in disability, 30% improvement in quality of life 
(SF-36 scale) at 3 months, and 47% improvement of dystonia severity (open 
label) at 6 months.

Long-term beneficial effects have been reported in open-label studies (5). 
This result was confirmed and expanded by the prospective 3-year follow-up 
of 22 generalized dystonia subjects (37). The motor improvement observed at 
1 year (51%) was maintained at 3 years (58%). Improved quality of life (SF-36 
questionnaire) was similar to that observed at 1 year. Relative to baseline and 
to a 1-year evaluation, cognition, and mood were unchanged 3 years following 
surgery but slight improvements were noted in concept formation, reasoning, 
and executive functions. Bilateral pallidal stimulation was terminated in three 
patients (due to lack of improvement, technical dysfunction, and infection), 
and unilaterally in two patients (due to electrode breakage, stimulation-
induced contracture). No permanent adverse effects were observed.

Overall, the main conclusions concerning DBS treatment of primary 
generalized dystonia may be summarized as follows: (A) A mean 50% 
improvement of dystonia severity and disability is expected with a wide 
range of results (from >90% in some patients to little or no improvement 
in a small number of other patients); (B) No definite predictive factors of 
good outcome have been identified including age, gender, disease duration, 
pre-operative BFM scores, DYT1 status, or specific electrode localiza-
tion within the GPi. However, but this finding may be due to a lack of 
power in all studies, due to the relatively small number of studied patients. 
Importantly, however, several groups have had the clinical impression that 
mobile, phasic, and hyperkinetic patterns of dystonia appear to be good pre-
dictors of marked improvement, suggesting that the pattern and possibly the 
underlying pathophysiology of dystonia may play a role in the therapeutic 
response; (C) A parallel improvement in severity of dystonia, disability and 
quality of life was observed; (D) DBS carries a good risk–benefit ratio with 
no deleterious effects on mood or cognition; (E) Beneficial effects may be 
sustained over a period of at least 3–5 years; (F) Even in patients who have 
previously undergone thalamotomy or pallidotomy, GPi stimulation has 
provided a beneficial effect.

Focal and Segmental Dystonia

Next to primary generalized dystonia, cervical dystonia has been the most fre-
quently reported application of bilateral pallidal DBS. Operated patients have 
usually been poor responders to botulinum toxin injections. Some have had 
complex cervical dystonia with severe anterocollis, laterocollis, or retrocollis 
sometimes associated with head tremor, myoclonus, and cranial, brachial, 
or truncal dystonia. The initial reports by Krauss and colleagues in an open-
label study demonstrated a symptomatic and functional improvement of 50 to 
90% for up to 2.5 years (38, 39). These results have since been confirmed by 
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other groups (3, 20, 30, 33, 35, 40–49) with significant beneficial effects at 6 
months and a sustained improvement at 2 to 3 year follow-up (33, 35, 39, 50). 
Using a blinded assessment in a small number of patients, Kiss et al. found an 
improvement of 79% in the TWSTRS total score, improvement in pain, and 
36% improved quality of life (35). As in generalized dystonia, rare patients 
experienced limited effects or incomplete improvement (33). Recently, long-
term beneficial effects were reported after a mean follow-up of 32 months in 
12 patients with cervical dystonia (50). TWSTRS severity score improved by 
55%, TWSTRS disability score improved by 59.1%, and TWSTRS pain score 
improved by 50% (50). Other types of focal dystonia have been less frequently 
reported, either in the form of individual case reports or small series. Cranial 
dystonia including blepharospasm, Meige syndrome and oromandibular and 
lingual dystonia with severe tongue protrusion (43, 51–54) has been improved 
but swallowing difficulties were unchanged. One long-term follow-up of 2 
years was reported with either recurrence of symptoms or arrest of stimulation 
with a rebound effect (51). Reports concerning upper limb dystonia are rare. 
A beneficial effect of Vop pallidotomy has been reported in occupational dys-
tonia in musicians and writer’s cramp with a follow-up period of 13 months 
in 12 patients (55, 56), suggesting a need to further explore pallidal DBS in 
limb dystonia.

General conclusions concerning focal and segmental dystonia must be lim-
ited to cervical and truncal dystonia in which only open-label data is available. 
Good improvement with sustained benefit over time (at least 3 years) has been 
reported in most patients.

Dystonia-Plus Syndromes and Other Exceptional Cases

Promising results have been reported in a small number of cases of myoclonic 
dystonia (57), or myoclonus-dystonia (58–60). Although this particular form 
of dystonia seems to have a good outcome after DBS, genetic status con-
cerning mutation of the epsilon-sarcoglycan gene has not been predictive 
of outcome (61). In one patient with paroxysmal nonkinesigenic dyskinesia 
and dystonia, a long-term beneficial effect was maintained over 4 years after 
thalamic ventral intermediate (Vim) stimulation (62). In one patient with 
chorea-acanthocytosis with facial dystonia and severe trunk spasms, chorea 
and trunk spasms were improved by bilateral thalamic stimulation, which was 
maintained at 1-year follow-up (63).

Rare forms of dystonia such as rapid onset-dystonia-parkinsonism (64) or 
post-traumatic fixed dystonia of the leg (65) have not been improved by bilat-
eral pallidal stimulation. Status dystonicus is a life-threatening condition that 
sometimes occurs in primary dystonia, post-anoxic dystonia, or pantothenate 
kinase associated neurodegeneration (PANK2; ref. 66). In rare cases, bilateral 
pallidal stimulation (67–69) or pallidotomy have been performed as emer-
gency measures with moderate improvement (70).

Secondary Dystonia

Results in secondary dystonia have been very variable. Among other things, 
this variability likely reflects the multiple causes of secondary dystonia (71). 
Secondary dystonia due to brain injury has responded poorly (72). Tardive 
dystonia, some cases of post-traumatic dystonia and some cases of PANK2 
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has shown a much better response. In tardive dystonia, the beneficial effects 
of bilateral pallidal stimulation are similar to those observed in primary 
dystonia (73–77). Rapid improvement has been observed within 12 to 72 
hours (76) to within a few days (77). A substantial improvement (50 to 87%) 
has been obtained and in some cases dyskinesias have almost completely 
disappeared. However, failure of GPi stimulation has been reported in one 
case (33). In a single case, symptoms of depression improved substantially in 
addition to a partial improvement of tardive dyskinesia (78). In a group of 10 
patients (STARDYS study), 6 months after pallidal DBS the Extrapyramidal 
Symptoms Rating Scale score decreased compared with baseline by more than 
40% (mean improvement, 61%; range, 44–75%; ref. 74). Treatment efficacy 
was confirmed by double-blind evaluation, with a mean improvement of 50% 
(range, 30–66%; ref. 74).

In delayed onset post-traumatic dystonia (cervical dystonia and hemi-dysto-
nia), a beneficial effect lasting 4 years has been obtained (79, 80). These types 
of post-traumatic dystonia were related to brain injury in which patients usu-
ally develop delayed clinical features that resemble those of primary dystonia 
and are markedly different from the fixed postures that occur after peripheral 
trauma of the limb (81) and respond poorly to DBS.

In PANK2 patients, marked beneficial effect has been reported by some 
groups in open-label studies (2, 82, 83), whereas others have observed only 
a mild beneficial effect (16, 26), little effect on speech intelligibility, and 
no persistent improvement with secondary worsening of the disease at a 5 
years follow-up (33). These differences may possibly be related to the vari-
able severity of the disease at the time of surgery, the variability of evolu-
tion of the disease among patients, and genetic status (presence of PANK2 
mutations), although inconsistent results have also been observed in mutated 
patients (16, 83).

In a group of secondary dystonias related to various miscellaneous causes 
including metabolic disorders, mitochondrial disorders, and basal ganglia 
lesions, the Montpellier group found a 31% improvement in severity of dys-
tonia (2). In well identified metabolic disorders such as GM1 gangliosidosis, 
little effect has been documented (84).

In patients with post-anoxic birth injury who have severe disability with 
preservation of intellectual functions, the potential beneficial effects of DBS 
have created high expectations. To date, the Montpellier group has observed 
an improvement of 30% at 1 year, 40% at 3 years (2, 85), and a 23% improve-
ment at 2 years postoperatively (6). A prospective, controlled study is ongoing 
(SPIDY 2).

Overall, in secondary dystonia, relatively few conclusions can be drawn: 
(A) Beneficial effects of bilateral pallidal stimulation are likely when 
the clinical features of dystonia are similar to those observed in primary 
dystonia and when total or partial integrity of the therapeutic pallidal or 
thalamic target is preserved; (B) Sustained benefit is dependent on the 
evolution of the disease (e.g., stable in tardive dystonia, worsening of 
symptoms in PANK2 or other genetic or metabolic disorders) and, pos-
sibly on the acquisition of normal motor control prior to the development 
of dystonia; (C) Most reports have been based on heterogeneous groups of 
patients in open-label studies. More selective studies in specific subgroups 
of disorders are necessary.



312 M. Vidailhet et al. 

Safety

Surgical procedures, targeting, and operative electrophysiological recording 
will not be discussed in this chapter. We will assume that the therapeutic 
contact is accurately positioned within the posteroventrolateral sensorimotor 
portion of the globus pallidus. Electrode implantation techniques and methods 
of target localization remain a source of debate. Generalized or local anaes-
thesia are performed in different centers and microelectrode recording results 
are partially influenced by on these conditions.

Complications of DBS Therapy

The risks of intra-operative haemorrhage are in the range of 2 to 4%, but 
relatively few of these are symptomatic (86). Hardware-related events such 
as lead fractures, skin erosions and infection have been described in up to 
25% of patients undergoing functional neurosurgery (87, 88). There has been 
a relatively high risk of lead fracture in dystonia, likely related to persistence 
of abnormal cervical and axial movements leading to mechanical stress on 
the lead connectors (8, 89). Infections are nearly always local, either in the 
scalp or the stimulator pocket. Intracerebral infection has been extremely rare. 
In one prospective controlled study, two lead fractures and four infections 
occurred among 44 patients over 6 months (8). In a second prospective study, 
implanted material was removed in one patient because of infection and two 
lead-breakages were observed among 22 patients over 3 years (7). Although 
hardware failure in patients with dystonia may potentially be complicated by 
acute relapse with severe worsening of the patient’s condition (32), severe 
rebound phenomena have only rarely been observed.

Stimulation-related complications are reversible effects related to current 
spread to adjacent structures such as the internal capsule or optic tracts. The 
most frequent stimulation-related adverse event after pallidal DBS for dysto-
nia has been worsening of voice intelligibility and freezing of speech (8, 33, 
37, 39, 48). This adverse effect, sometimes associated with stiffening of the 
dystonic arm, may limit the therapeutic efficacy of the procedure.

Overall, these various adverse events account for the 2 to 8% rate of com-
plications reported for DBS and the overall rate of hardware-related complica-
tions of 4.3% per electrode-year (89, 90). Close follow-up of dystonia patients 
is recommended, both for prevention and rapid treatment of complications.

Neuropsychological Performances and Mood

Pallidal stimulation does not seem to adversely affect cognitive function in 
patients with dystonia (7, 8, 91, 92). We found that after 3 years of follow-up 
cognitive test results were stable relative to those obtained at 1 year, while in 
a few cases some functions such as concept formation, reasoning, memory, 
and executive functions were mildly improved (37). We speculate that these 
improvements may be related to a reallocation of cognitive resources previ-
ously invested in motor control but a test-learning phenomenon must also 
be considered. Overall, bilateral pallidal stimulation has had no noticeable 
deleterious effect on mood in any of the studies. As previously mentioned, 
in a single case of tardive dystonia, pre-operative symptoms of depression 
improved substantially after DBS (78).
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Stimulation Arrest and Safety

A rebound exacerbation of dystonia has been reported after sudden arrest of 
stimulation (20, 51), but this phenomenon appears to be rare. Acute relapse of 
dystonia might therefore be observed during replacement of the neurostimula-
tor. However, no rebound phenomenon was observed during a 10-hour cessa-
tion of stimulation that occurred during a double-blind assessment of dystonia 
(7). Moreover, in a prospective study we found that no rebound phenomenon 
occurred during 48 hours of stimulator arrest under carefully monitored condi-
tions. We also observed that recurrence of dystonic symptoms took more than 
24 hours to occur when the stimulator was turned off whereas is took only a 
few hours for patients to return to their usual level of improvement when the 
stimulator was turned on. Nevertheless, close observation of dystonia patients 
is recommended both for prevention of unexpected stimulator arrest and for 
monitoring of battery end-of-life.

Patient selection, Management, and Practical Issues

Patient Selection

To date, patient selection has been based on empirical and intuitive criteria 
but most neurologists and neurosurgeons who treat patients with dystonia 
have generally agreed on the guidelines they employ to evaluate the risk–
benefit ratio for each patient. As mentioned earlier, there are no predictive 
factors of good surgical outcome but some rules of thumb are commonly 
used (93). (A) Primary generalized dystonia and complex cervical or trun-
cal dystonia unresponsive to medical treatment are suitable indications for 
DBS; (B) Young patients may have a better surgical outcome owing possibly 
to their potential for cerebral plasticity and relative absence of orthopaedic 
contractures and other deformations; (C) Hyperkinetic, phasic or mobile 
dystonic movements appear to be improve sooner and better than fixed 
dystonic postures; (D) Presence of normal motor and cognitive development 
prior to the onset of dystonia may be favourable indicators; (E) Normal brain 
MRI with integrity of the therapeutic targets within the basal ganglia is an 
important consideration; (F) Stable disease with relatively little progression 
is important but not absolutely necessary; and (G) DBS should be considered 
very carefully before being recommended for secondary dystonia. Based 
on current uncontrolled data, tardive dystonia, dystonia associated with 
PANK2, and some cases of dystonia due to brain injury may be suitable for 
consideration.

Management and Practical Issues

Parameter Settings
The programming of DBS parameters differs among different centers. Although 
pulse width has varied from 90 to 450 ⎧s, and rate has varied from 60–180 Hz, a 
pulse width of 210 ⎧s and rate of 130 Hz are most commonly used. In our 3-year 
follow-up study (37), persistent improvement in motor and cognitive perform-
ance was obtained with the same settings as those used at 1 year. Monopolar 
stimulation (one contact or two contiguous contacts) was used, mean voltage 
was 3.8 ± 0.7 V, mean pulse width was 127 ± 107 ⎧s, and rate 130 to 185 Hz. 
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These parameter settings are close to those of most open-label studies and of the 
one other published controlled study at 6 months follow-up (mean voltage 3.2 
± 0.9 V, pulse width was 123 ± 37 µs and the rate 135 ± 37 Hz; ref. 8). Several 
reports on the management of cervical (39) or generalized dystonia (5) have 
shown little or no need for further programming after 6 to 9 months. Although 
careful observation of some patients is important, such as monitoring of battery 
life in severe dystonia, routine follow-up is usually simple and most patients 
need to be seen only yearly.

The role of different frequencies, pulse widths and total energy delivery 
remains a matter of some debate. It has been suggested that lower stimulation 
frequencies may be associated with better control of dystonia (94). A patient 
could not be treated with the usual stimulation parameters using ventral pal-
lidal contacts because of adverse effects and had unsatisfactory results using 
dorsal contacts. By reducing stimulation frequency to 80 Hz, the patient 
experienced a dramatic improvement in function that persisted for 1 year. 
Although in this patient lowering stimulation frequency to 60 Hz resulted in a 
worsening of symptoms, 60 Hz stimulation frequency has reportedly resulted 
in improvement of dystonia in another group of patients (Tagliati, personal 
communication).

Analysis of differential effects of bilateral short (60–90 ⎧s), medium 
(120–150 ⎧s) and long (450 ⎧s) pulse widths has shown that short-duration 
stimulus pulse widths are as effective as longer ones (Vercueil et al., personal 
communication). This is of potential interest as shorter pulse widths would 
be associated with fewer adverse events due to current spread and battery life 
would be longer.

The effects of ventral vs dorsal pallidal stimulation have also been 
studied (Houeto et al, personal communication). Bilateral ventral stimula-
tion resulted in improvement of dystonia when stimulation contacts were 
located in the GPi or internal lamina. By contrast, stimulation of dorsal 
contacts, commonly located in GPe, had more variable clinical effects. Half 
of patients studied had little or no effect or dystonia was even aggravated 
compared to baseline.

Conclusion

Accumulating and more controlled data is providing strong evidence that 
bilateral pallidal DBS produces a marked beneficial effect in dystonia severity 
and disability in selected patients, with the greatest benefit found in primary 
generalized dystonia, some primary segmental dystonias, and tardive dystonia. 
To date, the preferred target for DBS is the internal pallidum but other targets 
such as thalamus or subthalamic nucleus may turn out to be an option in some 
forms of secondary dystonia or in patients who do not improve with pallidal 
stimulation. Successful treatment of patients with generalized dystonia related 
to birth injury remains a serious challenge for neurostimulation. Alleviating 
the burden of these disorders would potentially allow patients to enjoy a more 
normal social, affective, and professional life. Moreover, the alleviation of 
dystonia and restoration of normal motor control may help provide insights 
into mechanisms of cerebral plasticity and learning capabilities of the senso-
rimotor system.
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Abstract

Motivation to choose a specific target for deep brain stimulation (DBS) 
treatment of Tourette’s syndrome (TS) has been based on the effects of the 
historical ablative surgical literature available for that target, as well as on the 
effects of DBS in that target for similar symptoms in other disorders such as 
dyskinesias and obsessive compulsive disorders. DBS in TS is still investigational 
and published experience is very limited. The best target remains to be determined 
and the effects of stimulation of currently used targets are not fully appreciated. 
The rationale for target selection, the results of available studies, and current 
guidelines for DBS treatment of TS are reviewed here.

Keywords: DBS, Tourette’s syndrome, tics, tic disorders, obsessive–compulsive 
disorders

Introduction

Clinical Characteristics and Prevalence

Georges Gilles de la Tourette first described the syndrome that bears his name 
in 1885 as a nervous affection characterized by lack of motor coordination 
accompanied by echolalia and coprolalia. Later, Charcot named the condition 
Tourette’s syndrome.

TS is a chronic complex neuropsychiatric disorder characterized most 
prominently by tics. Tics are sudden, rapid, recurrent, non-rhythmic, stere-
otyped muscle contractions (motor tics) or sounds produced by moving air 
through the nose, mouth, or throat (vocal tics; ref. 1). They may be abrupt in 
onset, fast, and brief (clonic tics) or may be slow and sustained (dystonic or 
tonic tics; ref. 2). The motor patterns of tics may involve individual muscles 
or small groups of muscles with discrete contractions (simple tics) like eye 
blinking, nose twitching, sniffing, or grunting. Complex tics involve a larger 
number of muscles acting in a coordinated pattern to produce complicated 
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movements that may resemble purposeful voluntary movements (1). Complex 
tics include head shaking, scratching, throwing, touching, or uttering short 
phrases. Uttering obscene words (coprolalia) occurs in only 10% or less of 
patients. Tics increase with stress and decrease with relaxation or when the 
individual is engaged in acts that require selective attention. Tics may in some 
cases be temporarily suppressed by an effort of will or concentration, but typi-
cally rebound in severity afterwards (3).

The onset of tics in TS most commonly occurs in early childhood, with a 
mean age of 7 years (2). Severity of tics typically increases during the pre-
pubescent years, and often declines in frequency and intensity by the begin-
ning of adulthood. Ninety percent of TS patients will experience substantial 
remission and more than 40% will be symptom-free by age 18. According to 
the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV TR; ref. 
4), TS is defined by the presence of both multiple motor tics and one or more 
vocal tics throughout a period of more than 1 year, during which time there 
is absence of a tic-free period of more than 3 consecutive months (5). The tic 
repertoire of an individual with TS includes fluctuations in type of tic, body 
location, and the impairment it produces (1).

An important feature of TS is its association with a wide range of co-morbid 
behavioral abnormalities that, in some patients, are far more disabling than 
the tics themselves (5). Attention deficit hyperactivity disorder (ADHD), obsessive–
compulsive behavior (OCB), and self-injurious behavior (SIB) are strongly 
linked to TS and are probably an integral part of the syndrome. The occurrence 
of ADHD in TS patients ranges from 21 to 90% (2). Symptoms include inat-
tention and distractibility with or without behavioral hyperactivity. OCB may 
occur in up to 50% of TS patients. More severe obsessions in TS may involve 
sexual, violent, religious, aggressive, and symmetrical themes; the compulsions 
may manifest with symptoms such as checking, counting, forced touching, and 
self-damage. Like tics, OCB symptoms often wax and wane during the course of 
the illness. Robertson et al. (2) reported that more than one-third of TS patients 
carried out SIB. The most frequent type of SIB was head banging.

Although once thought to be rare, TS is now recognized as a relatively 
common disorder with an estimated worldwide prevalence of 4 to 5/10,000, 
which occurs three to four times more commonly in males (6). There is 
considerable variation among studies reporting on prevalence of TS, which 
is most likely due to variations in sex, age, diagnostic criteria, and methods 
of assessment (7).

Treatment of TS

For many patients, especially those with mild symptoms, psychobehavioral 
strategies provide sufficient treatment. Pharmacological treatment may be 
considered when symptoms interfere with social interactions, academic or job 
performance, or with activities of daily living. The most commonly prescribed 
medications for more severe TS are dopamine antagonists such as tetrabena-
zine and dopamine-blocking agents such as haloperidol or other antipsychotic 
drugs (2). Clonidine, clonazepam, and injections with botulinum toxin are 
also widely used. Selective serotonin reuptake inhibitors are recommended 
for treating OCB but are not helpful for tics. Psychostimulants, such as meth-
ylphenidate, are the treatment of choice for ADHD (8).
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For patients who are refractory to any behavioral and medical treatment, 
surgery may be considered as a treatment of last resort. Although no pre-
cise numbers are available, this likely represents a very small percentage of 
patients with TS.

History of Neurosurgical Treatment of TS

In the past, several attempts were made to treat these patients through neuro-
surgical ablative procedures (Figure 18.1; ref. 9). The target sites have been 
diverse and have included the frontal lobe (prefrontal lobotomy and bimedial 
frontal leucotomy), the limbic system (limbic leucotomy and anterior cin-
gulotomy), the thalamus, and the cerebellum. Combined approaches have also 
been tried such as anterior cingulotomy plus infrathalamic lesions. The results 
have often been unsatisfactory and major side effects have occurred such as 
hemiplegia or dystonia.

DBS was first introduced as a new surgical technique for the treatment of 
intractable TS in 1999 (10). Vandewalle et al. (10) performed chronic bilateral 
stimulation of the medial part of the thalamus, in the centromedian-parafas-
cicular complex and voi. This target was chosen on the basis of the favorable 
results of thalamotomy in this location previously described by Hassler in 1970 

Figure 18.1 A schematic drawing of brain areas that have been targeted in surgery for 
Tourette’s syndrome and other relevant neuroanatomical structures. The frontal lobe 
(3) was targeted during prefrontal lobotomy and bimedial leucotomy. In limbic leu-
cotomy and anterior cingulotomy, the cingulate cortex (1) was lesioned. The thalamus 
(7) was targeted for lesioning of the midline, intralaminar, and ventrolateral thalamic 
nuclei and for DBS. Infrathalamic lesions were performed at the level of the H fields 
of Forel (11) and the zona incerta (5). Cerebellar surgery involved lesioning of the 
dentate nucleus (16). The surrounding brain areas include: (2) corpus callosum, (4) 
caudate-putamen complex, (6) globus pallidus, (8) subthalamic nucleus, (9) substantia 
nigra, (10) posterior commissure, (12) superior colliculus, (13) inferior colliculus, (15) 
superior cerebellar peduncle, and (14) optic chiasm. (To view this figure in color, see 
insert)
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(11). The same group described the promising effects of bilateral thalamic 
DBS in three patients in greater detail in 2003 (12). With follow-up periods 
of 5 years, 1 year and 8 months respectively, there was an improvement in 
both tics (tic reduction of 90, 72, and 83% respectively with stimulation 
on compared with stimulation off) and in associated behavioral disorders. 
Stimulation induced side effects consisted of drowsiness and changes in 
sexual functioning (12, 13).

Targets

After the initiation of thalamic DBS as a potential treatment for patients with 
refractory TS, several other targets have been used (Table 18.1). Published 
reports are sparse (10, 12, 14–20) and the low number of cases may reflect the 
very small group of potential candidates for surgery. Up until now, six targets 
have been used for DBS for TS in 33 patients: (A) medial portion of thala-
mus, at the cross point of CM-Spv-Voi (10, 12, 14–16); (B) medial portion of 
thalamus, CM-Pf (17); (C) the globus pallidus internus (GPi); posteroventro-
lateral part (18, 19); (D) GPi, anteromedial part (17); (E) nucleus accumbens 
(NAC); and (F) anterior limb of internal capsule (IC; ref. 20). Servello et al. 
(15) reported on the beneficial effects of DBS of the same target described 
by Vandewalle in 18 patients with TS, with a follow up of 3 to 17 months. In 
this report there was an improved response of motor tics when compared to 
phonic tics due to thalamic DBS. These authors also reported positive effects 
on behavioral disorders.

The effects of bilateral DBS in the posteroventral (motor) portion of the 
GPi in a single patient were described by Van der Linden et al. in 2002 (18). 
This choice of target was based on the beneficial effects of DBS in the same 
brain region on hyperkinetic movements induced by levodopa in patients with 
Parkinson’s disease (PD). At 6 months follow-up, a tic reduction of 95% was 
observed. In 2004, Diederich et al. described the beneficial effects of chronic 
stimulation of the same target in another patient, with a follow-up period of 
14 months (19). However, there was no change in the patient’s “very mild 
compulsive tendencies.”

Houeto et al. described the effects of bilateral pallidal and thalamic stimu-
lation in one patient (17). The pallidal target was located in the anteromedial 
(limbic) part of the GPi. In this patient, both thalamic and pallidal stimulation 
had similar effects on tics, but thalamic stimulation was superior for treatment 
of the associated behavior disturbance.

Flaherty et al. (20) described the effects of bilateral stimulation of the ante-
rior portion of the internal capsule in a single patient with TS who suffered 
from severe tics without associated behavioral disorders. After 18 months, 
there was a 25% reduction in tics. In this patient, the lowest electrode con-
tacts produced mild depression while the highest contacts caused hypomania. 
Finally, DBS of the NAC has been performed in three patients with TS with a 
75% reduction in tics and a beneficial effect on behavior. These patients were 
included in a group of patients with OC disorder (OCD; Sturm, personal com-
munication).

Except for a small hematoma around the tip of one electrode, no serious 
surgical complications have been reported to date in the published literature. 
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However, unexpected stimulation-induced side effects such as drowsiness, 
reduced energy, changes in sexual behavior, and mild dysarthria, seem to be 
emerging in the majority of reported cases (9, 12, 13, 15). One patient treated 
with bilateral thalamic and bilateral anteromedial GPi DBS appeared to be 
more depressed with pallidal stimulation (17). The stimulation-dependent 
changes in the execution of movements in one case with posteroventrolateral 
pallidal stimulation probably had to do with the small haematoma (19).

Table 18.1 Reports on deep brain stimulation in patients with Tourette’s syndrome.

First author, 
year Target

No. of 
patients

Follow-up 
period

Tic 
reduc-

tion

Effect on 
behavioral 
disorders Side effects Complications

Vandewalle, 
1999

Thal 
(med.)

1 4 monhs 90–
100%

n.m. n.m. None

van der Linden, 
2002

Thal 
(med.)/
Gpi vpl

1 immedi-
ately 
postoper-
atively/6 
months

80%/
95%

n.m. None None

Visser-
Vandewalle, 
2003

Thal 
(med.)

3 5 year, 1 
year, 8 
months

90%, 
72%, 
83%

Very good Drowsiness, 
changes 
in sexual 
behavior 
(two 
patients)

None

Diederich, 2005 Gpi vpl 1 14 months 66% No effect 
on com-
pulsions

Impairment 
of left 
rapidly 
alternat-
ing move-
ments

Small H 
around right 
electrode tip

Houeto, 2005 Thal 
(CM-
Pf)/
Gpi am

1 24 months 70% 
(both)

Very good 
(both)

With Gpi 
DBS 
more 
depressed

None

Egidi, 2005 Thal 
(med.)

1 6 months 78% n.m. Mild dysar-
thria

None

Servello, sub-
mitted

Thal 
(med.)

18 3–17 
months

Good Good Reduced 
energy

Wound 
dehiscence, 
abdominal 
subcu-
taneous 
hematoma.

Lenartz, 2005 NAC 3 2 years, 4 
months, 
4 months

75% 
(aver-
age)

Very good None None

Flaherty, 2005 Internal 
capsule

1 18 months 25% — Hypomania 
and 
depres-
sion

None

Thal, thalamus; med., medial part (CM-Spv-Voi); CM, centromedian nucleus; Spv, substantia periventricularis; Voi, nucleus 
ventro-oralis internus; Pf, Parafascicular nucleus; Gpi, globus pallidus internus; vpl, ventroposterolateral part; am, anterome-
dial part; NAC, nucleus accumbens; H, hematoma; n.m., not mentioned.
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Neuroanatomical Basis for DBS in TS

The pathophysiology of TS remains poorly understood. It is widely believed 
that abnormalities in dopamine neurotransmission play a fundamental role 
in the pathogenesis of TS. This hypothesis arises from the clinical observa-
tion that dopamine D2 receptor blocking drugs and presynaptic dopamine 
depletors successfully suppress tics in many cases, whereas potentiation of 
dopamine transmission with stimulant medications often increases the number 
and severity of tics (1). Moreover, a number of functional neuroimaging 
studies have revealed abnormalities in dopamine transporter and dopamine 
receptor binding in the striatum of TS patients (21). Dopamine has a strong 
regulatory function on striatal activity. Within the brain, there are anatomically 
segregated, parallel circuits representing different functions (motor, oculomo-
tor, cognitive, and limbic). These basal ganglia circuits traverse the cortex, 
striatum, globus pallidus, and thalamus. Each circuit includes a direct and an 
indirect pathway. Dopaminergic hyperactivity in TS is hypothesized to inhibit 
the indirect pathway, leading to an overactivity of thalamocortical drive. Other 
cortical-subcortical loops may also be implicated in TS pathophysiology. The 
excitatory feedback loop from the thalamus back towards the striatum, which 
originates from the centromedian-parafascicular complex (CM-Pf), and the 
midline thalamic nuclei (substantia periventricularis [Spv]) is a circuit that 
may be affected in TS and explain the action of DBS in this location. CM 
strongly projects to the sensorimotor region of the putamen, Pf projects to the 
associative regions of both caudate nucleus and putamen, and Spv projects 
to limbic related parts of the striatum. Several studies have suggested that 
both the sensorimotor and the limbic-innervated parts of the basal ganglia, 
including the dorsal and ventral striatum, are involved in the pathophysiology 
of TS (23–26). This may also explain both motor and non-motor symptoms. 
Dopaminergic hyperactivity in TS may dysregulate sensorimotor and  limbic 
circuits within the basal ganglia, leading to thalamic hyperactivity. This 
 thalamic hyperactivity would lead to excessive stimulation of the cortex, and 
maintain itself through a feedback loop including the striatum, which may be 
inappropriately modulated by an excess of dopamine.

Rationale for Targeting the Medial Portion of the Thalamus

In 1970, Hassler and Diekman reported on the beneficial effects of lesioning 
the intralaminar and midline thalamic nuclei in patients suffering from TS 
and, in patients with facial tics, also included the Voi nucleus (ventro-oralis 
internus of the thalamus; ref. 11).

High-frequency stimulation of a nucleus has similar clinical effects on 
symptoms as an ablative lesion but has the advantages of being programmable 
and reversible (27). Thus, it was attractive to postulate that DBS of the intrala-
minar and midline thalamic nuclei and Voi might have a beneficial effect on 
symptoms in TS. The difficulty in interpretation of the historical data is that 
Hassler performed up to ten coagulations in each hemisphere. Therefore a stra-
tegic “nodal” point had to be found in order that as many of the nuclei targeted 
by Hassler could be stimulated using a single electrode. This strategic locus 
was found, using the Schaltenbrand-Wahren atlas (28), on a coronary slice 
4 mm posterior to the midpoint of a line connecting the anterior commissure 
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(AC) with the posterior commissure (PC) and 5 mm lateral to the AC-PC line. 
In line with the hypotheses discussed earlier, high-frequency stimulation of the 
thalamus and more specifically of the nuclei projecting to cortex on one side 
and back to striatum on the other would decrease cortical drive and interrupt 
the circuit responsible for enhanced thalamic hyperactivity. The Voi projects 
directly to the premotor cortex. The CM projects back to the dorsal (motor) 
striatum, and Spv projects back to the ventral (limbic) striatum. Thus, DBS 
of the medial part of the thalamus was hypothesized to have a good effect on 
motor and limbic symptoms in patients with intractable TS. This was then 
confirmed in three patients (12).

Rationale for Targeting the Globus Pallidus

The GPi is a large nucleus in which the posteriorly located motor portion is 
relatively far from the anterior limbic portion. “Relatively far” means too far 
to be reached by a single electrode. In other words, one has to choose whether 
the motor or limbic part of the GPi will be targeted. This stands in contrast 
to the thalamus, in which motor and limbic-related nuclei are located close 
together (12).

Posterolateral and Anterior Portions of the GPi
Prior to the era of subthalamic DBS treatment for PD, DBS of the posteroven-
trolateral part of the GPi was performed in patients with advanced PD. There 
were improvements in PD symptoms as well as an anti-dyskinesia effect (29). 
More recently, GPi DBS has been widely performed in patients suffering from 
dystonia (30, 31). The good results obtained are not so much a consequence of 
effects on continuous muscular hypertonia as on the associated hyperkinetic 
movements. According to this and reasoning that tics may also be regarded 
as hyperkinesias, clinicians have decided to target the motor (posteroventrola-
teral) part of the GPi (18, 19). While Van der Linden et al. have targeted the 
motor part of the GPi (18), other authors have reported good results of DBS in 
the anterior, limbic-related, part of the GPi (17).

Rationale for Targeting the Nucleus Accumbens

TS and OCD share many clinical similarities and show strong co-morbid-
ity. A recent study with event-related brain potentials indicated that frontal 
inhibitory mechanisms may be similarly altered in TS and OCD (32). DBS 
of the NAC has been performed in patients suffering from OCD (33). In an 
unpublished study, it was shown that patients suffering from TS, included in a 
study of NAC DBS in OCD patients, also showed improvement in tics (Sturm, 
personal communication).

It has been hypothesized that a neuropathological model based on NAC 
mechanisms may be central to the pathology and physiology of TS. This 
model assumes that external and internal events occurring during the devel-
opment of the nervous system induce modular changes in the NAC (34). 
Considering this, it is possible that the reported mild effects of IC stimulation 
in a single patient with TS (20) might be explained by spread of current to the 
nearby NAC region, since the electrode in this case was located in the vicinity 
of the NAC.
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Clinical and Surgical Evaluation

Patient Selection

As mentioned in the first section, in most cases TS symptoms wane before or 
at the onset of adolescence. Not all patients require therapy and, of those who 
do, only a minority fail to respond to medical treatment. TS patients considered 
for DBS should comprise only very severe cases who have received careful tri-
als of standard therapies without adequate benefit. The Dutch-Flemish Tourette 
Surgery Study Group has established guidelines for DBS in TS (35), and recently 
the Movement Disorders Society published a position statement concerning this 
issue (36). These statements include the following selection criteria.

Inclusion of Patients
1.  The patient has definite TS, established by two independent clinicians. The 

diagnosis is established according to DSM-IV-TR criteria (4) and with the 
aid of the Diagnostic Confidence Index (DCI; ref. 37).

2. The patient has severe and incapacitating tics as his primary problem.
3.  The patient is treatment refractory. This means that the patient either has not 

or very partially responded to three different medication regimes, each for 
at least 12 weeks, and in adequate doses, or has been proven not to toler-
ate medications due to side effects. Three different groups of neuroleptics 
should have been tried:

 i) “Classic” Dopamine-2 antagonists (haloperidol, pimozide or clonidine)
 ii) Modern antipsychotic medications (e.g., risperidone, olanzapine, cloza-

pine, sulpiride, aripiprazole)
 iii)  Experimental drugs (e.g., pergolide)

Finally, a trial of at least 10 sessions of behavioral therapy for tics, such as 
habit reversal or exposure in vivo, may be attempted.

4. The patient should be over 25 years of age.

Exclusion of Patients
Patients should be excluded from neurosurgical treatment if they have a tic 
disorder other than TS, severe psychiatric co-morbid conditions (other than 
associated behavioral disorders), or mental deficiency. Contraindications for 
surgical treatment for DBS in TS are severe cardiovascular, pulmonary or 
haematological disorders, structural MRI-abnormalities, and active suicidal 
ideation. Together with the Tourette Syndrome Association, a group of investi-
gators has published guidelines for groups interested in implanting TS, which 
are slightly different than the Dutch Flemish group (36).

Surgical Procedure

The technique of DBS applied to TS is similar to that used for more classical 
indications. Targets for TS such as the nuclei of the medial portion of the thalamus, 
are not visible with current imaging techniques. Moreover, TS patients may 
pull themselves out of the stereotactic frame because of frequent motor tics that 
occur in the head region. One solution is to operate under general anaesthesia 
(17, 19). Because of the uncertainty of the ideal target and the importance of 
intra- operative findings, it is preferable if the patient is awake and cooperative 
during surgery. To avoid general anaesthesia, patients may be sedated with 
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a combination of lormetazepam and clonidine (12) or with Propofol Target 
Controlled Infusion (18), which reduce tics sufficiently to improve safety and 
efficacy of the stereotactic procedure. With the patient awake the symptoms 
can be assessed so that acute negative stimulation-induced side effects can be 
detected and the position of the electrode adjusted as needed.

Peri-operative Evaluation

It is of paramount importance that in TS patients treated with DBS the exact 
location of the electrode and position of the stimulating contact is precisely 
determined and all effects are meticulously described. A more comprehensive 
survey of guidelines for the peri-operative assessment of the effects of DBS 
in TS is available (36).

Post-operative Evaluation

For the assessment of clinical effects, a careful and detailed description of 
the effects of DBS on tics and associated behavioral disorders and stimula-
tion-induced side effects are mandatory. The most commonly used scale for 
tic rating is the Yale Global Tic Severity Scale (YGTSS; ref. 38). The Rush 
Videotape scale is also commonly used. For a more objective evaluation, the 
patient should also be video-recorded with and without stimulation. The tics 
should be rated on video by two independent investigators. Ideally, the patient 
and investigator should be blinded to the status of the stimulation. Careful 
psychiatric and neuropsychological evaluations should be performed at regu-
lar intervals. Clinical effects should be correlated to the exact position of the 
electrode. The most prudent approach may be to perform a CT scan postop-
eratively and fuse these images with pre-operative MR images, although many 
centers successful employ other imaging approaches (Figure 18.2). Only if 
these prerequisites are fulfilled and a maximum amount of data is exchanged 
between centers, can the yet to be determined optimal target be established.

Programming

According to our experience with DBS in the medial portion of the thalamus, 
the best effect in the majority of patients is obtained with a frequency between 
75 and 100 Hz and a pulse width of 210 µ sec. From day 1 postoperatively 
bipolar stimulation is started (to obtain the most selective effect), with each 
pole made active during four consecutive days (e.g., day 1: pole 0 −, pole 1 +; 
day 2: pole 1 −, pole 2 +, etc). During programming, the voltage is progres-
sively increased until unwanted side effects occur. Thereafter, the combination 
of electrodes may be altered (e.g., two electrodes negative), or monopolar 
stimulation may be chosen, as suggested by clinical effects. As for other DBS 
indications, programming is a matter of “trial and error,” as directed by the 
best clinical effects of bipolar stimulation and fewest adverse effects.

Other Considerations

The motivation to choose a specific target for DBS treatment of TS has so far 
been based on the effects of the historical ablative surgical literature available 
for that target or on the effects of DBS in that target on similar symptoms in 
other disorders. DBS in TS is still investigational and the best target has yet to 
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be determined. The effects of stimulation of the currently used targets are not 
fully appreciated. Surgery with the patient sufficiently awake to be cooperative 
during test stimulation makes the intra-operative detection of acute stimula-
tion- induced side effects possible, so that the position of the electrode can be 
changed before its final fixation. However, negative effects may sometimes 
become prominent later in the course of postoperative follow-up such as, for 
example, changes in sexual behavior. Patients should be carefully informed 
about this before surgery. DBS in TS can be a safe procedure if it remains in 
the hands of experienced neurosurgeons who are working with a multidiscipli-
nary team and approval has bee obtained from an investigational review board. 
Because so few cases have been published, timely exchange and on-going 
assessment of clinical experience will be important to guide the field toward 
safer and more efficacious approaches.
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Abstract

Postural instability and gait disorders are movement abnormalities commonly 
associated with advanced Parkinson’s disease (PD) that lead to loss of inde-
pendence. Although the available literature varies in methodology and design, 
there appears to be consensus among many studies concerning the effect 
of subthalamic nucleus (STN) or globus pallidus internus (GPi) deep brain 
stimulation (DBS) on postural stability and gait disorders in PD. In the short 
term, DBS improves all postural and gait subscores of the UPDRS including 
freezing in the off-medication state.

Quantitative studies have revealed considerable detail concerning the effect 
of DBS on postural instability and gait disorders. This is especially the case in 
the area of postural stability, where medication and DBS both reduce postural 
tremor as well as the resonant behavior seen in postural sway in quiet stance. 
However, in both quiet stance and on unstable surfaces medication worsens, 
whereas STN DBS improves postural sway velocity and the area over which 
the body sways. Concerning voluntary postural movement, medication and 
DBS both improve postural bradykinesia, although this has only been only 
significant for DBS and DBS plus medication. Neither DBS nor medication 
improve righting responses to external perturbations. From the available data, 
this may be due to a lack of improvement in postural reaction times and auto-
matic postural reflexes.

By contrast, medication and DBS appear to have similar effects on most 
aspects of gait. Gait initiation and gait velocity improve on DBS while off 
medication, mostly due to improvement in stride length. The irregularity in 
gait parameters and time spent in double stance also improve. Very few studies 
have examined the effect of DBS on freezing of gait (FOG) but there is con-
sensus that both STN and GPi DBS improve FOG in the off-medication but 
not the on-medication state. Studies of long-term STN DBS in PD support 
continued benefit for retropulsion and gait in the off-medication state after 4 
to 5 years. In the on medication state, there was worsening of axial scores and 
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FOG after 5 years. Preliminary experience with pedunculopontine nucleus 
(PPN) DBS indicates a significant short-term benefit of PPN DBS alone on 
posture and gait scores compared to pre-operative on-medication scores.

This is an exciting time for research and development of new therapies in 
gait and balance disorders. These previously incapacitating disorders may 
eventually be treatable in PD and in other forms of parkinsonism, in which gait 
and postural instability are especially prominent features.

Keywords: postural control, postural instability, gait, Parkinson’s disease, 
deep brain stimulation, freezing of gait

Introduction

This chapter aims to summarize the current literature concerning the effect of 
DBS on postural instability and gait disorders in PD. Studies of the effect of 
DBS on postural control and gait disorders in PD are variable in many respects: 
the number of subjects studied, whether control subjects were included, and 
whether outcomes were compared to pre-operative off or on medication base-
lines or to post-operative off medication/OFF DBS baselines. In the latter set of 
studies the duration for OFF DBS has varied greatly. Measures of postural con-
trol and gait varied from purely qualitative assessments to clinical rating scales 
to quantitative measures such as 3-D motion analysis and posturography. The 
chapter follows the process of standing and walking of a human subject.

Many of the studies to be reviewed use similar technology that may be 
unfamiliar to the reader. Section 19.3 is a methods section covering most of 
the assessment and measurement technology used in studies of the effect of 
DBS on gait and postural control in PD. As postural stability is the foundation 
for a biped such as a human to maintain a vertical structure (the body) over a 
base of support, Section 19.4 covers postural instability, followed by sections 
on changing posture, gait initiation, walking, FOG, and long-term outcomes 
of STN and GPi DBS. Section 19.5 covers the data known to date concerning 
the effect of PPN DBS on gait and postural control in PD.

Methods: Clinical Assessments and 
Quantitative Measures

Postural control is a complex task and a single measurement cannot describe 
the many facets of postural control. Functional measures employed in rehabili-
tative settings, such as functional reach and external perturbation tasks serve 
an important purpose but are less suited to numerical outcome data (1). A wide 
variety of clinical and quantitative measures of postural control have been used 
in the literature concerning the role of DBS in postural stability. These are 
summarized in the following section.

Clinical Assessments

Clinical balance scales used in the studies reported in this section include the 
Tinnetti mobility scale which assesses posture and postural sway in everyday 
actions such as sitting, standing, arising, turning, and being “nudged” while 
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standing. It also assesses gait initiation and maintenance. The examiner has 
two or three integers to choose from, the lower the score the more the subject 
is unstable and likely to fall (maximum of 16 on the balance section and 12 
on the gait section; a combined score of <19 indicates a high risk of falling; 
ref. 2). The activities-specific balance confidence (ABC) scale is a question-
naire that asks the subject to rate their level of confidence carrying out various 
everyday activities such as bending to pick up an object, walking on various 
surfaces, reaching and standing on their toes, etc. (0–100% for each item; 
ref. 3). The ABC scale has been reliable and valid when compared to the 
Falls Efficacy Scale and more suitable for high-functioning seniors. Clinical 
assessments of postural control in PD are also derived from items in stand-
ardized clinical rating scales such as the Unified Parkinson’s Disease Rating 
Scale (UPDRS; ref. 4). The UPDRS is a comprehensive clinical rating scale 
encompassing cognition, mood, activities of daily living, motor function, and 
complications of therapy. It allows the choice of an integer between 0 and 4 for 
each item; the higher the score, the worse the function. Some studies have used 
the commonly accepted subscore postural instability and gait disorder (PIGD) 
of the UPDRS activities of daily living (part II) and motor disability (part III) 
scales. This approach comprises historical questions relating to falling, walking, 
freezing, and objective ratings of the patient’s ability to change posture, walk, 
and maintain equilibrium during a retropulsive or propulsive pull (5). The tests 
that comprise the PIGD score are performed under normal sensory conditions 
and therefore may weight more heavily the motor adjustment component of 
postural control. This score also includes and may over-weight gait assess-
ment. Other studies have used different items of the PIGD subscore.

Clinical assessment of the act of walking using the UPDRS combines the 
patient’s assessment of walking speed, their degree of freezing, and the fre-
quency of falls with an examiner’s assessment of their walking. An additional 
timed walking test is sometimes employed in which the time is measured for 
the patient to get up from a chair, walk a certain distance, and then sit again.

Quantitative Measures of Postural Control

Posturography
Posturography is the study of postural movement while standing and is cal-
culated from the forces exerted through the feet. Subjects stand in prescribed 
places on non-movable (static) or movable (dynamic) single or dual force 
plates. Their feet are carefully aligned over defined axes on the force plates, 
which are referenced to load cells or force transducers mounted underneath. 
Some force plates only measure vertical forces imposed by the upright subject 
(Smartequitest, Neurocom Int, Clackamas Oregon), whereas others have 
additional force transducers and can also measure shear forces (medial/lateral 
[ML] direction, anterior/posterior forces [AP direction]), and 3-D moment 
measurements about the center of the platform (Kistler platform, Winterthur, 
Switzerland). A variable that is widely used to measure postural instability is 
the center of pressure (CoP; refs. 6–8). As the subject stands on the platform, 
the forces are not distributed equally about the sole of the foot. Some parts 
of the sole will have more force due to the activity and/or the anatomy of the 
foot. When all the forces over every part of the sole are averaged together, the 
resultant force can be represented by a single vector acting through one point 
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on the planar surface of the force platform under the person’s foot. This point 
is called the CoP. If the position of the patient’s foot on the platform is known, 
the CoP can then be translated from the platform’s coordinate system to the 
patient’s anatomical coordinate system. A correlation between the CoP and 
the body’s center of mass (CoM) has been established which consequently 
provides a mechanism to track the body’s CoM in reference to its base of 
support, the feet (9). If the height and the weight of the patient are also used, 
then the CoM or center of gravity (CoG) angle can be calculated. The change 
in the CoG angle is measured in real time and is called CoG sway (angular 
velocity).

Several studies have used static posturography to measure the effect of DBS 
on certain aspects of postural control in PD. In these studies the subjects stand 
on a still platform with eyes open or closed (Figure 19.1). Extracted measures 
include the mean CoP position, the CoP displacement from the mean, the CoP 
sway or velocity in AP and ML directions, the area subtended by the sponta-
neous sway, and the frequency, below which occurs 95% of the power of CoP 
sway (10–14).

Voluntary Postural Movement
Measures of the subject’s voluntary movement can be made if there is also 
a visual representation of their CoG or CoM as an icon on a screen they are 
viewing. When prompted by a target they are instructed to move from the 
ankles such that they move the icon towards the target as fast as possible. Their 

Figure 19.1 Computerized dynamic posturography. The Smart Equitest, Neurocom 
Int Clackamas Oregon and the outline of the subject orientation for static and dynamic 
posturography
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postural reaction time, movement velocity, ability to lean away from their base 
of support, and trajectory can be measured from the sway path of the CoP or 
CoM (CoG; ref. 15). The platform remains stationary.

Dynamic Posturography
The addition of dynamic posturography expands the repertoire of measures of 
postural control. Moveable force plates can be programmed to deliver unex-
pected but reproducible perturbations to the subject such as ramps (toes up 
or down), translations (forward or backward), and/or sinusoidal oscillations. 
These tests measure the subject’s ability to react to external perturbations 
such as one might encounter on an irregular or moving surface and/or to being 
pushed. The force plates can also be programmed to move in direct relation 
to the subject’s spontaneous sway but in an incongruent direction (sway refer-
enced conditions). For instance, if the subject sways forward the force plates 
move downwards with the same velocity and amplitude. This effectively mini-
mizes proprioceptive feedback from the feet, as there is very little or no rota-
tion about the ankle joint (Figure 19.1). The sway-referenced movement can 
be tested with eyes open and eyes closed. This type of dynamic posturography 
has been used to examine the sensory organisational process in PD (6, 14–19). 
It mimics real life conditions such as getting out of bed or a chair in dim light 
and standing on thick carpeting or sand.

Kinematics-3-D Motion Analysis
Quantitative measures of the process of walking include gait velocity (speed 
of walking a certain distance), cadence (number of steps per second), stride 
length (distance between successive (same) heel strikes or the length of two 
consecutive steps), leg swing velocity and duration, the percent of stride time 
spent with both feet on the ground (double stance duration), and/or the per-
cent of time that the leg is in the swing phase. Temporal aspects such as the 
regularity of the gait velocity, stride length, and cadence may be measured, 
along with measures of the symmetry of spatiotemporal gait parameters 
between legs.

Technology employed to obtain these measures includes shoes with pres-
sure sensors in the soles and a microcomputer backpack (Ultraflex system, 
Infrotonic, Tubbergen, The Netherlands, or B and L engineering, Santa Fe 
Springs, CA). Another common method for measuring postural control and 
quantitative gait analysis is 3-D motion analysis: the use of a 3-D infra-red 
movement analysis system in which infra-red cameras monitor the move-
ment of markers attached to specific parts of the feet, legs, pelvis, and trunk 
while the patient walks (ELITE system, BTS, Garbanate Italy, 3-D Motion 
Analysis). This can be done across a floor or on a treadmill. This also 
allows measurement of the range of amplitude of the hip, knee, and ankle 
joint angles, all joint moments and powers, pelvic orientation, trunk lateral 
flexion, and trunk torsion with respect to the pelvis. Other studies have used 
optoelectronic (Optotrak, Waterloo Canada) or angular velocity transducers 
(Swaystar system, Balance International Innovations, GmbH, Switzerland). 
Ground reaction force information may be gathered by the use of static for-
ceplates, over which the patient walks. Three-D motion analysis systems have 
also been used to measure trunk and limb kinematics during spontaneous or 
perturbed postural sway on force plates, although these are more commonly 
used for gait studies.
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The Effect of DBS on Postural Instability

Balance or postural stability results from the interaction of many physiological 
systems with a goal to maintain the body’s CoM within the boundaries of the 
body’s base of support while seated, standing, walking, or changing posture 
(20). Postural stability is required to keep the body oriented appropriately 
while performing voluntary movements, during external perturbations, and 
when the support surface or environment changes.

Components of the system include posture itself (the orientation of the 
head and neck on the trunk, the trunk on the pelvis, and the pelvis on the 
legs), the orientation senses (proprioception, vision, and vestibular sensa-
tion), the tone of the postural musculature, and the central nervous system 
(CNS). The role of the CNS is to integrate incoming sensory information and 
execute coordinated and properly scaled motor commands such that the trunk 
and pelvis can respond to changes in the base of support and/or environment 
with sufficient speed and accuracy. It has been proposed that the orientation 
senses listed preivously are integrated within the CNS based on an adaptive 
hierarchal system called the sensory organizational process (21). This system 
functions on two levels (22). The first level is considered to be the bottom up 
approach (lower level), where inputs from the orientation senses are weighted 
and directly affect the activity of the postural muscles. In the second level, the 
top-down organization, higher level, vestibular inputs provide the orientation 
reference, against which conflicts in support surface and visual orientation are 
identified and the combination of inputs are adapted to the task conditions. For 
postural stability, information from the lower level must be coherent with the 
inertial-gravitational reference of the higher level and any conflicting orienta-
tion inputs must be quickly suppressed in favor of those congruent with the 
internal reference. Thus, the sensory organizational process is context specific 
due to the rapid weighting and re-weighting of sensory inputs to/from the 
lower level by the higher level adaptive process (21, 23).

Postural Instability in PD

Postural instability is one of the cardinal motor manifestations of PD and 
usually occurs in the middle to late stages of the disease (24). It is usually 
reported in the context of falling or of fear of falling rather than in the context 
of ataxia. Imbalance or postural instability in PD is noted during walking or 
upon arising from a seated or lying position and even while standing still. The 
cardinal motor manifestations of PD such as akinesia, bradykinesia, and rigidity 
may contribute to postural instability due to an inability to adjust the CoG 
quickly enough to account for perturbations in the environment. Patients with 
PD report increased imbalance in conditions where there is limited sensory 
feedback such as in a dimly lit room or on an uneven surface.

Measures of Postural Instability in PD

Clinical Assessment
The main determination of postural instability contained in the UPDRS 
is when the patient takes several steps backward after a retropulsive pull 
about the shoulders and/or when they report falling. Thus the clinical 
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assessment of postural instability is determined from a perturbation of the 
CoM off the base of support. Bloem et al. compared the retropulsion test 
to a quantitative external perturbation of rapid toe up tilt and found mod-
erate correlation in the off medication state and no correlation in the on 
medication state. They suggested that by itself the retropulsion test does 
not measure postural instability in PD (25). The PIGD score combines gait 
and postural scores and is abnormal in almost all patients with moderate to 
advanced PD (5, 6, 15, 26, 27). The Tinetti mobility and ABC scales were 
also abnormal in PD (28).

Posturography and 3-D Motion Analysis
Findings from studies using computerized posturography and 3-D motion anal-
ysis have greatly expanded our understanding of postural instability in PD.

Quiet Stance: Using static posturography and 3-D motion analysis sev-
eral studies have shown that there are increased CoP excursions from the 
mean position in PD patients off therapy compared to controls during quiet 
stance. The increased excursions are only of the order of 3 mm in the AP 
and ML directions. However, the movement had a higher mean velocity 
(10, 12). The CoP velocity power spectral density plots contained higher 
frequencies than controls with peaks in the 0.7 to 1.1 Hz and 5 Hz, even 
when patients with known tremor were excluded. The mean CoP position 
was displaced posteriorly (14) and the area subtended by CoP movement 
tended to increase in the AP direction (10). Maurer et al. also showed 
increased upper and lower body coupling, which they interpreted to reflect 
increased axial stiffness (12).

Altered Sensory Feedback: Studies using dynamic posturography where pro-
prioceptive feedback is minimized or altered with or without visual feedback 
have shown that patients with PD sway more in the AP and ML directions 
in sway referenced conditions eyes open or closed (6, 13–15, 28, 29). These 
results support the patients’ reports that they are more unstable in conditions 
of limited proprioceptive and visual feedback.

External Perturbations: Maurer et al. showed that there was an abnormally 
large excursion of the upper body during a platform tilt that went with the 
platform direction and did not correct back to a normal position (12). Impaired 
righting responses to more rapid external translational or tilt perturbations 
have been reported in PD in several studies (12, 13, 30, 31) and appear to 
be partly related to an abnormally enhanced destabilizing medium latency 
long loop reflex along with a posteriorly displaced CoP and delayed correc-
tive action of the long latency long loop reflexes. Recently it has been shown 
that postural reaction times are prolonged and postural movement velocity is 
reduced in PD patients, which also contributes to difficulty responding appro-
priately to external perturbations (15).

The Effect of Medication on Postural Stability in PD

Clinical Assessment
Most studies have shown that medication improves the PIGD score and other 
combinations of axial scores from the UPDRS, although many of these reflect 
the performance of gait more than postural instability (5, 6, 30, 32–34).
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Quiet Stance
Dopaminergic medication has been shown to decrease the mean CoP velocity 
and the high frequencies in the CoP velocity power spectrum towards control 
values. However, medication increased the CoP excursions and the sway area 
and shifts its axis to the ML direction (10–12, 14). Thus medication tends to 
increase the amplitude and area of spontaneous CoP movement but at lower 
frequencies compared to controls and to PD patients off therapy. The ampli-
tude of upper and lower body sway increased but the tight coupling of upper 
and lower body movements (axial stiffness) was reduced. Thus in quiet stance 
medication lowers the axial stiffness but promotes larger sway amplitudes 
especially in the ML direction.

Altered Sensory Feedback
On medication, patients with PD have increased CoP excursion and ML 
sway area along with increased sway velocities on an unstable surfaces, 
especially when proprioception and vision are minimized (6, 14). Thus, 
while on medication, patients with PD appear to have even more difficulty 
maintaining an upright stance when they do not have adequate environmen-
tal sensory feedback.

External Perturbations
Different studies have shown that the righting response to external perturbations 
is not improved with medication, partly due to the abnormal upper body 
excursion and partly due to only partial correction of the early (medium 
latency) and no improvement of the stabilizing (long latency) automatic 
reflexes (30, 31). The abnormal CoP displacement and excursions also were 
not corrected on medication (10–12, 14). Although voluntary postural movement 
velocities tended to increase on medication, this was not significant when 
corrected for multiple comparisons. Additionally, the delayed postural reaction 
times did not improve on medication (15).

Effect of DBS on Postural Instability in PD

Clinical Assessments
Studies using the PIGD subscore or axial components of the UPDRS have 
shown improvements ranging from 40 to 60% from DBS compared to pre-
operative off medication scores (14, 15, 32–34). Many of these included 
gait outcomes as well as postural scores and some studies did not observe 
improvement in the retropulsion score of UPDRS, part III by STN DBS or 
medication (25, 28, 35). A recent randomized controlled study of STN DBS 
in PD revealed that patients reported better mobility on DBS than on medica-
tion (36). Thus, although there is some consistency in these outcomes and 
patients may report better mobility and balance after DBS, there is very 
little information about changes in the various components of postural control 
either in quiet stance, or during different environmental sensory conditions. 
The components that contribute to the ability to recover from a perturbation 
such as retropulsion, such as postural reaction time and postural bradykinesia 
are not assessed clinically. Thus, using only clinical assessments of postural 
stability leaves many questions unanswered concerning the role of DBS in the 
treatment of postural instability in PD.
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Quantitative Measures
The studies using quantitative measures to examine the effect of DBS on 
postural control are summarized in Table 19.1.

To be noted are the different durations after surgery at the time of testing, 
and the fact that most studies used as their baseline the off medication/OFF 
DBS state, and most had only turned off the stimulators for 20 to 30 minutes. 
One study showed that UPDRS assessed axial scores may take at least 3 to 
4 hours to reach baseline after DBS has been turned OFF (37). Thus studies 
using the post-operative off/OFF state as a baseline may have underestimated 
the improvement from DBS compared to pre-operative values.

Quiet Stance
During quiet stance, the effect of GPi and STN DBS was a reduction in abnor-
mally large CoP sway velocity and high frequency oscillations (10–12, 14). 
The sway area decreased to approximately or slightly less than control values, 
which was a marked difference from the effect of medication, which increased 
sway area especially in the ML direction. The tight coupling between the 
upper and lower body measures improved with DBS toward control values.

Altered Sensory Feedback
Under dynamic conditions and compared to pre-operative off medication values, 
Shivitz et al. (14) and Guehl et al. (15) showed that STN DBS improved the 
increased sway, which occurred in sensory-deprived conditions and when the 
support was unstable. Of note, several studies have shown that medications 
increased sway under these conditions. Colnat-Coubois (13) and Shivitz (15) 
showed that the combination of DBS plus medication improved the abnormal 
sway seen on best medical therapy pre-operatively. Thus STN DBS alone and 
DBS plus medication improve the postural instability in sensory altered states 
seen either off or on medication pre-operatively. Vrancken et al. (28) used 
reflective markers on the trunk and measured trunk sway post-operatively 
(time post DBS not given) on medication, when patients were standing on 
an unstable surface. They compared their performance ON versus OFF DBS 
(OFF for 30 minutes) and showed that DBS reduced the 5 Hz oscillations 
(postural tremor) seen in the AP (pitch) and ML (roll) trunk sway.

External Perturbations
Few studies have examined the effect of DBS on the righting response to 
external perturbations. Maurer et al. (12) did not report any improvement from 
STN DBS in the abnormal upper body excursion during an external perturba-
tion of platform tilt even though it corrected back to normal position after 
the tilt, which was not seen off therapy and on medication/ON DBS. Several 
studies showed no improvement after a retropulsive pull from clinical assess-
ments (see previous section). Colnat-Coubois et al. (13) showed no change in 
automatic reflexes on DBS and medication compared to on medication pre-
operatively when subjects were subjected to a sudden toe-up rapid ramp of the 
platform. However, there appeared to be less postural sway postoperatively 
during rapid unexpected ramp perturbations. Shivitz et al. (15) showed that 
STN DBS failed to improve postural reaction times during a voluntary pos-
tural movement task. However, STN DBS improved postural voluntary move-
ment velocity, the effect being significant compared to pre-operative values for 
STN DBS alone and STN DBS plus medication.
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Does DBS Exert Long-Term or Adaptive Changes on Postural 
Instability in PD?

Very few studies have examined whether DBS exerts a long-term effect on 
postural systems; i.e., do the improvements persist after DBS is turned OFF. 
Temperli et al. (37) studied the return of motor signs using the UPDRS imme-
diately and up to 4 hours after the stimulators were turned off. Patients (N = 30) 
were studied off medication and after a mean duration of 6.7 months of DBS. 
The axial subscore using items from the UPDRS, part III (arising from a chair, 
posture, gait, and response to a retropulsive pull) took 3 to 4 hours to return to 
the pre-operative off medication value. Of note, this score included gait assess-
ment and the only objective assessment of postural stability was an external 
perturbation. Much of the work was not directly related to postural stability 
in the standing position. Shivitz et al. (15) studied 21 patients with static and 
dynamic posturography, 17 to 23 hours OFF DBS (off medication for 36–48 
hours, 6–12 months post DBS onset) and showed that the improvements in 
postural sway in sensory deprived conditions (seen ON DBS compared to 
pre-op off or to on medication values) persisted. However, the improvement in 
postural bradykinesia did not persist and the postural movement velocity and 
reaction time off all therapy were not different from pre-operative off medica-
tion values. Thus there appears to be long-term changes in the sensory aspects 
of postural control, but not in postural bradykinesia or delayed reaction time.

Underlying Pathophysiology of Postural Instability 
in PD and Theories for the Effect of DBS

One explanation proposed for the faster postural sway at higher frequencies 
measured in PD patients during quiet stance while off therapy was that the 
body axis in PD behaves like a passive system with high stiffness. Such a sys-
tem would tend to sway faster at higher frequencies. Although DBS improves 
rigidity including axial stiffness, which would support this hypothesis, this 
system should also show reduced sway amplitude. This would tend to move 
the lower body together with the platform with external tilting, and thus pro-
duce large lower body excursions rather than the smaller lower body excur-
sions reported by Maurer et al. (10–12). Another concept based on control 
theory assumes that rigidity is centrally produced and proposes that adding a 
delay and changing the relative gains of the viscous versus elastic components 
of the system would produce resonance at higher frequencies and increased 
sway velocities (12, 38, 39). Maurer et al. proposed that the abnormalities of 
spontaneous sway in quiet stance in PD may reflect a resonance behavior in 
the sensorimotor control loop for postural control. DBS appears to reduce this 
resonance behavior and eliminates the approximately 5 Hz postural tremor 
seen in quiet stance and on unstable surfaces (39).

Alternatively, Rocchi et al. suggested that the increased spontaneous sway 
velocity was due to a deficit in the use of sensory information by the CNS 
in PD, which may lead to poor fine-tuning of movement (10). Studies using 
dynamic posturography have also suggested that in PD there is a deficit in the 
ability of the CNS to maintain postural stability in the absence of coincident, 
congruent proprioceptive and visual feedback and/or when the surface is 
unstable (6, 14, 15, 29). STN DBS appeared to restore this function to within 
normal range, consistent with the theory that STN DBS restores the passage 
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of sensorimotor information through basal ganglia circuitry by reducing the 
electrical “noise” (15, 40).

In contrast, medication can make sensory aspects of postural control 
worse as well as increasing spontaneous ML sway and sway velocity 
(6, 10–15). Most studies have hypothesized that the increased sway with 
dopaminergic replacement therapy is due to reduced stiffness of the system 
without improvement in the patient’s use of sensory or internally generated 
signals for postural control. Thus medication can result in reduced postural 
control, especially in the ML direction, in addition to a loss of stability 
caused by medication-induced involuntary movements (dyskinesia). In the 
few studies examining the effect of DBS on external perturbations there 
are mixed results. This area needs further research with particular attention 
to dynamic posturography. One of the reasons that medication and pos-
sibly DBS as well may not fully correct the righting response to external 
perturbations is that the delayed postural reaction time is not sensitive to 
either. This, along with a posterior displacement of the mean CoP that is 
only partially corrected with DBS, would contribute to difficulty reacting 
quickly enough with a large enough corrective move to counteract a retro-
pulsive pull and/or platform tilt.

Summary of the Effects of DBS on Postural Instability in PD

In summary, DBS improves (reduces) postural sway in quiet stance and in 
conditions of limited sensory feedback where medication may make pos-
tural sway worse. DBS reduces the high-frequency resonant behavior and 
postural tremor seen in postural movement during quiet stance, which may 
contribute to similar improvements in dynamic conditions such as unstable 
surfaces or external perturbations. DBS does not improve postural reaction 
time but does improve postural bradykinesia. From the limited available 
data DBS does not appear to correct the abnormalities seen in automatic 
posture stabilizing reflexes nor on the trunk’s righting response to external 
perturbations.

There is, therefore, enough evidence for neurologists to recommend STN 
DBS for certain aspects of postural instability. In contrast to some assertions 
in the literature, it may be precisely those patients who are more unstable on 
medication who can derive the most benefit from STN DBS with regard to 
certain aspects of postural control. Importantly, it is not possible to predict this 
using only the UPDRS for assessment.

The Effect of DBS on the Gait Disorder of PD

Walking is a learned motor program that usually progresses from crawling, to 
attempts to stand unassisted, to unassisted walking that is wide based with side 
to side as well as AP sway. Normally, the act of walking progresses to become 
a fluid repetitive process that starts with a change of posture (most commonly 
sitting to standing) and is followed by initiation of gait and alternating leg 
swing, heel strike, foot stance, and toe-off movements all executed with little 
side-to-side sway.
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The Act of Sit-to-Stand

Difficulty in arising from a seated position is often one of the early signs of 
PD. This will be mentioned only briefly as there are no studies specifically 
examining the effect of DBS on the sit-to-stand task. The task involves antici-
patory postural control that programs postural adjustments to move the CoM 
over the base of support before and as the body rises (43). For instance, when 
standing up from a seated position the CoM has to move forward with enough 
horizontal velocity such that the CoM comes within the new base of support 
as the legs straighten. Studies have shown that patients with PD perform the 
sit-to-stand act more slowly than controls and have reduced horizontal veloc-
ity, peak hip flexion, and torques of ankle dorsiflexion. It is hypothesized that 
a major deficit for PD patients, which underlies the reduced kinematics, is 
the loss of ability to switch directions from hip flexion to hip extension (44). 
Patients tend to exaggerate the hip flexion strategy possibly to compensate for 
an inability to generate adequate lower limb strength, and also because this 
reduces balance demands. The reduction in balance demands is accomplished 
by increasing the time that the CoM stays within the base of support as the 
upper body is over the feet (41, 43, 44).

Gait Initiation

Gait initiation is defined as the act that takes the body from a motionless 
standing position to the completion of the first stride. In normal subjects and 
normal situations there is a very stereotypical preparation to initiate a step 
called the anticipatory postural adjustment (APA). This consists of a shift of 
body weight to the swing leg with a simultaneous decrease of weight on the 
standing leg. The weight then shifts to the standing leg with a shift back-
ward and then forward to create forward momentum. The time at which 
the vertical force simultaneously increases in the swing leg and decreases 
in the standing leg is defined as the onset of the APA. The amplitude of the 
APA is the peak vertical force exerted on the swing leg, which is needed to 
generate a propulsive force on the swing foot before the foot lifts off the 
ground (45). The AP ground shear force has been shown to be the most 
accurate index of the horizontal propulsive force that helps to initiate the first 
step. The amplitude of the APA (a vertical force) is strongly correlated with 
the anterior horizontal force in the swing foot, which represents the friction 
force between the foot and the floor (45, 46). The movement execution (ME) 
phase is defined as the time between movement onset (swing foot lifts off the 
ground) and the end of the first stride.

Gait Initiation in PD
Patients with PD show a significantly longer APA period, although the ME 
period appears to be normal (47). The APA is abnormal in PD with reduced 
lateral shift forces and reduced APA amplitude and forward propulsive forces 
and a delay in the foot-lifting phase (49).

Measures of Gait Initiation
Measurements of gait initiation include displacement of the CoP and/or CoM, 
ground reactive forces, 3-D motion analysis, electromyographic data, and the 
duration of the APA and ME phases.
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The Effect of DBS on Gait Initiation
Very few studies have examined the effect of DBS on gait initiation and 
none have used pre-operative data as a baseline. Three studies have studied 
the effect of DBS, using the off medication/OFF DBS state as the baseline 
(Table 19.2).

Robertson et al. (46) and Liu et al. (48) showed that DBS resulted in an 
improvement in the amplitude of the APA and the latency to foot lift off of 
the swing foot. The increase in the amplitude of the APA corresponds to an 
improved forward propulsion force for gait initiation. The lateral displacement 
of the CoP was also increased (improved). The overall result was an improve-
ment in gait initiation time. Crenna et al. (49) studied the effect of STN DBS 
on gait initiation in 10 patients using a single force plate. They studied the 
displacement of the CoP as a measure of APA, body kinematics, and EMG 
data. Compared to the off medication, OFF DBS state there was improvement 
in standing posture prior to gait initiation, a larger lateral and backward dis-
placement of the CoP (corresponding to improved lateral postural control and 
forward propulsive force), and an increased length of the first step.

Walking

Walking is defined as rhythmical alternating stepping for the maintenance of 
gait. For forward walking, one foot strikes the ground with the heel and begins 
the stance phase as the other is pushing off the hallux and beginning the swing 
phase. The CoM must stay over the base of support and thus move forward 
without more lateral sway than the width of the stride (how far apart the feet 
are). Thus for fluid walking a certain amount of CoM AP and ML sway over 
the base of support is needed. For normal subjects walking is described as an 
automatic motor act, even though all the systems involved in postural control 
are constantly adapting to the act of walking up or downhill, on rough terrain 
or moving surfaces, climbing over obstacles, going up and down stairs, and 
moving through restricted spaces such as doorways.

Gait Disorder in PD
Walking is impaired in PD and is one of the cardinal motor abnormalities. 
Early in the disease process, patients may perceive this problem as a drag-
ging of one leg and/or an overall slowing of walking velocity. As the disease 
progresses the patient and/or family members may notice that they walk 
slowly, steps are shorter, that their posture is stooped, and that they don’t allow 
the trunk to sway much when walking. This creates the appearance of a shuf-
fle. This same tendency causes the patient to turn with minimal truncal sway. 
The body appears to turn in one unit (“tourne en bloc”) often through a pivoting 
action around one leg or with many, very short rotational movements of the 
feet. The knees and pelvis are flexed, the upper thorax is pitched forward, 
and the arms are flexed at the elbows beside or in front of the torso. The act 
of walking may be interrupted suddenly and/or when going through barriers 
such as doors, which leads to rapid short forward steps (festination), stepping 
in place, and even a complete halt to the walking process (freezing). As the 
disease progresses, postural instability, akinesia, bradykinesia, freezing, and 
slower reaction times limit the act of walking until independent walking is 
impossible without falling and the patient becomes wheelchair bound.
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Measurement of Gait

Clinical Assessment: In general, UPDRS gait scores may be normal in 
very early stage PD but quantitative studies of very early stage untreated 
PD show reduced gait velocity, reduced swing times, and marked incon-
sistencies of the timing of gait (50). The description of gait abnormalities 
in the UPDRS is broad and the clinical assessment of gait may lead to 
under-reporting of small reductions in step size and gait velocity in early 
stages of the disease. UPDRS gait scores are always abnormal in more 
advanced stages of disease but provide only a broad description of the 
abnormality.

Quantitative Measures: Quantitative gait studies have shown that decreased 
stride length and the inability to regulate stride length are characteristic 
abnormalities of walking in PD that worsen as the disease progresses (51). 
Morris et al. also showed that stride length can be improved by visual and 
attention cueing, leading them to hypothesize that stride length abnormalities 
in PD are a result of problems in the motor set of the walking motor sequence 
rather than due to a deficit of internal cueing for successive submovements of 
a motor sequence (51). Gait velocity is slow but cadence is usually increased 
to compensate for reduced stride length, often resulting in a higher cadence 
than in normal controls (52, 53). Other studies have shown that the parkin-
sonian gait also includes reduced swing velocity (velocity of the leg during 
the swing phase of walking) and an increased percentage of the gait cycle in 
double stance rather than in the swing phase (51–53). The variability of all gait 
parameters is increased in PD while off therapy. During walking, the range 
of motion of the hip, knees, and ankle joints are restricted when compared to 
normal subjects (53, 54).

Effect of DBS on Walking in PD
At least 13 studies have specifically examined the effect of DBS on the act of 
walking Seven groups studied pre- and post-DBS gait parameters while the 
rest studied only post-DBS, with durations after DBS from 3 months to 3 years 
(Table 19.3; refs. 52–64).

One group studied patients 3 to 6 months after unilateral GPi or STN DBS. 
A subset were also studied 3 to 4 years after bilateral DBS (62). These authors 
were the only group to withhold stimulation for 12 hours for the OFF DBS 
evaluation. In other studies, patients were usually OFF DBS for 30 to 60 
minutes (one for 10 minutes, one subset for 8 hours). Medication was usually 
stopped for at least 12 hours (64).

Clinical Assessment: Studies that have specifically looked at the effect of 
bilateral GPi and/or STN DBS on gait scores from the UPDRS, both from the 
patients’ report (gait items from the UPDRS part II) and from the examiner’s 
assessment (lower extremity and gait items from the UPDRS part III) have 
shown improvement ranging from 36 to 68% from DBS alone (14, 15, 33, 34, 
52, 56, 57, 61, 64). Additional improvement was noted with DBS and medica-
tion in some studies (14, 33, 34, 60, 64).

Quantitative Measurements: Using quantitative analysis, significant increases 
in gait velocity after DBS have been a uniform finding in all the studies 
listed in Table 19.3. Most have shown that this was mainly due to significant 
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increases in stride length with no change in cadence although some studies 
have also shown increased cadence (54, 60, 62). Morris et al. (51) showed 
that the cardinal abnormality of gait in PD is a shortened and irregular stride 
length. Healthy subjects can increase gait velocity by increasing either stride 
length or cadence to a certain point after which walking becomes a run. Morris 
et al. (65) have also shown that PD patients display a similar relationship 
between stride length and cadence but that stride length is “set” lower such 
that it reaches its maximum at a lower cadence (65). After that cadence usually 
increases as a compensatory mechanism to increase gait velocity. In addition 
the gait velocity was still low enough that both could effectively be used to 
increase gait velocity. Another explanation for the different results concerning 
cadence proposed by Ferrarin et al. was that some studies were performed on a 
treadmill and others over ground (54). Walking on a treadmill alters some joint 
kinematics and postural control due to differences in the support surface and 
static environment. Other noted improvements were that less time was spent in 
double stance and the variability of gait parameters decreased (see references 
in Table 19.3). In many studies, certain patients who could not walk unassisted 
pre-operatively were able to walk postoperatively. In the studies that compared 
GPi to STN DBS there was no significant superiority of one site over the other 
for unilateral or bilateral stimulation (52, 62). One study compared unilateral 
to bilateral STN DBS 6 months after DBS and found that bilateral DBS was 
superior for improving gait velocity and stride length (61).

The Effect of DBS on FOG

FOG has become one of the most difficult aspects of PD to treat. FOG is defined 
as a sudden interruption of the process of walking and/or turning. It may be 
accompanied by very rapid, short steps at high cadences termed “festination.” 
Difficulty initiating gait (“gait hesitation”) is also common. FOG may be trig-
gered by a loss of far vision of the gait trajectory, such as when one attempts to 
walk through doorways or in crowds and when attention is diverted. FOG can 
occur either off or on medication, during the wearing off phase, or completely 
at random. It has been hypothesized to be an underlying aspect of PD that is 
resistant to dopaminergic medication (66), although others have suggested that 
on-medication FOG has a similar pathophysiology to dyskinesias (67). FOG 
may be a failure of communication between the basal ganglia and supplemen-
tary motor cortex that usually runs each part of an automatic motor sequence in 
a timely (fluid) manner (68) and has also been shown to occur in other repetitive 
movements such as repetitive alternating finger tapping (69).

The Effect of DBS on FOG
Very few studies have specifically studied the effect of DBS on FOG, although 
there is a growing clinical impression that FOG that occurs while on medication 
is also not very responsive to DBS. Stolze et al. (56) attempted to examine this 
in their study of the effects of DBS on gait. Two of nine patients had FOG both 
on and off medication and the other seven patients had FOG only off medica-
tion. All off-medication FOG was eliminated with STN DBS but the on-medi-
cation freezing persisted. Yokuchi et al. (70) studied the effect of STN DBS in 
eight patients who had FOG “mainly in the off phase and also in the on phase.” 
Unfortunately, no quantitative data was provided and the only result given for 
the group was the UPDRS, part III. Davis et al. (71) used the freezing item of 
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the UPDRS, part II, and examined the effect of STN DBS on FOG in 67 patients 
at 1 year and 32 patients at 2 years after DBS (71). Off-medication freezing was 
significantly improved ON DBS 1 and 2 years after surgery but on-medication 
freezing was not. It has been hypothesized that FOG and other aspects of postural 
instability that are resistant to medication may be produced by circuits through 
the PPN, which is known to exhibit similar degeneration and pathophysiological 
changes to other nuclei of the basal ganglia in PD. The PPN has become another 
potential target for DBS and is addressed in the next section.

DBS of the PPN for the Treatment of Postural Instability 
and Gait Disorders in PD

The PPN is part of the ventral mesencephalic locomotor area of the brainstem 
that has been studied extensively in cats and is integral to postural control and 
locomotion in animals (72–74). The PPN appears to be part of a parallel basal 
ganglia-brainstem-thalamo-cortical pathway with dense connections with 
the STN, GPi, and thalamus and may play an important role in conditioned 
sensorimotor performance (75). It appears to be involved in PD, showing neu-
ronal degeneration and overactive irregular neuronal firing patterns. Bilateral 
lesions of the PPN region cause severe akinesia (76) but stimulation of the 
ventral mesencephalic region in the cat at low frequencies results in stepping 
(77). Nandi et al. first reported implanting a unilateral DBS electrode into the 
PPN of a normal non-human primate (78). Stimulation at frequencies above 
45 Hz caused more akinesia and loss of postural control than stimulation at 
lower frequencies. Stimulation at low frequencies produced a contralateral 
5 Hz tremor.

Until recently, it was thought to be too dangerous a site to approach with 
the current DBS linear tetrode (Medtronic 3389 or 3387, Medtronic Inc). 
It is surrounded by the cerebellar peduncles, the medial lemniscus, nucleus 
cuneiformis, and other important descending and ascending fiber bundles. 
However, in 2005 two groups reported safe implantation of DBS electrodes 
into the PPN of two patients in each study (79, 80). Mazzone et al. demon-
strated the surgical approach and electrophysiology of the region but did not 
include outcomes. Plaha et al. showed that PPN DBS alone improved off and 
on medication freezing (as reported in UPDRS, part II) after 42 and 16 days 
of DBS respectively. The retropulsion score was also improved. The optimal 
response was seen at frequencies of 20 to 25 Hz. Stimulation at frequencies of 
185 Hz and higher resulted in a worse motor outcome. Recently, in an open 
label study, Steffani et al. (81) reported a series of six patients with PD and 
medication resistant gait disorder and postural instability who consented to 
bilateral STN and PPN DBS (81). Patients were studied using the UPDRS 
2 to 6 months after surgery both OFF and ON stimulation and off and on 
medication. Stimulation at each site independently produced improvement 
in UPDRS, part III scores. PPN DBS lost some overall effectiveness over 
3 months (54% at onset down to a steady state of 32% at 3 months). STN 
DBS remained effective with 54% improvement. However PPN DBS was very 
effective for posture and gait items of the UPDRS and stimulation with both 
sites was significantly better than either site alone when the patients were in 
an on-medication state. UPDRS, part II scores also improved but the authors 
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did not report effects on the item referring to freezing. The authors proposed 
that combined DBS of both PPN and STN may be beneficial for medication 
responsive signs of PD and also for the more resistant postural instability and 
gait disorder. This interesting preliminary data will require further research 
using quantitative measures of postural control and gait.

Long-Term Effects of STN and GPi DBS on Postural 
Control and Gait in PD

As DBS has become an accepted standard therapy for advanced PD with motor 
complications, one of the first questions asked by patients contemplating the 
procedure is, “How long will this last?” This question is particularly germane 
to the subject of this chapter because there is a strong clinical impression that 
midline improvements of gait and balance do not “last” as long as other signs 
such as appendicular signs of tremor, bradykinesia, and rigidity. Two studies 
have examined large cohorts of patients for up to 4 and 5 years after DBS sur-
gery (33, 34). Another study examined quantitative gait outcomes 3 to 4 years 
after DBS, although because each side had been staged by 6 to 12 months, it is 
unclear how long the patients had bilateral STN or GPi DBS (62). Krack et al. 
(33) studied the first 49 patients who had undergone bilateral STN DBS at the 
University of Grenoble, after 5 years of DBS. Overall UPDRS, part III scores 
off medication still showed a 54% improvement to their pre-operative value. 
The retropulsion, gait, and freezing scores from UPDRS, part II and III were 
significantly better off medication. However, all three scores were worse on 
medication and significantly worse than after 1 year of DBS. Rodriquez-Oroz 
et al. (34) studied 69 patients after 3 to 4 years of DBS, 49 with bilateral STN 
DBS and 20 with bilateral GPi DBS (34). Both STN and GPi DBS still had 
significant positive effects on UPDRS III scores while off medication after 3 
to 4 years (50% improvement with STN, 39% with GPi). STN DBS showed 
significant improvement in gait and retropulsion scores 3 to 4 years off medi-
cation but showed significant worsening of both scores on medication after 
3 to 4 years. GPi DBS showed no significant effect on gait or retropulsion scores 
off medication. On medication there was no worsening but only the gait score 
was improved after 3 to 4 years. Piper et al. (62) studied 15 patients 3 to 4 
years after bilateral DBS (eight STN, seven GPi) with 3-D motion analysis and 
showed that the gait velocity, cadence, and stride length were still significantly 
better than pre-operative scores with STN or GPi DBS alone. Of great interest, 
but not commented on, was their data showing dramatic improvement in the 
off medication/OFF DBS state compared to baseline 3 to 4 years prior (62). 
In the on-medication state they reported no significant change from pre-
operative baseline.
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Part III

Postoperative Management in 
Patients Undergoing Deep 

Brain Stimulation



Abstract

The clinical success of deep brain stimulation (DBS) for treating advanced 
movement disorders is crucially dependent on the quality of postoperative 
neurological management. A well-implanted lead in an appropriately selected 
patient is useless without the application of proper stimulation settings. DBS 
therapy introduces in many cases a delicate balance of electrical and pharma-
cological treatment that requires a critical understanding of the principles of 
pulse generator programming. While the countless number of possible setting 
combinations seems to make programming a complicated and time-consuming 
endeavor, a systematic approach can prove invaluable in optimizing DBS 
therapy. This chapter outlines the general principles of stimulation, including 
the parameters that may be modulated to optimize therapy. We also review 
the common steps required to select optimal DBS contacts independent of the 
anatomical target and general troubleshooting guidelines. Programming issues 
relative to individual brain targets are addressed, which include the elements 
of anatomy, contact selection, medication adjustment (when appropriate), and 
specific stimulation-related side effects.

Keywords: deep brain stimulation, DBS, programming parameters, thalamus, 
subthalamic nucleus, globus pallidum, Parkinson’s disease, dystonia, tremor

Introduction

As outlined in several chapters of this book, successful DBS therapy depends 
on the proper implementation of a series of interrelated procedures, including: 
(A) accurate candidate selection, (B) precise lead placement, (C) proficient 
electrode programming, (D) expert medication adjustments, (E) management 
of side effects, and (F) patient education and support. DBS therapy introduces 
a delicate balance of electrical and medical treatment that requires a critical 
understanding of the principles of pulse generator programming. Successful 
postoperative management of DBS patients requires a detailed knowledge of 

20
Deep Brain Stimulation Programming 

for Movement Disorders
Ioannis U. Isaias and Michele Tagliati

361From: Current Clinical Neurology: Deep Brain Stimulation in Neurological and Psychiatric Disorders
Edited by: D. Tarsy, J.L. Vitek, P.A. Starr, and M.S. Okun © Humana Press, Totowa, NJ



362 I.U. Isaias and M. Tagliati

the anatomy and physiology of the target area, expertise in the pharmacological 
treatment of movement disorders, and familiarity with the protocols for setting 
optimal stimulation parameters.

In particular, competent programming of the implanted device is essential 
to optimize DBS therapy. A well-implanted lead in an appropriately selected 
patient is useless without the application of proper stimulation settings. More 
than one-third of patients referred to two specialized movement disorder cent-
ers for “DBS failures” were not properly programmed (1). It is important to 
consider that even after long-term stable DBS, a movement disorders and 
DBS specialist who is directly responsible for stimulation programming, and 
simultaneous drug adjustments can still provide significant additional clinical 
benefits to patients with advanced Parkinson’s disease (PD) treated with DBS 
(2). Challenges to proficient programming include multiple anatomical tar-
gets with distinct response to stimulation; thousands of theoretical parameter 
setting combinations, numerous electrode contact configurations; unknown 
mechanisms of action, and multiple time-dependent effects of stimulation. 
A systematic, multi-step approach to pulse generator programming can aid in 
achieving the basic goals of DBS, mainly maximizing symptom suppression, 
and minimizing adverse effects.

In this chapter, we review the general principles of stimulation, including 
the parameters that may be modulated to optimize therapy. We also review 
the common steps required to select optimal DBS contacts independent of the 
anatomical target and general troubleshooting guidelines. Programming issues 
relative to individual brain targets are addressed, which include the elements 
of anatomy, contact selection, medication adjustment (when appropriate), and 
specific stimulation-related side effects.

Stimulation Parameters

The main goal of DBS is to deliver electricity to the brain target of interest 
while minimizing stimulation or spread of this current to surrounding struc-
tures. Therefore, the ability to control the electrical field size is key to provid-
ing effective DBS. Stimulation parameters that can be modulated in order to 
achieve this result include electrode location and polarity, voltage (V), pulse 
width (PW), and frequency (F) of stimulation. DBS programmable variables 
(V, PW, and F) are mutually dependent in producing the energy of stimulation, 
according to a simple formula (3):

 

TEED1

2

sec
voltage frequency pulsewidth

impedance
1second=

• •
•

 

In order to properly set therapeutic DBS parameters, it is necessary to be 
familiar with the basic physiology of electrical stimulation in neural tissues. 
Electrical stimulation of the brain can evoke behavioral effects by exciting, or 
possibly inhibiting, neural cells. These effects depend on the anatomical loca-
tion of the stimulating electrode, the stimulation parameters that determine the 
electrical field spread, and the electrical properties of the surrounding tissue. For 
example, large myelinated fibers are more likely to be excited than small fibers 
or cell bodies, while fibers oriented parallel to the stimulating electrode will be 
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more readily activated compared to those running perpendicular (4). While it 
is not possible to control the biological properties of the tissue surrounding the 
electrode, the programmer can manipulate those stimulation parameters that will 
determine the recruitment of neural elements into the target area.

The currently available DBS electrodes consist of a quadripolar lead with 
four 1.5 mm contacts separated by a distance of 1.5 mm (Medtronic model 
3387) or 0.5 mm (Medtronic model 3389). The electrode spans 7.5 to 10.5 mm 
into the target area, and can potentially stimulate different anatomical struc-
tures with each of four contacts. Telemetric control of stimulation parameters 
is made possible by the implementation of an external programmer (Medtronic 
model 7432 or Envision). Patients may also verify the status of the neuros-
timulator and turn it off or on with a handheld controller (Medtronic Access). 
With one particular neurostimulator (Medtronic Kinetra), patients may use 
their devices to manipulate basic stimulator parameters within limits set by 
the physician.

When utilized for the treatment of movement disorders, DBS is currently 
routinely targeted to three areas of the brain: the ventral intermediate nucleus 
of the thalamus (VIM), the globus pallidus internus (GPi), and the subtha-
lamic nucleus (STN). An understanding of the local anatomy surrounding 
the implanted lead is key to optimizing the clinical response to DBS and to 
elements of regional anatomy. We further describe these important points in 
the paragraphs dedicated to stimulation of specific brain targets. Most impor-
tantly, effective control of stimulation parameters can enable the programmer 
to change the shape and influence the diffusion of the electrical field, thereby 
directing it to as much as possible of the therapeutic target.

Amplitude

Amplitude is the amount of voltage fluctuation of an electrical signal, meas-
ured in volts (V). With increasing amplitude of stimulation, neural elements 
located at gradually increasing distance from the electrode can be recruited. 
Therefore, by controlling the voltage it is possible to control the volume of 
tissue affected by stimulation. Classical neurophysiological data predict that a 
monopolar cathodic pulse of 200 µsec duration and current amplitude of 1 mA 
could excite neural elements up to a distance of 2 mm from the active contact 
(4). These data are, however, a rough approximation of the real current-
distance relation of available DBS systems. This is as a result of the critical 
impact of electrode design and biophysical properties as well as the impedance 
of the neural elements mediating the behavioral effect.

Currently available neurostimulators (Medtronic models Soletra and 
Kinetra) provide constant voltage stimulation and allow voltage variations 
in 0.05 to 0.1 V increments between 0 and 10.5 V. For accurately implanted 
leads, therapeutic amplitudes normally range between 1 and 3.5 V at a pulse 
width between 60 and 450 µsec (depending largely on the different stereotactic 
targets; refs. 5, 6). DBS systems delivering constant current of stimulation are 
currently being tested for clinical use.

When certain neurostimulators (Medtronic Itrel II or Soletra) are used, the 
amplitude should not be pushed above 3.6 V, in order to avoid the so-called 
“circuit doubling” effect. The Itrel II and Soletra internal pulse generators 
(IPGs) draw on a 3.7-volt battery to operate their circuitry. To provide output 
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amplitudes greater than or equal to 3.7 V the devices are equipped with volt-
age multiplier circuits. Though effective, these circuits increase battery drain 
in excess of the voltage gain and profoundly shorten battery life. Therefore, 
rather than increasing the amplitude above 3.6 V, the pulse width should be 
increased in order to deliver the necessary energy (see below). These refer-
ence values do not apply to the Kinetra system, which does not use a voltage 
multiplier circuit.

Pulse Width

PW is defined as the duration of the electrical pulse used to stimulate the target 
area. The current required to stimulate a neural element decreases as the pulse 
width increases. This nonlinear relation is described by an inverse exponential 
function (Figure 20.1) and the empirical equation I = Ir(1 – C/t), where I is 
the current (or voltage), Ir is the rheobase current, t is time, and C is chronaxie 
(4, 7). Chronaxie is a measure of the excitability of neural elements and has 
been defined as the pulse duration equivalent to the double rheobase current, 
which is the minimal amount of current necessary to stimulate with a long 
pulse width. Chronaxie for DBS effects has been estimated to be around 65 µs 
for thalamic and around 75 µs for pallidal stimulation (8, 9).

In practical terms, modulating the pulse width will determine which neu-
ronal elements are activated: axons have lower chronaxie than neuronal cell 
bodies (4) and can be activated by smaller pulse widths. Therefore, while volt-
age modulation can control the volume of neural tissue stimulated, modulating 

Figure 20.1. Strength-duration curve showing the inverse relationship between pulse 
width and voltage of stimulation. Chronaxie is the pulse duration equivalent to double 
the rheobase current, which is the minimal amount of current necessary to stimulate 
with a long pulse width. (To view this figure in color, see insert)
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PW can determine which neuronal elements are stimulated within that volume 
(Figure 20.2).

Frequency

Frequency (F) is defined by the number of electrical pulses delivered per sec-
ond, in hertz (Hz). Pulse frequency plays a key role in the therapeutic effect 
of DBS. The amplitude-frequency relationship has been studied systematically 
for thalamic (10, 11) and subthalamic stimulation (5). Low-frequency stimula-
tion (<10 Hz) either has no effect or may aggravate tremor and parkinsonism 
(5, 10), while higher frequencies (>50 Hz) improve symptoms at progressively 
lower stimulation intensity. The benefit increases linearly with F up to 130 Hz, 
followed by a smaller nonlinear increase in efficacy until a plateau is reached 
around 200 Hz. A further increase from 200 up to 10,000 Hz, using an exter-
nal stimulator, does not further improve the anti-tremor effect of thalamic 
DBS (10). The use of higher frequencies of stimulation was also supported 
in dystonia by the results of a study showing a superior response of dystonic 
symptoms to pallidal DBS as stimulation F was increased from 50 to 250 Hz 
(12). However, other clinical reports have documented a response of dystonia 
at lower F of stimulation (13–15), suggesting that the therapeutic role of F in 
dystonia may be more complex. These concepts will be further developed in 
the sections dedicated to pallidal stimulation.

The mechanism whereby a specific DBS frequency improves movement 
disorders is not known. The therapeutic effect of DBS on essential tremor 
(ET) and PD symptoms is only observed at frequencies above 100 Hz with a 
sharp threshold (10). This nonlinear frequency dependency differs from the 
usual encoding of signal magnitude by neuronal firing rate. It has been sug-
gested that high frequencies of stimulation can increase synaptic efficiency by 

Figure 20.2. Changes in stimulated volume of neural tissue with variations of voltage 
and pulse width values (adapted from Montgomery [16])
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taking advantage of temporal summation of post-synaptic excitatory potentials 
(EPSPs) through an additive effect (16). Another possible mechanism may be 
related to a resonance effect, whereby the DBS pulse sets up a reentrant oscil-
lation through a closed loop (basal ganglia-thalamic-cortical) to return to the 
original site of action and thereby effectively adds to a second pulse (17).

Electrode Configuration

According to basic neurophysiologic principles, a negative (cathodal) stimulus 
applied outside a neuron may depolarize the cell and induce an action poten-
tial. Each of the four contacts of the quadripolar DBS lead can be programmed 
as a cathode and can be considered the “active” site of stimulation. The active 
contact can be used in a monopolar configuration with the neurostimulator 
case referenced as the anode. Alternatively, each contact can be activated as 
anode or cathode in a bipolar or tripolar configuration. Monopolar stimulation 
is associated with a radial electrical field, covering an approximately spherical 
space around the stimulating electrode assuming tissue impedance remains 
constant (4). In reality, computerized models of STN stimulation predict that 
the electrical field generated by clinically effective monopolar stimulation 
spreads well beyond the borders of the target area and is dependent on the 
anisotropy of the internal capsule and the zona incerta (18). Bipolar or tripolar 
configurations provide a narrower, more focused electrical field with a pre-
sumed maximal effect near the cathode (4, 7, 19).

The ability to shape the electrical field and avoid side effects created by 
diffusion into neighboring neural structures is fundamental for successful 
DBS programming. Usually a monopolar configuration is tried first, as it 
requires lower stimulation intensity than bipolar stimulation to achieve 
approximately the same clinical benefit. However, when electrodes are 
not perfectly placed and the voltage needed to activate the target neuronal 
elements produces a field so large that it stimulates unintended elements, 
the use of different electrode configurations can be clinically significant. 
It is important to note that stimulation voltage decreases with the radius of 
the distance from the cathode (V µ 1/r) using monopolar configurations, 
with the square radius (V µ; 1/r2) using bipolar and with the cube of the 
radius (V µ 1/r3) using tripolar configurations (Figure 20.3). Therefore, 
monopolar configurations provide maximum voltage spread and tripolar 
configurations provide minimum voltage spread. This relationship can be 
successfully exploited to avoid unwanted side effects (16).

In addition, the distance between cathode and anode in bipolar configura-
tion affects the electrical field spread, because the voltage generated by the 
stimulating electrode increases with the square distance of the anode from 
the cathode (V µ d2/r2). Therefore, the wider spaced DBS lead (Medtronic 
model 3387) can generate higher voltages with less battery drain and should 
be generally preferred (16). In summary, impressive flexibility is provided by 
the knowledgeable manipulation of electrode configuration and stimulation 
parameters, which can be used to generate “custom-made” therapeutic electri-
cal fields for each patient. Unfortunately, many of these combinations may 
need to be tried before the proper DBS settings are discovered. Experience 
and knowledge of regional anatomy usually help in determining which set of 
variations to undertake.
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Finally, electrode configuration affects impedance and therefore the amount 
of electrical charge delivered to the brain. This issue is relevant because the 
safety threshold for the amount of stimulation that can be delivered to the 
brain depends on the electrode impedance, in addition to the voltage and PW 
of stimulation (16). In general, using multiple active electrodes will decrease 
impedance and modify the safety threshold, which is normally provided by 
the manufacturer.

Basic Approach to DBS Programming

Pre-programming Data

The primary goals of DBS are to maximize symptom suppression while mini-
mizing adverse effects. Minimizing battery drain and maximizing medication 
reductions are significant secondary goals. To achieve these goals, one must 
take a systematic, multi-step approach to DBS programming. These steps 
include the acquisition of pertinent surgical and neurological data, the selec-
tion of the optimal contact, and the selection of appropriate stimulation param-
eters. Additionally, when indicated, the adjustment of CNS active medications 
and the management of medication-related side effects need to be addressed.

Surgical Information
Before programming begins, it is important to obtain information regarding the 
patient’s medical history and details of the surgical procedure. Communication 
with the implanting surgeon is critical in order to gain the necessary data 

Figure 20.3. Electrode configurations. Monopolar configurations are obtained refer-
ring one (or more) active contacts to the case. They produce a rather large, radial elec-
trical field. Bipolar configurations use one of the contacts as the reference and provide a 
narrower electrical field. Tripolar configurations further focus the field near the cathode 
using the two adjacent contacts as references (anode)
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regarding electrode type (model 3387 or 3389) and location in the basal gan-
glia, as well as the surgeon’s assessment of the optimal therapeutic contact(s), 
which are established by intra-operative physiology and clinical testing (if it is 
performed). It is also essential to know whether a single (Soletra®) or double 
(Kinetra®) pulse generator was implanted. Finally, it is important to view the 
postoperative MRI to confirm that the lead is properly positioned.

As already mentioned, two DBS lead types are currently available: the 
Medtronic model 3387 with widely-spaced electrodes, spanning 10.5 mm 
and the Medtronic model 3389, which has closely spaced contacts with a 
span of 7.5 mm. Knowing the anatomical span of the stimulating electrode 
is fundamental to correctly evaluate the benefits and side effects related to 
stimulation. An overall span of 7.5 mm is appropriate given that the size of 
the efficient target region in most basal ganglia targets is less than 7.5 mm. 
However, a longer lead affords the ability to stimulate a greater region and 
possibly compensate a suboptimally placed lead. No data exist to recommend 
one type of lead over another (20, 21).

Two types of neurostimulator are currently available: Soletra® and Kinetra® 
(Medtronic, Inc., Minneapolis, MN). The Soletra® neurostimulator accomo-
dates one extension/lead. Therefore, two Soletra neurostimulators are required 
for bilateral therapy. The Kinetra® accommodates two extensions/leads and 
thus provides bilateral neurostimulation from a single neurostimulator. Most 
of the programming principles have been developed using the Soletra system, 
but can be applied, with some notable exceptions, to the Kinetra system. For 
example, individual contacts in the Kinetra system are labeled 0, 1, 2, and 3 on 
one side and 4, 5, 6, and 7 on the other. Infections of the Kinetra device may 
require removal of both leads (as compared to the Soletra), and the Kinetra is 
thicker which may impact individuals with small chests.

It is valuable to obtain the surgeon’s assessment of electrode placement and 
optimal electrode(s) as established with microelectrode recordings and DBS 
testing in the operating room. This information can be used to guide optimal 
programming and aid in the eventual troubleshooting process. In this regard, 
we advocate routine postoperative MRI to confirm lead position.

Neurological Information
To determine the most troublesome symptoms to address for each patient, it 
is crucial to obtain documentation of the patient’s pre-operative neurological 
status and medication regimen. The treating neurologist and the programmer 
may not be the same person, and may not even practice in close proximity to 
one another. Systematic evaluation tools like the Unified Parkinson Disease 
Rating Scale (UPDRS; ref. 22), timed tests and videotaping are strongly 
encouraged in order to quantify the results obtained with each contact and 
establish the best stimulator settings. Specific protocols for the evaluation of 
surgical patients have been validated and published (23).

Initial Programming

The initial programming session is essential to assess each of the implanted 
contacts for beneficial and adverse effects and to determine therapeutic set-
tings. In the experience of our group and others, initial programming is usually 
carried out about 2 to 4 weeks following surgery in order to allow for tissue 
healing and for resolution of microlesioning effects (i.e., transient improvement 
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of parkinsonian symptoms often observed after electrode implantation). The 
patient should be scheduled for a morning visit, when possible, with medication 
withheld overnight or longer to place him in the OFF-drug condition.

The initial step involves the assessment and recording of the impedance 
and current drain for each contact. Baseline impedance is a critical piece of 
information, because it indicates the integrity of the electrical system and pro-
vides a reference for future troubleshooting. Each contact should be checked 
in monopolar mode using a consistent pulse width (210 µsec), rate (30 Hz) 
and amplitude. Normally, the impedance should range between 600 and 1300 
Ω with a current drain of 10 to 30 µAmp. Impedance >2000 Ω with a current 
drain of <7 µAmp indicates an open circuit, while impedance <250 Ω with a 
current drain of >500 µAmp suggests the presence of a short circuit in the sys-
tem. In addition, the same impedance in adjacent contacts may suggest a short 
circuit. These reference values are valid for the Itrel and Soletra systems. The 
Kinetra system can read impedances up to 4000 Ω; however, impedance and 
current drain data may not be reliably used to establish the presence of short 
or open circuits, unless higher testing voltages are used.

The most important step during initial programming is to determine the 
amplitude threshold for clinical benefits and adverse effects. A systematic 
approach should be used to minimize all of the many variables. The first 
step in DBS programming is to determine the “therapeutic window” for each 
contact, i.e., the voltage range between the initial observation of reliable anti-
parkinson effects and the threshold for adverse events.

Starting with contact 0 in monopolar configuration (i.e., case set to posi-
tive), the voltage is slowly titrated upward from 0 V in 0.1 to 0.2 V increments 
until beneficial effects are noted or the patient reports a nontransient side 
effect. This procedure is repeated for each of the four contacts. The volt-
age level at which benefits and adverse events for each contact are observed 
should be documented to create a database that will prove useful for future 
adjustments and troubleshooting. The contact that yields the greatest benefit 
and/or exhibits the greatest therapeutic window should be selected for chronic 
stimulation. The lowest effective voltage should be employed initially. When 
programming bilaterally, the contralateral side should be assessed independ-
ently, using the same protocol. However, the additive effects of bilateral 
stimulation may have to be assessed and adjusted further after both devices 
are activated.

If a single contact fails to provide satisfactory results, it may be useful to 
add an adjacent contact in monopolar configuration in order to broaden the 
effective field of stimulation. On the other hand, if unwanted adverse events 
are observed at the voltage needed to obtain a therapeutic effect, bipolar 
or tripolar settings can be used in order to achieve a more focused field of 
stimulation (see “Electrode configuration”). To do so, the contact with the 
best therapeutic window should be set as the active electrode (cathode) with 
the furthest contact set as the anode. Alternatively, the best contact can be 
referred to the second best in rank, or the best and second best as cathodes 
can be referred to the third as the anode (24). If no significant improvement is 
observed or stimulation-induced adverse events predominate at low voltages 
of stimulation, correct electrode position should be verified and technical trou-
bleshooting initiated (7). Figure 20.4 illustrates an algorithm summarizing the 
general steps involved in initial DBS programming of the STN.
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The time course of stimulation response can vary among targets and 
symptoms. For example, tremor suppression with effective stimulation of 
the VIM and STN is almost immediate, allowing effective amplitudes to be 
programmed during the first few sessions. Similar rapid responses can be 
expected for dyskinesias following GPi (and sometimes STN) DBS in PD. 
On the other hand, GPi DBS in patients with dystonia commonly results in 
delayed and gradual improvement over days to several months. Expected time 
courses of beneficial and adverse responses to DBS will be further developed 
in the paragraphs dedicated to specific brain targets.

Follow-Up Programming

Follow-up programming visits should be scheduled at short intervals until 
optimal stimulation is achieved (i.e., tremor suppression or clinical effect 
comparable to levodopa therapy in PD), and later may become more spaced 
out. Ultimately, follow-up visits should become less frequent than during the 
pre-surgical period, which was complicated by motor fluctuations and medi-
cation failures. Similar to initial programming, follow-up visits should also 
follow a systematic approach. An initial review of interim changes, including 
symptom response, medication changes and adverse events should be followed 
by device interrogation and analysis of whether the stimulation parameters are 
within the therapeutic range established during the initial programming visit. 
Based on this clinical evaluation, a management plan can be formulated to 
provide stimulation and/or medication adjustments or alternatively no changes 
may be required.

Figure 20.4. Programming algorithm
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The complex syndromic nature of PD usually presents the greatest challenge. 
In general, we have empirically learned that “chasing” short-term PD exacerba-
tions with stimulation adjustments should be avoided, as DBS parameters may 
drift from optimal settings. Patient diaries can be helpful, especially in the first 
few months of DBS therapy. It is always worth remembering that every PD 
patient is different, particularly during advanced stages of disease, and there may 
not be a single formula to solve diverse clinical problems. Clinical problems 
during the follow-up programming period are usually the result of a complex 
interaction of medication and stimulation. However, some tolerance (necessity 
to increase voltage) and rebound effect (symptoms much worse when the stimu-
lation is switched off) can also occur. Sudden switching OFF the stimulation 
should be avoided in patients with dystonia because of the possibility of the 
acute onset of severe dystonic symptoms. In PD patients or patients with tremor, 
DBS can be switched OFF to assess disease progression and severity.

Troubleshooting

There are several reasons that may lead to a suboptimal response to DBS 
therapy, which range from poorly selected patients (unresponsive disease) to 
inaccurate lead placement and inadequate programming or medication adjust-
ments. Poorly managed expectations can also generate a subjective perception 
of failure even when clinical results are objectively apparent. Finally, initial 
benefit may give way to symptom exacerbations in the presence of technical 
failures or device malfunctions. In most cases, DBS failures are prevent-
able with proper screening, implanting, and programming approaches (1). 
Common troubleshooting methods for DBS failures in movement disorders 
patients are reviewed.

Unresponsive Disease
The most important predictor of the success or failure of DBS therapy is 
appropriate patient selection. DBS consistently provides significant benefit in 
the treatment of idiopathic PD, ET, and dystonia (6, 25, 26). Five out of 41 
“non-responders” in one series had parkinsonian disorders that would not be 
expected to respond to DBS, and eight other (20%) had symptoms of demen-
tia, which normally represents an exclusionary criteria for DBS (1). Patients 
with levodopa-responsive idiopathic PD, medication-refractory primary dysto-
nia and ET are considered prime candidates, but there are currently no formal 
guidelines for DBS screening. In practice, the original diagnosis and eligibility 
for DBS therapy should be re-evaluated if the patient is not responding despite 
a well-functioning device, appropriate lead locations, and optimized stimula-
tion parameters and medication therapy.

Imperfect Lead Location
Different techniques can be used effectively for DBS implantation, with 
or without the use of microelectrode recording. However, regardless of the 
implantation technique, appropriate electrode placement is absolutely neces-
sary to achieve optimal results. No amount of expert DBS programming can 
compensate for a poorly placed electrode. In the previously quoted series 
of “DBS failures,” 46% of patients had a misplaced DBS electrode (1). The 
assessment of thresholds for adverse effects and benefits at each electrode con-
tact helps to identify and later to potentially correct electrode misplacements. 
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While some location-specific adverse effects can always be elicited at moder-
ate or high voltages (see below for details), poorly placed leads normally result 
in unacceptable adverse effects at low voltages, or produce no effects with test 
stimulation at high voltage and pulse width. The nature and localizing value of 
adverse effects that signal an inadequate lead location vary with the intended 
target and are summarized in Table 20.1. Imaging studies should be obtained 
in these cases in order to determine as accurately as possible the location of 
the DBS electrode and for planning eventual revision.

Inadequate Programming Parameters
Appropriate access to adequate programming is an important determinant of 
the success or failure of DBS. Access can be hindered by a paucity of trained 
physicians available to program devices. Ideally, patients treated with DBS 
should receive programming at the same institution by the same team that 
implanted their devices. This provides continuity of care and immediate access 
to information concerning initial programming and electrode placement from 
the operating room. Inadequate programming accounted for 37% of ineffective 
stimulations in one series (1). When suboptimal programming parameters are 

Table 20.1 Localizing value of adverse effects signaling an inadequate lead 
location.

VIM

Adverse event DBS lead is likely Structure stimulated

Persistent paresthesias Too posterior Ventral caudal nucleus
Tonic muscle contractions Too lateral or ventral Corticospinal fibers
Dysarthria Too lateral or ventral Corticobulbar fibers
Ataxia Too medial and ventral Cerebellar fibers

STN

Adverse event DBS lead is likely Structure stimulated

Dysarthria/dysphagia Too anterior and lateral Corticobulbar fibers
Tonic muscle contractions Too lateral or anterior Corticospinal fibers
Diplopia/eye deviations Too medial and ventral Oculomotor fibers
Ataxia Too medial and ventral Cerebellar fibers
Persistent dysesthesias Too posterior and medial Medial lemniscus
Acute depression Too ventral Substantia nigra
Dyskinesias On target STN

GPi

Adverse event DBS lead is likely Structure stimulated

Dysarthria Too posteromedial Corticobulbar fibers
Tonic muscle contractions Too posteromedial Corticospinal fibers
Visual phenomena Too close to optic tract* Optic tract
No effect at high voltage Too superior, anterior,  —

  or lateral
Relief of dyskinesia and  Too inferior Ventral GPi

rigidity but worse akinesia
Relief of akinesia but no  Too superior Dorsal GPi

relief of dyskinesias
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the suspected cause of DBS failure, the history of programming sessions and 
responses should be reviewed in detail. If this information is not available, a 
systematic approach such as recommended during initial programming should 
be followed. Strategies for optimizing benefits and reducing side effects are 
discussed in other chapters in this book reviewing programming issues relative 
to specific therapeutic targets.

Suboptimal Medication Regimen
Patients with movement disorders, with and without DBS, require frequent 
medication adjustments. In our published experience, 30 of 41 patients (73%) 
with inadequate response to DBS required medication changes, with some 
improving markedly from medication changes alone, and the majority after a 
combination of re-programming and medication changes (1). Clearly, for PD 
patients in particular, surgery does not replace appropriate medical manage-
ment. Simultaneous adjustment of medications and stimulation parameters can 
be complicated, but is usually rewarding. A detailed knowledge of the desired 
and unwanted effects of stimulation and medications is required to properly 
troubleshoot problems arising from inadequate medication adjustments. When 
postoperative care is personally managed by a DBS trained neurologist who 
is an expert in movement disorders further improvement can be achieved 
in the majority of patients, even following long-term stable stimulation (2). 
Available strategies for medication adjustment following DBS are reviewed in 
other chapters in this book discussing programming issues relative to specific 
brain targets.

Device-Related Issues or Malfunction
Adverse events related to the implanted hardware have been reported with fre-
quencies varying widely from 2.7 to 50% of patients (21, 27–29). We reported 
a 15.3% incidence of hardware-related complications in our initial 131 cases 
(30). Hardware-related complications include electrode fracture, extension 
wire failure, lead migration, skin erosion, foreign body reaction, granuloma 
and seroma formation, IPG malfunction, and pain over the pulse generator 
(21). The literature regarding diagnosis, prevention, and treatment of hard-
ware-related complications is very limited (21, 31).

Currently available neurostimulators provide features that may help the 
programmer in distinguishing device-related problems from other forms of 
therapeutic failure. These include impedance measurement, battery status con-
trol, activation counters and stimulation time. Lack of response to stimulation 
during initial programming, a sudden loss of stimulation efficacy following 
previous stable symptom control, as well as intermittent side effects all sug-
gest a device-related problem.

There are many possible causes of sudden IPG failure, including electro-
magnetic interferences, device malfunction, and battery end of life (EOL). 
The most frequent cause is an accidental turning off of one or both neuros-
timulators, which can be easily diagnosed when reviewing the stimulation 
parameters. The IPG can be tracked for unusually high numbers of activations 
by examining the neurostimulator log. Therefore, it is important to routinely 
reset the magnet activation counter at the end of each follow-up visit (7, 32). 
Sources of electromagnetic interference that may switch neurostimulators off 
include household devices (<10 cm proximity). Magnetic refrigerator door 
strips, electric shavers and toothbrushes, microwaves, electric drills, and other 
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power tools have been anecdotally reported to affect IPG function, as well as 
metal detectors, anti-theft devices in department stores, and static magnetic 
fields generated by large loudspeakers (7, 32). A detailed patient history and 
an assessment of the time elapsed from the moment the IPG was switched 
off (as estimated by the usage function) can help while investigating the 
source of electromagnetic interference. Battery EOL should be suspected if 
the programming device does not connect telemetrically with the IPG. This 
occurs most often with high levels of stimulation (especially in some patients 
with dystonia) or after prolonged use, normally 3 to 5 years. Patients should 
routinely be educated on how to check their neurostimulation status using the 
Access Review device. In addition, the Kinetra neurostimulator can be pro-
grammed to a disabled setting to avoid electromagnetic interference.

If an accidental turning off of the neurostimulator is excluded, a system mal-
function should be suspected. The detection of an open circuit (high imped-
ance and low current drain) suggests the presence of an extension wire break 
or lead dislodgement. Damage to the insulation can be causative and gentle 
tapping along the wire may elicit tingling pain or dysesthesias. Ultimately, 
plain X-rays of the implanted system components (lead, extension wire and 
neurostimulator) will document the damage (Figure 20.5) and help localize the 

Figure 20.5. Damaged electrode
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problem. If troubleshooting procedures suggest a device-related complication 
affecting all electrodes or if the remaining intact electrodes cannot provide 
symptom relief, surgical revision may be necessary (7). Table 20.2 summa-
rizes some of the most common device-related issues and troubleshooting 
strategies.

Patient Education

Patient education and expectation management is of paramount importance 
to maximize DBS benefits. DBS is not a cure and probably does not slow 
or halt disease progression. Optimal results from DBS may take several 
months to achieve and may be different for each patient. DBS settings 
and medications need to be adjusted concurrently, with a concerted goal 
toward maximum benefit rather than the achievement of a state requiring no 
medication. Adjunctive therapies including physical therapy, occupational 
therapy, and speech therapy are often indicated to complement the effects 
of stimulation.

Table 20.2 Most common device-related issues and their troubleshooting.

Problem Diagnosis Treatment Comments

IPG OFF Interrogate with 
physician 
programmer

Switch IPG back to 
ON; identify prob-
lem’s source(s)

Magnetic forces in the 
patient’s environment 
may turn IPG OFF:

• refrigerator door strips
• electric shavers and 

toothbrushes
• microwaves
• electric drills and 

other power tools
• metal detectors and 

anti-theft devices
IPG 

intermit-
tently OFF

Activation counter 
usually less than 
99–100% use

Verify or program 
IPG to ON; reset 
activation counter 
for future assess-
ment and identify 
source

As above

Short circuit Check impedances: 
low impedance, 
high current; pal-
pate device; X-ray 
for lead fracture

Surgical replacement 
of defective 
component

Failure may apply to 
only some contacts or 
may be intermittent

Open circuit Check impedances: 
high impedance, 
very low current; 
palpate device; 
X-ray for lead 
fracture

Surgical replacement 
of defective 
component

Failure may apply to 
only some contacts or 
may be intermittent

Battery end 
of life

Check battery status Replace IPG Suspect with high levels 
of stimulation or long 
use
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Programming Issues Relative to Specific 
Brain Targets

DBS for movement disorders currently targets three areas of the brain: the 
VIM for the treatment of tremor, the GPi for the treatment of PD and dystonia, 
and the STN for the treatment of PD. An understanding of the local anatomy 
surrounding the implanted lead is key to optimizing the clinical response to 
DBS, and to allow for recognition of side effects caused by the diffusion of the 
electrical field to neighboring structures. Therefore, in the next few paragraphs 
we review essential elements of anatomy for each of the three main targets of 
DBS. In addition, specific strategies for optimal contact selection, medica-
tion adjustment (when indicated), and minimizing side effects are presented 
according to the literature and our own clinical experience.

Thalamus

Anatomy
Neuroanatomical studies in the monkey have provided information about 
organization, neuronal projection relationships, and local circuits of the ventral 
lateral nucleus of the thalamus (VL). According to Hassler, this area includes 
ventro-oralis posterior (Vop) and VIM nuclei, although some investigators 
believe that Vop is also associated with the pallidothalamic pathway (33). 
The major subcortical afferent input to the VL is derived from all of the deep 
cerebellar nuclei with the bulk of fibers originating in the dentate nucleus. 
Another subcortical input to the VL derives from the spinal cord in the form 
of terminals from spinothalamic fibers (34). In addition, cortical afferents to 
the VL in primates originate from primary motor cortex (area 4), the premotor 
cortex, and area 7 of posterior parietal cortex (35–37). The regional anatomy 
of VIM is clinically important for the DBS programmer and includes three 
key neighboring structures: (1) the sensory relay nuclei in the ventral caudal 
nucleus (Vc) situated posterior to the VIM; (2) the Vop, which lies anterior to 
the VIM and receives pallidal outflow; and (3) the internal capsule, positioned 
laterally and ventrally to the VIM (Figure 20.6).

Optimal Contact Selection
Thalamic DBS is indicated for the treatment of medically refractory tremors, 
including ET, PD tremor, and other types of cerebellar outflow tremors (e.g., 
multiple sclerosis, post-anoxic tremor, post-traumatic tremor; refs. 10, 38–42).

Initial programming for VIM DBS electrodes follows the same principles 
previously reviewed. The thalamotomy-like microlesion effect commonly 
observed immediately after surgery usually requires waiting for 2 or 3 weeks 
before exploring electrode function. Using monopolar stimulation, therapeutic 
windows can be explored for each of the four contacts while keeping a constant 
pulse width of 60 to 90 µsec and frequency of 130 to 185 Hz. Voltage should be 
increased progressively, assessing both the effects on tremor and side effects. 
If a single contact fails to provide tremor suppression, it may be useful to add 
an adjacent contact to broaden the field of stimulation. If unwanted adverse 
events are observed at low voltages, increasing PW can be tested to increase 
current density without further spread of the electrical field. Finally, bipolar 
or tripolar settings can be used, with the most effective contact referred to the 
contact that is furthest away in space.
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The effect of thalamic stimulation in ET patients is usually assessed for 
limb tremor, either postural or kinetic, while resting tremor is the therapeutic 
index used in PD. Tremor should be addressed under different levels of stress 
and during the movements of other parts of the body. Breakthrough tremor 
that occurs under stress usually needs additional current to be controlled. 
It is important to know in which limb position and during which movement 
the tremor of the patient worsens. Objective tests such as drawing a spiral, 
pouring water from one glass to another or finger-to-nose testing can be help-
ful in documenting effects. A useful videotape is available for assessment of 
ET (43). Voice tremor can be assessed by asking the patient to speak or hold 
a tone and head tremor by observation (44). Some investigators use a tremor 
rating scale (43, 45).

Medication Adjustments
When VIM DBS is used to control PD resting tremor, anti-parkinson drugs are 
either unchanged (39) or slightly reduced in a minority of patients (46, 47). 
For ET and other types of tremor, medications can often be reduced (40), but 
sometimes patients may need a combination of stimulation and medications 
to optimize tremor control.

Stimulation-Related Adverse Events
The most frequent side effect of VIM stimulation is paresthesia involving the 
contralateral limbs or the face (44, 48). This is usually caused by diffusion 

Figure 20.6. Schematic representation of DBS electrode placement in the VIM 
nucleus of the thalamus, illustrating the anatomical relationship with other thalamic 
areas and deep brain nuclei. Rt, Reticular thalamus; SNr, Substantia nigra pars reticu-
lata; STN, subthalamic nucleus; Vc, ventral caudal nucleus; VIM, nucleus ventralis 
intermedius; Voa, nucleus ventro-oralis anterior; Vop, nucleus ventro-oralis posterior 
(courtesy of Dr. Philip Starr)
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of the electrical field into Vc or to the lemniscal fibers entering the thalamus 
(49). Paresthesias usually appear when the stimulation is switched on or the 
amplitude of stimulation is rapidly increased. When paresthesias rapidly 
habituate they are of no concern but if they persist (50, 51), alternative contacts 
or configurations should be explored. Paresthesias are usually induced by the 
most ventral contacts or when the lead is posteriorly placed and can usually 
be avoided by activating more dorsal contacts. However, if the DBS lead is 
inserted with an excessive anterior-posterior angle, dorsal contacts may stimu-
late Vop and fail to control tremor (16). In these cases, bipolar settings may 
help to stimulate the therapeutic target thereby avoiding sensory side effects. 
When paresthesias are elicited at low stimulation voltages, posterior place-
ment of the lead should be suspected (see Section 20.4.4.2 and Table 20.1).

Tonic muscle contractions may be observed when the DBS lead is placed 
either too laterally or ventrally. In this case, the electrical field is affecting the 
internal capsule and activating the corticobulbar and corticospinal tracts. If 
the lead is too ventral, deep contacts will also produce sensory symptoms that 
are usually reversible with stimulation parameter changes, such as moving to 
a more dorsal contact or reverting to bipolar configuration. If all programming 
measures fail to avoid the side effects produced by a too ventrally placed lead, 
it can be physically withdrawn under fluoroscopic guidance.

Table 20.3 Stimulation parameters used in largest studies of VIM DBS.
Active Contacts used

Author and year N PW (sec) Frequency (Hz) Amp. (V) 0 1 2 3

Hubble et al., 
1997 (121)

19*

10**
116.9 ± 86.1 161.9 ± 29.1 3.01 ± 1.05 N/A

Limousin et al., 
1999 (40)

44*

78**
83.86 ± 31.42*

81.92 ± 30.45**
163.64 ± 24.42 *

162.95 ± 28.42**
2.40 ± 0.77*

2.51 ± 0.93**
+/−/OFF
+/−/OFF

Schuurman 
et al., 2000 (47)

  7*

22**
N/A
N/A

N/A
N/A

N/A
N/A

N/A
N/A

Koller et al., 
2001 (122)

25* 55–145* 135–185* 2.3–4.9* N/A

Vaillancourt et al., 
2003 (123)

  6* 60–120 (75)* 185* 2.2–6.0 (2.2)* − N/A +/− +/−

Rehncrona et al., 
2003 (124)

14*

12**
90.0 ± 39.0*

90.4 ± 32.6**
181.4 ± 9.1*

160 ± 37.4**
2.3 ± 1.0*

2.2 ± 0.9**
N/A

Ushe et al., 2004 
(125)

16* 60* 185* 2.8–4.4 (3.5)* +/− – +/− +/−

Lee et al., 2005 
(126)

19* 90* 170–185* 0–3* N/A

Kuncel et al., 
2006 (127)

  9* 60–210 (90)* 130–185 (145)* 1–3.5 (3)* – +/− +/− +

Pahwa et al., 
2006 (25)

26*

19**
111–129*

133–138**
153–158*

143–166**
1.4–5.9*

1.5–5.8 **
N/A
N/A

 *mean or mean range for ET
** mean or mean range for PD
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Speech dysfunction (dysarthria) is a frequent complication of thalamic 
DBS, occurring with a prevalence ranging from 5 to 25%, and up to 75% 
when stimulation is applied bilaterally (25). The nature of speech abnormali-
ties observed during VIM DBS is not clear. Involvement of cerebellar output 
to the cortex and/or unwanted spread of the electrical field to corticobulbar 
fibers are potential underlying mechanisms. In the second case, similar to 
what can be observed for tonic muscle contractions, moving to a more dorsal 
active contact or to a bipolar configuration may relieve speech difficulties. 
A subcortical type of aphasia with word finding difficulty and dysfluency 
has been reported (52), suggesting mechanisms related to the disruption of 
thalamic circuitry (53).

Gait ataxia with postural instability may also be induced by thalamic stimu-
lation. Balance problems have been reported in 3 to 7.5% of cases (47, 48, 
50, 54, 56, 57) with an incidence of more than 50% with bilateral stimulation 
(25, 40, 46). Similar to dysarthria, the nature of balance abnormalities during 
thalamic DBS has not been well elucidated, although interference with cerebellar 
afferents is suggested by the negative effects of varying PW (7) and internal 
capsule involvement may underpin other gait problems.

Very few studies have addressed the neuropsychological consequences of 
VIM DBS, which appears to have no significant effect on the cognitive abili-
ties of PD patients (58) (Table 20.3).

STN

Anatomy
The STN is a small ovoid-shaped nucleus lying on the dorsomedial surface 
of the internal capsule. Like the substantia nigra (SN), the STN is a midbrain 
structure that is functionally included in the circuitry of the basal ganglia. The 
STN receives excitatory input from motor and premotor cortices, and inhibi-
tory input from the GPe. The glutamatergic output of the STN projects to both 
segments of the GP and to the SN pars reticulata. The STN is divided into 
three components with the dorsolateral portion representing the sensorimotor 
region, which is the primary target of STN DBS.

Detailed knowledge of the spatial relationship of the neural structures in the 
subthalamic area (see Figure 20.7) is of critical importance in understanding 
the clinical side effects of STN DBS. Posterior-medial and dorsal to the STN 
is the large thalamic nuclear mass. The internal capsule is lateral and anterior. 
Ventral to the STN is the SN, and dorsal are the zona incerta and the H2 Field 
of Forel. If placed too medially and ventrally, the DBS electrode may stimulate 
fibers of the oculomotor nucleus. If posteromedially placed, the electrode may 
stimulate the red nucleus. The medial and ventral regions project to the regions 
involved in cognitive and emotional behaviors and stimulation of these regions 
can produce profound mood changes such as depression or hypomania.

Optimal Contact Selection
Similar to programming of other targets, a standardized and systematic 
approach should be utilized. To this end, for STN DBS an initial pulse width 
of 60 µsec and a frequency of 130 to 185 Hz are customarily used (5, 7, 32). 
The effects of stimulation at each contact are assessed as voltage is slowly 
increased. When assessing the effects of STN stimulation in PD patients, it is 
useful to use objective rating scales (e.g., UPDRS subscores, finger tapping, 
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timed gait) and to remember a few key concepts relative to the response of PD 
symptoms to DBS:

1.  Rigidity is considered the most reliable symptom to evaluate (24) because 
it has a short response time (20–30 seconds), is assessed with little patient 
cooperation and is relatively stable as compared to tremor and bradyki-
nesia. Contralateral mirror maneuvers can be used to activate or stabilize 
rigidity (59).

2.  Tremor is also a very good target symptom, particularly in tremor-
predominant PD. The latency of response is usually only a few seconds. 
However, resting tremor can fluctuate and is often greatly influenced by the 
emotional state of the patient.

3.  Bradykinesia generally has the slowest latency of improvement and may 
occur after several hours or days. For this reason, it is typically the least 
useful symptom to monitor for initial programming. Moreover, bradyki-
nesia is very sensitive to fatigue and motivation and can show a remarkable 
placebo effect during the expectation-laden first programming visit.

4. When present, off-medication dystonia is also relieved by STN DBS (60).
5.  Levodopa-induced dyskinesias can also be markedly improved by STN 

stimulation and can be among the most consistent results observed in suc-
cessful DBS (60). However, this symptom is not available at the initial 

Figure 20.7. Sagittal view of the thalamic and subthalamic area at 12 mm from the 
midline, illustrating the anatomical relationships of the subthalamic nucleus (STN). CN 
III, oculomotor nerve fibers; IC, internal capsule; SNr, substantia nigra pars reticulata; 
Zi, zona incerta. (courtesy of Dr. Jay Shils) (To view this figure in color, see insert)
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programming session because patients are off medications and can be 
initially made worse when patients take their first dose of medication. The 
beneficial effect of STN DBS on dyskinesias is usually considered to be 
a byproduct of reduced levodopa requirements (61), but it may also be an 
immediate effect of stimulation, usually with the activation of the two most 
dorsal electrodes (62, 63).

In our experience, using the model 3387 DBS lead, the response to different 
PD symptoms and signs in STN DBS may be anatomically discrete (64). In a 
retrospective analysis of clinical data derived from the initial DBS program-
ming sessions of 17 PD patients, we found that 11 of 13 (85%) patients with 
tremor responded best to stimulation of deeper contacts (0 and 1), while seven 
out of nine patients (78%) with rigidity and 11 of 17 (65%) patients with 
bradykinesia responded preferentially to stimulation of more dorsal contacts 
(1 and 2). As previously mentioned, dyskinesias responded to the activation of 
most dorsal electrodes (2 and 3). The pathophysiological relevance of this data 
needs to be elucidated, especially with regard to lead location, but it suggests 
that the entire STN region rather than only the STN itself may be a target of 
successful stimulation in PD (Figure 20.8).

Medication Adjustments
In STN DBS, increasing stimulation parameters are usually accompanied 
by a reduction in medication. With properly placed electrodes and accu-
rate programming, the anti-parkinson effect of STN DBS should ultimately 
approximate or even match the benefits of levodopa therapy while eliminating 
or greatly reducing the associated motor fluctuations. STN DBS initiation is 
more complex than that of GPi or VIM, mainly due to the need to balance 

Figure 20.8. Schematic representation of the 3387 DBS electrode placement in the 
subthalamic area, illustrating the approximate anatomical areas that can be stimulated 
by the four contacts. Contact 2 and 3, when activated, cover an area dorsal to the STN, 
including the Zona incerta and possibly the anterior thalamus (courtesy of Dr. Jay 
Shils). (To view this figure in color, see insert)
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medication reduction with increasing stimulation intensity (31, 65–67). As the 
beneficial effects of DBS relate to all the cardinal symptoms and signs of PD, 
dopaminergic medication can usually be reduced after surgery. However, there 
is little agreement on exactly how to reduce medications. Some groups imme-
diately discontinue levodopa after programming, while others take a slower 
and more conservative approach. There is no direct evidence as to whether it 
is best to decrease levodopa vs other dopaminergic drugs first or whether to 
reduce dose or dose frequency first.

On average, levodopa and other dopaminergic agents are reduced by 40 
to 50% with bilateral DBS (60, 65, 68) and only rarely are patients able 

Table 20.4 Stimulation parameters used in largest studies of STN DBS.

Author and year N PW (sec)
Frequency 

(Hz) Amp. (V)

Active Contacts used

0 1 2 3

Limousin, 1998 (59) 24 60–450 2–185 0–10.5 N/A

Burchiel et al., 1999 (107) 10 190 ± 76 185, one patient 
with 30 Hz

3.0 ± 1.0 N/A

DBS Study Group, 2001 (67) 91 60–450 (82) 90–185 (152) 0.8–8.0 (3.0) N/A

Volkmann et al., 2001 (78) 16 N/A N/A N/A N/A

Ostergaard et al., 2002 (128) 26 60* 130–200 3.1 ± 0.4 N/A

Romito et al., 2002 (129) 22 N/A N/A 2.92 ± 0.35 N/A

Vingerhoets et al., 2002 (130) 19 73.5 ± 26.7** 156.8 ± 44.4** 2.75 ± 0.85** N/A

76.5 ± 26.7*** 160.5 ± 30.6*** 2.80 ± 0.60*** N/A

Kleiner-Fisman, 2003 (131) 25 N/A N/A N/A N/A

Krack et al., 2003 (132) 49 64 ± 12 145 ± 19 3.1 ± 0.4 N/A

Pahwa et al., 2003 (133) 33 86 ± 20 165 ± 15 3 ± 0.5 N/A

Herzog et al., 2003 (134) 48 62 ± 9 134 ± 12 2.9 ± 0.6 N/A

Funkiewiez et al., 2004 (70) 77 60–90 130–185 2.4–3.6 (2.9) N/A N/A N/A –

Rodriguez-Oroz, 2005 (135) 49 60–150 (72) 90–185 (151) 2.2–4 (3.1) N/A

Anderson et al., 2005 (136) 10 N/A 130 or 185 N/A N/A

Törnqvist et al., 2005 (137) 10 60 130 2.5 N/A

Schupbach et al., 2005 37† 64 ± 10 ** 150 ± 27** 2.8 ± 0.4 ** N/A

62 ± 8 *** 148 ± 26 *** 2.9 ± 0.4*** N/A

Limousin et al., 2006 24 60–450 2–185 0–10.5 N/A

Fraix et al., 2006 (138) 95 N/A N/A N/A N/A

Moro et al., 2006 (2) 44 60 130 Below SE 
threshold 
or below 
3.6 V

Off
/+/−

Off
/+/−

Off
/+/−

Off
/+/−

Deuschl et al., 2006 (26) 78 63 ± 7.7 139 ± 18 2.9 ± 0.6 N/A
  *One patient received 60 µsec on one side and 90 µsec on the other; another received 90 µsec bilaterally.
 **Right stimulator
***Left stimulator
†30 patients at 60 month follow-up
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to discontinue their pharmacological therapy (69). In other cases, and in 
particular when levodopa doses were kept to a minimum because of severe 
dyskinesias, levodopa dosage may sometimes be increased after surgery. 
Once a steady state has been achieved, medication adjustments should be 
carried out with extreme caution to avoid upsetting the equilibrium that 
has been achieved. This will also avoid potentially harmful consequences 
of discontinuing medications too quickly in patients treated for many years 
with high doses of dopaminergic drugs. In general, discontinuation of 
dopaminergic medications should never be set as a primary goal of STN 
DBS. However, failure to decrease dopaminergic medications sufficiently 
during chronic STN DBS may predispose the patient to sedation, excessive 
daytime sleepiness and mild confusional states. These side effects are well 
described in association with dopaminergic drugs (70) and are nearly always 
reversible with proper medication adjustment.

On the other hand, overly aggressive or rushed medication reductions 
can lead to unwanted re-emergence of either motor or nonmotor symp-
toms typical of low dopaminergic states. Temporary worsening of motor 
symptoms, particularly akinesia and freezing of gait, may be observed in 
these circumstances (24). Similarly, depressive symptoms or apathy may 
be indications of excessive reduction of anti-parkinson medications (24). 
Increased apathy appears to be the single most frequent psychiatric symp-
tom in patients following STN DBS surgery (71), in particular when large 
doses of levodopa are drastically reduced (72). Patients who received very 
high doses of levodopa for many years (i.e., >1500 mg/day) usually will 
not tolerate quick dose reductions. The dopamine dysregulation syndrome 
is controversial but well described (73, 74) and needs to be taken into 
account in these cases. Apathy can be an independent symptom of PD, a 
symptom of dopaminergic “withdrawal,” or seen in combination with a 
depressive syndrome.

Depression is frequently associated with PD, with figures ranging between 
2.7 and 70% according to a recent review (75). Depressive symptoms gener-
ally improve after STN DBS (76, 77). However, a minority of patients may 
develop severe postoperative depression and occasional suicides have been 
reported (24, 77). Increased dopaminergic stimulation generally improves 
depression, but it should be remembered that acute depression may result 
from stimulation of the subthalamic area as well. Finally, we and others have 
observed occasional symptoms of restless legs, likely related to an excessive 
decrease of dopaminergic therapy, which seems to respond to small doses of 
a dopamine agonist (78).

Stimulation-Related Adverse Events
Stimulation-related adverse events can be categorized as side effects that are 
specific to stimulation of the intended surgical target (STN), as well as side 
effects related to current diffusion into adjacent areas of the central nervous 
system.

Target-Specific Adverse Events
The stereotypical target-related adverse event for STN is the development of 
dyskinesias, which are clinically similar to levodopa-induced dyskinesias, and 
may, in fact, be worsened by levodopa therapy. Stimulation-induced dyskine-
sias develop slowly over a period of minutes to hours (24). The appearance of 
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dyskinesias should be initially addressed by medication changes and not by 
reduction in STN parameters. However, if medication reduction is not effec-
tive or poorly tolerated, the use of more dorsal active contacts may also relieve 
dyskinesias.

A particularly troublesome adverse event related to target stimulation is 
hypotonia. Successful resolution of rigidity can predispose to rapid loss of 
tone of the antigravity muscles of the lower limbs, with resulting impairment 
of gait and postural instability. A complaint of “jelly legs” or falls that were 
not experienced before the surgery is not uncommon in the first few weeks 
of DBS therapy. Usually, these symptoms are exacerbated by levodopa and 
should be managed with a reduction in either levodopa dose or stimulation 
voltage. In addition, we find that specific gait rehabilitation with strengthening 
of antigravity muscles can further stabilize these symptoms. It is also impor-
tant to consider that postural instability may be a consequence of spread of 
current into cerebello-thalamic fibers.

Apraxia of eyelid opening (AEO) is a rare condition in which patients 
have difficulty opening their eyelids. It is commonly associated with 
blepharospasm and neurodegenerative disorders such as PD and progres-
sive supranuclear palsy. It has also occasionally been described after STN 
DBS (60, 79). The specific cause or control center for both blepharospasm 
and AEO is poorly understood, as is the mechanism by which DBS causes 
or aggravates this problem. The fact that AEO is generally associated with 
good motor responses has led some authors to think that it may be a direct 
consequence of STN stimulation, possibly secondary to the involvement of 
the oculomotor loop (24). Interestingly, AEO was also described as a side 
effect of campotomy, a neuroablative procedure from the pre-levodopa era 
(80), suggesting that stimulation of the area dorsal to the STN may contribute 
to the pathogenesis of this rare adverse effect. A case report implicated elec-
trical current spread to the dorsal trigeminothalamic tract, which is located 
just caudal and medial to the STN (81). When functionally disabling, AEO 
can be treated either using more dorsal contacts or with pretarsal botulinum 
toxin injections.

A wide range of neuropsychiatric complications of STN DBS has been 
reported, including acute transient depressive and euphoric mood states, as 
well as the subacute onset of major depression, mania, anxiety, and substance 
abuse (82, 83). Behavioral changes observed during programming are usually 
considered a consequence of an interaction with dopaminergic medications or 
secondary to stimulation of an unintended target (see below). However, addi-
tional factors independent of stimulation may contribute to profound mood 
changes, including implantation procedures with multiple electrode passes 
through the frontal lobes and the psychosocial consequences of an outstanding 
response, with forced normalization and loss of the sick role (82).

Deterioration of cognitive function is a potentially devastating complication 
of movement disorder surgery, but one that can be avoided in most cases with 
appropriate candidate selection. The most frequently reported cognitive side 
effect appears to be a decline in verbal fluency (58, 65, 71, 76, 77, 84–87). 
Older age and moderate cognitive impairment prior to surgery is associated 
with a greater risk of developing cognitive deficits (83–85, 88, 89), although 
this has not been unequivocally demonstrated (58). In addition, since dementia 
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was an exclusion criterion in most DBS studies, there is virtually no data available 
on the potential effect of STN DBS on the cognitive function of patients with 
dementia prior to surgery. In general, there is no need to adapt stimulation 
parameters to these changes when present, although alternative settings with 
equal benefit on motor features may be considered (Table 20.4).

Weight gain may appear with variable incidence and has been up to 96% 
in some series (90, 91). However, its cause remains unclear. This unintended 
effect of STN DBS may not be a direct effect of stimulation but may be at 
least partially related to decreased energy expenditure due to the resolution of 
involuntary movements in the absence of an adjustment of food intake (91). 
Alternative hypotheses include an unproven regional effect of STN DBS on 
the satiety hypothalamic centers, and the possible effect of dopaminergic 
drug dosage reduction following STN DBS on hypothalamic homeostasis in 
PD (91).

Adverse Events Related to Current Diffusion to Adjacent Neural Areas: Speech 
abnormalities are probably the single most frequent adverse events interfer-
ing with successful STN DBS in PD. Speech problems frequently occur in 
patients with PD, including hypophonia; monotonic pitch; hoarse, breathy, or 
tremulous voice; dysarthria; and hesitating or hyperkinetic speech. Therefore, 
it may be difficult to differentiate an adverse event related to stimulation 
from an unresolved or progressive symptom of the disease. In fact, as they 
are relatively resistant to levodopa therapy, speech abnormalities are usually 
unimproved by STN DBS (60). Nevertheless, specific impairment of speech is 
frequently encountered during programming and is likely related to unwanted 
stimulation of corticobulbar fibers adjacent to the STN. Corticobulbar fib-
ers pass directly anterior and lateral to the STN and are particularly affected 
when using the most ventral contacts, 0 and 1. Speech impairment secondary 
to stimulation is characterized subjectively by an increased effort in talking 
and objectively by hypophonia, hesitation, slurring of words and rapid fatigue 
(24). As there is no habituation to this effect, the patient is sometimes faced 
with the dilemma of choosing between improved motor symptoms and more 
normal speech. However, careful adjustments of stimulation settings, includ-
ing lowering amplitude and switching to more dorsal contacts and/or bipolar 
configuration will prevent severe speech impairment in the vast majority of 
cases. In our experience, using the 3387 lead, unless tremor represents the 
major PD symptom requiring treatment (see Section 20.3), speech problems 
can often be avoided using contacts 2 and 3. Speech therapy and particularly 
the Lee Silverman Voice Treatment technique may provide further improve-
ment in these cases (92).

Occasionally, we have encountered patients complaining of dysphagia after 
successful STN programming. Similar to speech abnormalities, dysphagia can 
be a symptom of untreated PD and only the temporal association with STN 
stimulation may suggest a pathogenetic correlation. The pathogenesis of dys-
phagia after STN DBS may be similar to dysarthria. Swallowing abnormali-
ties may result from unwanted interference with corticobulbar fibers to the 
swallowing muscles. Indeed, we have observed significant improvement of 
dysphagia after applying the same approach described for speech abnormali-
ties, i.e., lowering stimulation amplitude, switching to more dorsal contacts 
and/or switching to a bipolar configuration.
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Activation of the corticobulbar and corticospinal tracts coursing in the 
internal capsule can produce tonic muscle contractionsof the contralateral 
face, hand, and more rarely arm and leg. The internal capsule borders the 
STN laterally, anteriorly, and medially. It can be determined if the electrode 
has been placed too anteriorly, laterally, or ventrally by the threshold volt-
age necessary to produce tonic contractions using different active contacts 
in monopolar configuration. The threshold to tonic contraction through the 
ventral contact will be very low for an STN DBS lead placed too ventrally 
and laterally.

Tonic contractions need to be clinically differentiated from off-medication 
dystonia in patients with PD. One way to accomplish this is to set the frequency 
to less than 10 Hz and observe the occurrence of single contractions caused 
by stimulation of the pyramidal fibers. In fact, tonic contractions time-locked 
with the activation of DBS contacts suggest current diffusion to corticospinal 
fibers, which run anterior and lateral to the STN. Reduction of amplitude and 
switching to another clinically effective contact are usually effective in pre-
venting the unwanted activation of the pyramidal system. If these adjustments 
provide little relief, lead revision should be considered.

Diplopia, blurred vision, and abnormal eye movements may occur in 
patients with STN DBS. These are not symptoms usually seen in PD and 
clearly suggest current diffusion beyond the therapeutic target toward the fib-
ers of the oculomotor nerve, which sweeps medially, ventrally and posteriorly 
to the STN. When stimulation affects the oculomotor nerve, adduction or 
downward movement of the ipsilateral eye can be seen. Deviation of the eyes 
is less common and is usually transient. It is possible that the electrical field 
of a DBS lead placed too laterally could activate the fronto-pontine tract in the 
internal capsule en route to brainstem nuclei to result in conjugate horizontal 
eye movements. However, the exact mechanism for conjugate deviation is not 
known. In these cases, it is imperative to switch to a more dorsal contact and 
eventually lower the amplitude or change the configuration to bipolar (field 
shaping). If abnormal eye movements are observed at unusually low voltages, 
lead revision should be considered.

Postural instability is another symptom frequently encountered in patients 
with PD that may occasionally worsen or present for the first time after STN 
DBS. Preexisting postural instability is generally improved by STN DBS (93), 
unless it had not responded to levodopa therapy before surgery. In some cases, 
postural instability may derive from hypotonia caused by the additive effects 
of successful stimulation and levodopa therapy. In other cases, the patient 
complains of a more distinct truncal ataxia, with feeling of retropulsion and 
near falling. In these instances, the current is likely spreading to the cerebello-
rubro-thalamic fibers medial to the STN or to the red nucleus positioned medi-
ally and ventrally (24). Decreasing amplitude and PW, moving to more dorsal 
contacts and/or to a bipolar configuration may improve balance.

Transient contralateral “tingling” or sensation of “electrical current” 
are usually predictive of good location and positive stimulation outcome. 
However, if medial lemniscus fibers are activated, the patient will report 
persistent paresthesia. In most cases, programming adjustments like decreas-
ing the amplitude and focusing the field with bipolar stimulation will relieve 
sensory symptoms. If the patient reports persistent dysesthesias at unusually 
low voltages, lead revision should be considered.
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Transient acute depression has been reported during STN DBS and may 
be related to stimulation of the SN (94). The SN is routinely mapped during 
neurophysiological targeting and some groups still implant the lowest contact 
of the DBS lead into the SN. Even after placing the most distal electrode at 
the ventral border of the STN (95) we have observed the acute emergence of 
unusual emotional lability with easy crying during the stimulation of contact 0 
in one of our patients, likely caused by current diffusion to the SN. It is specu-
lated that the pathogenesis of depression and mood liability with stimulation 
of the SN may be related to its anatomical connections with the amygdala and 
the limbic system (94). In these cases, using more dorsal contacts will avoid 
this rare but dramatic adverse event.

GP

Anatomy
The GP is a large cellular mass with a triangular shape in its vertical diameter 
that appears elongated in its horizontal diameter. The anatomy and functional 
organization of the GP are well studied and provide potentially important 
information for the programmer. The GP is divided into internal (GPi) and 
external (GPe) sections by the internal medullary lamina (Figure 20.9). The 
anterior border of the GP is adjacent to the anterior commissure. The external 
medullary lamina separates the GP from the putamen. At the base of the GPi 
is the optic tract, and medial and posterior to the GPi is the internal capsule. 
With regard to complications, both of these regions are very relevant for DBS 
programming.

The GP is composed mainly of large multipolar cells, giving rise to efferent 
axons that form the main output of the basal ganglia. The afferent connections 
of the GP comprise the striatopallidal, thalamopallidal, nigropallidal, and cor-
ticopallidal fibers. Striatopallidal efferents are segregated in parallel systems 
associated with sensorimotor, associative, and limbic information. The poster-
oventral GPi is most prominently occupied by the sensorimotor area, while the 
associative territory is more dorsal, and the limbic area ventromedial (96). The 
main efferent fibers from the GPi form the pallidothalamic system, which runs 
to the anterior nucleus of the thalamus in the fasciculus lenticularis and the ansa 

Figure 20.9. Schematic representation of DBS electrode placement in the globus pal-
lidum, illustrating its anatomical relationships. GPe, globus pallidum pars externa; GPi, 
globus pallidum pars interna; CST, cortico-spinal tract (courtesy of Dr. Philip Starr)
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lenticularis. Interestingly, these two pathways overlap in the posteroventral 
GPi (97), making this area a particularly convenient target for modulating GPi 
output.

Optimal Contact Selection
GPi DBS can be performed for the treatment of advanced medication-
refractory PD and severe dystonia. Contact selection and programming fol-
low somewhat different principles for these two conditions and are addressed 
separately.

PD: There appear to be two different functional zones within the GPi: 
dorsal and posteroventral. Stimulation of the dorsal GPi (upper contacts) 
significantly improves gait, akinesia, and rigidity and may induce dyskinesia 
(similar to STN stimulation). It is debated whether this may actually be due 
to stimulation of the GPe when patients are in the “OFF” state. Stimulation 
in the posteroventral GPi (lower contacts) may significantly worsen gait and 
akinesia, block the beneficial effects of levodopa, while improving rigidity and 
markedly suppressing dyskinesias (98, 99).

Initial programming for GPi DBS electrodes in PD patients follows the 
same principles reviewed for VIM and STN. To avoid a possible confound-
ing microlesioning-like effect, 2 to 4 weeks should elapse before exploring 
electrode function. Using monopolar stimulation, therapeutic windows are 
explored for each of the four contacts keeping a constant pulse width of 90 to 
120 µsec and frequency of 130 to 185 Hz (100). Voltage should be increased 
progressively while assessing both therapeutic and side effects. If a single 
contact fails to provide expected benefits, it may be useful to add an adjacent 
contact to broaden the field of stimulation. If unwanted adverse events are 
observed at low voltages, further increases in PW should be tested to increase 
current density without further spread of the electrical field. Finally, bipolar 
or tripolar settings can be used, with the most effective contact referred to the 
contact that is furthest away in space.

Dystonia: GPi DBS can be very effective for disabling generalized dystonia 
that fails to respond to medical therapy (6, 101, 102). Although a microlesion 
effect is usually not seen after GPi DBS in dystonia, it is still advisable to wait 
2 to 3 weeks before initial programming. The main challenge of programming 
DBS for dystonia is the usual lack of beneficial effects observed during the 
programming session. Therefore, initial programming is mostly focused on 
mapping side effects following the same principles previously reviewed for 
PD patients. It is currently uncertain how long a delayed response should be 
awaited before considering changing contact configurations or parameters of 
stimulation.

Although a specific pattern of clinical effects correlating with stimulation 
in different parts of the GPi has not been described in patients with dystonia, 
many groups begin empirically with stimulation in the ventral part of the GPi 
just above the optic tract, as stimulation in this region has been shown to pro-
duce antidyskinetic effects in PD. The initial parameters used in programming 
for dystonia are less consistent among different groups than those observed in 
PD (Table 20.5). With very few exceptions (103), most groups use monopolar 
configurations. Some begin by applying a very long PW, high frequency, and 
amplitude just below that which produces adverse effects (104, 105). Others 
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use parameters more consistent with those used for pallidal stimulation in PD 
patients (100, 101). We have recently found that a lower frequency of stimula-
tion (60–80 Hz) can be as effective as higher frequencies while providing the 
additional benefit of saving battery life (15, 106).

Medication Adjustments
Different from STN DBS, pallidal DBS does not usually permit substantial 
reductions in anti-parkinson medication dose (20, 68, 99, 107–109). Available 
experience shows that PD medications are unchanged (108, 110), slightly 
increased (99), or slightly decreased (111).

On the other hand, most patients with dystonia are able to substantially 
decrease their medications, which usually have been relatively ineffective, 
once the beneficial effect of stimulation is established, although this may take 
weeks or months to occur (6, 101, 102, 104, 106).

Stimulation-Related Adverse Events
Current spread ventrally to the optic tract causes phosphenes (bright lights or 
scintillating visual illusions) and occasionally nausea. Visual side effects can 
be easily avoided by using more dorsal contacts or reducing the amplitude of 
stimulation.

Electrical current spreading medially or posteriorly into the internal capsule 
may evoke tonic muscle contraction of contralateral muscles, often associated 
with paresthesias or dysarthria (100). In such cases, voltage can be reduced 
or alternative contacts used. If unwanted adverse events are observed at low 
voltages, further increases in PW should be tested in order to increase current 
density without further spread of the electrical field. Finally, bipolar or tripolar 
settings can be used.

Impairment of axial symptoms such as freezing (99, 111), transient impair-
ment of balance (108), falling (79), and persistent gait akinesia (107) have 
been also reported as a specific adverse effect of GPi stimulation, but the 
responsible lead location in these cases is uncertain. On average however, most 
studies report that axial symptoms improve following GPi DBS compared to 
the preoperative state (68, 79, 99, 107, 108, 111–113).

Similar to STN DBS, the majority of studies addressing neuropsychological 
changes following GPi DBS have failed to reveal significant cognitive decline (58). 
Mild declines in semantic word fluency (109, 114) and visuoconstruction 
scores (114) have been reported, while significant, but partially reversible, 
executive dysfunction was described in one report following bilateral pallidal 

Table 20.5 Stimulation parameters used in largest studies of GPi DBS for dystonia.

N PW (msec) Freq. (Hz) Amp. (V) Active contacts

Bereznai et al., 2002 (139)   6 120–180 130 1.8–3.5 1 (0 and 2)
Krauss et al., 2003 (140)   6 210 130–145 2.2–4.5 1 and 2
Yianni et al., 2003 (102) 25 150–240 130–180 4.0–7.0 Deepest available (bipolar)
Coubes et al., 2004 (141) 31 450 130 0.8–1.6 1 (2)
Krause et al., 2004 (142) 17 210 130–180 N/A One above phosphenes
Starr et al., 2004 (143) 23 210 185 2.5–3.6 2
Vidailhet et al., 2005 (100) 22 120–150 100–185 3.7 ± 1.0 N/A
Kupsch et al., 2006 (101) 40 120 130 3.2 ± 1.1 One above phosphenes
Alterman et al., 2007 (106) 15 150–270   60 2.5–3.5 0, 1, 2 (3) 
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stimulation (115). Whether GPi stimulation is cognitively safer than STN 
stimulation is currently debated (58, 116).

Future Directions

Despite encouraging progress in genetic research and molecular biology, no 
cure for PD and dystonia is in sight. Therefore, it is realistic to expect that 
increasing knowledge and expertise in patient selection, electrode implanta-
tion, and post-surgical management will make DBS the treatment of choice 
for advanced movement disorders in the near future. In addition to the evalu-
ation of its long-term efficacy and safety and the exploration of other deep 
targets such as the pedunculopontine nucleus (117), future developments for 
DBS will necessarily include a better understanding of its mechanisms of 
actions and the optimization of stimulation parameters. In particular, the role 
of stimulation frequency will need further attention. Recent studies reported 
that lower stimulation frequencies may be effective on dystonia (106), chorea 
(118, 119), and parkinsonian gait (120). These somewhat unexpected results 
seem to suggest that specific frequencies may differentially affect a variety of 
neurological symptoms. The study of these and other theoretical models (e.g., 
constant current vs constant voltage, asymmetrical pulses) will likely improve 
our ability to deliver safe and effective electrical therapy to human brains 
affected by basal ganglia disorders.
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Abstract

The past decade has seen an explosion in the number of medically refractory 
conditions and neuroanatomical structures targeted for DBS treatment. While 
a review of the literature and meta-analyses indicate DBS for movement 
disorders to be safe from a neurobehavioral standpoint it is also clear that a 
small subset of patients have experienced moderate or severe neurobehav-
ioral morbidity. If one combines the various cognitive and psychiatric mor-
bidities reported across studies, approximately 10% of patients with PD undergoing 
DBS have experienced one or another neurobehavioral adverse events. 
Furthermore, several small studies have indicated that improvements in motor 
symptoms and quality of life (QOL) may not necessarily translate into social 
readjustment. A greater role for ancillary health services, such as speech ther-
apy, occupational and physical therapy, neuropsychology, and psychotherapy 
needs to be contemplated. Health care providers should not rely on subjective 
impression or spontaneous patient report to identify neurobehavioral and psy-
chosocial issues. Recent consensus statements on patient selection, treatment, 
and outcome evaluation should facilitate greater uniformity in outcome reporting 
and identification of neurobehavioral risk.

What has proved elusive is the identification of reliable predictors and risk 
factors for such neurobehavioral changes. Ethical concerns and methodological 
limitations hinder the initiation of more sophisticated, controlled, blinded, com-
parative trials with large numbers of subjects needed to isolate predictors of neu-
robehavioral and QOL outcomes. Similarly, it is difficult to conclude at present 
that stimulation alone is associated with neurobehavioral morbidity, though in 
some cases, there are replicable effects on mood and cognition when stimula-
tion is turned on and off. In the case of PD, and likely many of the disorders for 
which DBS is beginning to be investigated, outcomes may be related to an inter-
action of the surgical procedure and stimulation as well as subsequent changes in 
medications, psychosocial factors and pre-operative vulnerability. Conclusions 
that DBS is neuropsychologically safe in conditions such as dystonia, depres-
sion, obsessive compulsive diorder (OCD), Tourette syndrome (TS), epilepsy, 
multiple sclerosis (MS) and others must be considered highly preliminary until 
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adequate controlled trials are completed. The emergence of cognitive and social 
neuroscience studies of DBS, particularly when accompanied by functional neu-
roimaging, are encouraging signs that DBS may be used as a vehicle to better 
understand the cognitive and behavioral roles of the basal ganglia.

Keywords: neuropsychology, cognition mood, quality of life, deep brain 
stimulation, Parkinson’s disease, tremor, dystonia, epilepsy

Introduction and Historical Overview

Neurosurgical interventions carried out during the 1950s and 1960s for move-
ment disorders and psychiatric disorders almost entirely gave way to new 
medications by the early 1970s, while the neurosurgical treatment of intractable, 
chronic pain and epilepsy continued to evolve. Manifold factors underlie the 
divergent paths of functional neurosurgery for these various conditions, includ-
ing the effectiveness, safety and availability of drug and other non-surgical 
therapies, ethical concerns, and the cost–benefit ratios associated with surgical 
procedures for different conditions. Disappointed by the limitations of phar-
macotherapy and emboldened by technological advances in surgery, radiology, 
and a more refined understanding of pathophysiology, physicians and scientists 
charted the course of a renaissance of movement disorders surgery in the 1980s. 
Because even modern ablative neurosurgery, especially when carried out bilater-
ally, was associated with morbidity (1, 2), a safer alternative was desired.

Based on the understanding of the pathophysiology of Parkinson’s dis-
ease (PD), and observations that intra-operative electrical stimulation used 
for target identification could alleviate abnormal movements (3, 4), chronic 
electrical stimulation of thalamus and basal ganglia (deep brain stimulation 
[DBS]) using fully implantable systems began to be explored (5–7). Use 
of a similar, fully implantable DBS system came to be applied to epilepsy 
and psychiatric disorders in the late 1990s and 2000s. The reasons for this 
extension of DBS to other conditions probably parallel those spurring use of 
DBS in movement disorders: a need for safer surgical alternatives in patients 
deemed at risk for cognitive morbidity, such as persons with epilepsy and 
memory impairment (8), a better understanding of the pathophysiology of 
corticostriatal-thalamic systems involved in neuropsychiatric disorders, and 
the intractability of some conditions to medication in a subset of patients. In 
addition, experience with DBS in movement disorders, observations about 
the cognitive and behavioral effects associated with DBS procedures in 
movement disorders, and availability of animal models facilitated extension 
of DBS to novel indications (9–12).

A full historical review of surgical treatments for epilepsy, pain, move-
ment disorders, and psychiatric conditions is beyond the scope of this chapter. 
Several reviews of the history of movement disorders surgery are available to 
the interested reader (13–19), as are recent reviews of the history of functional 
neurosurgery in general (20), psychosurgery (21, 22), DBS for pain (23, 24), and 
epilepsy (25). It must be pointed out that electrical stimulation of various brain 
structures for neurological and psychiatric conditions is not a new endeavor. 
Acute electrical stimulation of the brain had been studied experimentally in 
humans as early as 1874 and for the localization of structure and/or function 
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during neurosurgical operations on cortex (26), and on deep brain structures 
(27), and for relief of psychiatric illness prior to 1950 (28). However, Delgado 
was the first to publish a peer-reviewed paper on the experimental use of 
chronically implanted electrodes in human brains (29), and this report was 
followed shortly thereafter by those of Heath (30, 31) and Pool (28). While 
chronically implanted electrodes connected to externalized bundles of wires 
began to be used for intermittent therapeutic stimulation in movement disor-
ders in the 1960s (32, 33), it was not until the late 1970s that a fully implant-
able system was used to treat movement disorders (34).

Whereas early ablative studies tended to ignore neurobehavioral outcomes 
(35), more attention has been paid to such outcomes in later studies and these 
findings have been reviewed in detail elsewhere (36–38). Given the concern 
about the potential neurobehavioral morbidity associated with bilateral and 
ablative surgery for movement disorders, it is important to address neurobe-
havioral functioning and QOL outcomes of DBS. Similar evaluations of 
neurobehavioral and QOL outcomes have been conducted for some time for 
epilepsy surgery, and detailed neuropsychological evaluations are of particular 
importance in DBS for psychiatric conditions given the controversy and ethi-
cal issues surrounding psychosurgery and functional neurosurgery (39–42). 
Some of the approved and investigational uses of DBS and the availability of 
neuropsychological outcome data relevant to various conditions and anatomi-
cal targets are listed in Table 21.1.

Consistent with the clinical focus of this volume, this chapter does not delve 
into the role that DBS might have in testing current models of brain–behavior 
relationships. Instead, the chapter focuses on neuropsychological evaluation 
and outcomes in neurosurgery for PD, and briefly explores the more limited 
literature pertaining to DBS for other movement disorders (essential tremor 
[ET] and dystonia) and other neurological and psychiatric conditions (epi-
lepsy, multiple sclerosis [MS], cluster headache, Tourette’s syndrome [TS], 
obsessive–compulsive disorder [OCD], depression, and aggression). Ablative 
neurosurgery has been used in China and Russia to treat opiate addiction (43) 
and, though DBS might be contemplated for such treatment, this practice 
faced considerable criticism and reportedly has ceased (44, 45).

Neuropsychological Evaluation: Purposes, Methods, 
and Interpretative Issues

The purposes, methods, and limitations of neuropsychological evaluation of 
patients with different conditions amenable or potentially amenable to DBS 
treatment overlap considerably. Some differences in the neurobehavioral 
domains assessed and tests used will emerge based upon empirical evidence 
concerning test sensitivity to the condition and treatment in question, known 
brain–behavior relationships and the pathophysiology of a given condition, 
the cognitive, motor, and sensory limitations of patients that might affect 
their ability to meet standardized test instruction comprehension and response 
requirements, and the local availability and relevance of tests.

Neuropsychological evaluation is a necessary component of the work-up of 
surgical candidates with PD, a fact highlighted by recent position and guide-
line papers (46–49). A neuropsychological test battery has been recommended 
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for evaluation of DBS candidates with TS (50), and several suggestions have 
been made concerning screening and more extensive neuropsychological 
evaluation in movement disorders surgery (47, 49, 51, 52). Similar recom-
mendations have not been made for DBS for epilepsy, depression, or OCD. 
In the case of epilepsy, neuropsychological evaluation is an integral part of 
the evaluation of adult and pediatric surgical candidates (53, 54). There is 
ample literature concerning ablative and vagus nerve stimulation procedures’ 
neurobehavioral effects (55–61) that might guide test selection in epilepsy. 
Similarly, the literature on capsulotomy for OCD and other anxiety disorders 
(62–67) and on the effects of electroconvulsive therapy (ECT), repetitive 

Table 21.1 Some established and current and past investigational indications for deep brain stimula-
tion, targets (with sample reference), and availability of neuropsychological outcome data.

Condition Target
Established or 
Investigational

Availability of Published 
Neuropsychological Data

Parkinson’s disease STN (5), GPi (383), PPN (384, 
385), zona incerta (386), motor 
cortex (385)

STN and GPi 
established

Moderate for STN and GPi

Tremor (ET, MS, Holmes, 
post-traumatic)

Ventral intermediate thalamic 
nucleus (196, 387, 388), zona 
incerta (389)

VIM established Limited for ET, very 
limited or absent for 
others

Dystonia GPi (390, 391), thalamus (392), 
STN (393)

GPi established Very limited

Tardive dystonia/dyskinesia GPi (394, 395) Investigational Very limited or absent
Huntington’s disease GPi (375, 396) Investigational Absent
Multiple system atrophy 

(MSA)
GPi (397), STN (374) Investigational Absent

Neuroacanthocytosis 
movement disorders

Thalamic (398), GPi (399) Investigational Absent

Epilepsy STN (10), anterior thalamic 
nucleus (350), centromedian 
thalamic nucleus (352), caudate 
(400), hippocampus (8), 
cerebellum (401), mammillary 
bodies and mammillothalamic 
tract (354)

Investigational Very limited or absent

Pain ventrocaudal (sensory) thalamus, 
periaqueductal grey, internal 
capsule, periventricular grey 
(373, 402, 403)

Investigational Very limited or absent

Cluster headache Hypothalamus (371) Investigational Absent
Depression Subgenual cingulate (11), thalamic 

peduncle (359), caudate (28)
Investigational Very limited or absent

Obsessive-compulsive 
disorder

Anterior limb of internal capsule 
(12), nucleus accumbens (363), 
caudate (362)

Investigational Very limited or absent

Tourette’s syndrome Intralaminar thalamic nuclei (404), 
GPi (366, 368, 369), anterior 
limb of internal capsule (405)

Investigational Very limited or absent

“Impulsive and violent 
behavior”

Posterior hypothalamus (372) Investigational Absent

ET, essential tremor; MS, multiple sclerosis; GPi, globus pallidus internus, STN, subthalamic nucleus; PPN, pedunculopontine 
nucleus.
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transcranial magnetic stimulation (rTMS) and vagus nerve stimulation for 
depression (59–61, 68–71) might facilitate neuropsychological evaluation 
considerations in those conditions. Neuropsychological evaluation for DBS 
has different purposes, depending on whether the evaluation is carried out 
before or after surgery (Table 21.2).

Purposes of Pre-Operative Neuropsychological Evaluation

Pre-operative evaluation is typically carried out to determine whether selection 
and/or exclusion criteria for surgical intervention are met. In the case of PD, 
patients with executive dysfunction are at greater risk of developing dementia 
in the absence of surgical treatment (72, 73), and prone to protracted confu-
sional states after DBS (74). Thus, even though not exclusionary, executive 
dysfunction needs to be considered in deciding whether or not to proceed with 
DBS. Despite absence of adequate empirical data, dementia is considered a 
relative contraindication and DBS in patients with dementia should only be 
carried out in exceptional medical and humanitarian circumstances after care-
ful discussion and documentation of the issues and circumstances (49). Older 
age may also be associated with poorer neurobehavioral outcomes but is not 
exclusionary, particularly because many studies have excluded patients above 
age 75 and thus, sufficient outcome data are not available (49). Because DBS 
is an investigational treatment for epilepsy, pain, and several neuropsychiatric 
conditions, there are no published, widely agreed upon neurobehavioral inclu-
sion and exclusion criteria.

Further reasons for pre-operative evaluation include establishment of a 
baseline against which to evaluate potential postoperative changes, and dif-
ferential diagnosis if a patient meets an exclusionary criterion. For example, if 
a patient has dementia, is this dementia related to depression or medications 
and, thus, potentially reversible? Neuropsychological evaluation in epilepsy 
surgery is also used to provide corroborating evidence about the laterality 
and location of epileptic foci, prediction of postoperative seizure control, and 

Table 21.2 Purposes of neuropsychological evaluation for deep brain stimu-
lation.

Pre-operative

• evaluate presence of surgery contraindications

• baseline for postoperative comparison

• differential diagnosis

• capacity to consent to treatment

• ability to cooperate and cope with pre-, peri- and postoperative care demands

•  in some condition, to facilitate lateralization and localization of neuropathology

Postoperative

• documentation of surgical outcome

• rehabilitation planning

•  detection of neurobehavioral effects of disease progression, seizures, medication, 
stimulation, mood disturbance, and external factors
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neuropsychological outcome (75). Evaluation can also assist in identifying 
persons with non-epileptic seizures even though individual tests probably do 
not yield consistent differences between those with nonepileptic and epileptic 
seizures (76).

The capacity to consent to treatment, including the ability to perceive a 
choice to seek and refuse a given treatment, to choose among possible treat-
ments, and the ability to appreciate the possible consequences of each of these 
courses of action, can be addressed by presurgical evaluation. Evaluation of 
cognition, mood state and coping can facilitate decisions regarding a patient’s 
ability to cooperate with the arduous presurgical evaluation process, operation 
and postoperative care.

All this information can be used by the treatment team to provide the 
patient and family with tools to make a sound decision regarding the likely 
outcomes and risks of surgical intervention, or lack thereof. Careful discus-
sion of expectations is indicated, because marital conflict may arise in cases 
where PD patient and caregiver expectations of post-surgical improvement 
and increased functional independence are unmet (77). It may be that patients 
with milder PD have greater expectations for restoration of function (78) and 
thus, might be at greater risk of having unmet expectations. Similarly, unmet 
seizure reduction and psychosocial improvement expectations are associated 
with lesser postoperative satisfaction and poorer psychosocial outcome after 
ablative epilepsy surgery (79–81), and the issue of pre-operative expectations 
and satisfaction with DBS in MS has also been addressed (82).

Purposes of Postoperative Neuropsychological Evaluation

Postoperative neuropsychological evaluation is advocated at a minimum in PD 
patients in whom this is clinically indicated (83), though an argument may be 
made for more systematic and thorough cognitive evaluation given the insen-
sitivity of screening instruments to cognitive changes after STN DBS (84). 
Postoperative evaluation is also done fairly routinely after epilepsy surgery, 
and certainly, given the very limited available neuropsychological outcome 
data for DBS in epilepsy, pain, TS, dystonia, OCD, and depression, there is an 
onus on clinicians and researchers to objectively document the neuropsycho-
logical safety and outcomes of investigational DBS.

In the event that “delayed” complications emerge, it becomes possible to 
determine via neuropsychological evaluation whether cognitive, emotional 
and behavioral changes are related to surgical intervention or operative com-
plications, DBS, medications or other alternative treatments, disease progres-
sion, seizure activity, or emotional and psychosocial factors. In the event of 
significant neurobehavioral changes after surgery, postoperative evaluation 
can clearly delineate the extent and nature of these changes, thereby facili-
tating rehabilitation planning. Such intervention is of importance given that 
neurobehavioral symptoms not only compromise the PD patient’s QOL, but 
also that of the care partner (85), and because treatment side effects impact 
intractable epilepsy patients’ and care partners’ QOL (86).

Methods of Neuropsychological Evaluation

Comprehensive neuropsychological evaluation entails a review of medical 
records, interviews with patient and family, observation of behavior, and 
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administration and scoring of psychometric test instruments. These sources of 
information are integrated to arrive at a description of the patient’s neurobe-
havioral strengths and weaknesses, inferences about the etiology of cognitive 
and emotional dysfunction, and the suitability of DBS intervention for that 
person. It is important to emphasize that, given the current state of knowledge 
about the neuropsychological effects of DBS and risk factors for morbidity, 
prognostic statements are best phrased in terms of broad bands of probability, 
such as a person being at average, greater than average, or less than average 
risk of neurobehavioral morbidity.

Several papers recommend specific tests to be employed in the neuropsy-
chological evaluation of surgical candidates with PD (47, 51, 52, 87) and TS 
(50), but no papers propose specific tests for the evaluation of DBS candidates 
with other disorders. Specific neuropsychological tests proposed for evalua-
tion of PD surgery candidates by various position and review papers overlap, 
but are not identical. Because there is probably less disagreement about which 
areas of cognition to evaluate than about which specific tests to utilize, recent 
consensus statements have suggested the domains of neurobehavioral func-
tioning to be evaluated and potential test choices for these domains rather 
than prescribed test batteries (49). In addition, several general considerations 
in neuropsychological evaluation for PD surgery (49) and epilepsy (88) might 
apply to a range of disorders to be treated by DBS. Tests to be used in clinical 
decision making rather than research should be standardized, have adequate 
normative data, reliability, validity, and preferably test–retest data specifically 
for the condition being evaluated. Except in unusual circumstances, such as 
unavailability of standardized tests in a given country or language, experi-
mental tests, while of utility in research studies, should not be used in clinical 
decision making. In addition, test selection should consider local relevance 
of tests, ethnicity, and culture of the test-taker. Limitations of tests should be 
considered and probably mentioned explicitly in clinical reports when such 
limitations might compromise the validity of the assessment.

Contents of test batteries for evaluation of DBS candidates with disorders 
such as MS, ET, dystonia, epilepsy, and neuropsychiatric disorders may ulti-
mately be different than for PD, depending upon the neurobehavioral patterns 
and pathophysiology observed in those conditions and test sensitivity. However, 
until adequate data are available, a similar subset or core of neuropsychological 
tests, supplemented with tests specifically designed for or sensitive to cognitive 
and behavioral changes in a given condition, might be used in DBS evalu-
ations for different conditions. Such use of overlapping test batteries would 
permit comparison of neurobehavioral outcomes across disorders. Indeed, an 
examination of tests recommended for evaluations in epilepsy surgery (55), MS 
(89–91), and already used in studies of DBS in epilepsy (56), OCD (92, 93), 
and depression (11) reveals a pre-existing overlap with tests recommended for 
use in PD and TS.

Areas of Functioning Assessed in Neuropsychological 
Evaluations

The domains of functioning assessed in most evaluations include intelligence 
or overall level of cognitive functioning, attention and working memory, execu-
tive functions, language, visuoperceptual and spatial functions, motor function, 
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memory, mood state, and QOL. We also recommend a formal assessment of 
coping responses and stressors. Examples of tests of each of these domains, 
many of which have been used in published studies of movement disorders 
surgery, epilepsy surgery, and MS are listed in Table 21.3.

Intelligence
Except in cases of dementia, intelligence is preserved in PD, ET, dystonia, 
OCD, depression, and MS. Nonetheless, PD patients may perform poorly on 

Table 21.3 Examples of standardized tests used in neuropsychological evaluation for deep brain 
stimulation.

Type of Test Specific Tests

Estimate of pre-
morbid function

North American Adult Reading Test, Barona Demographic Equations, Wechsler Test of 
Adult Reading

General cognitive 
functioning

Raven’s Progressive Matrices, Wechsler Adult Intelligence Scale, Wechsler Abbreviated 
Scale of Intelligence (WASI), Kaufman Brief Intelligence Test, Mattis Dementia 
Rating Scale, Mini Mental Status Examination,2 Cambridge Cognitive Examination2

Language Controlled Oral Word Association Test,3 Boston Diagnostic Aphasia Examination’s 
Animal Naming and Boston Naming Tests, Multilingual Aphasia Examination’s 
Sentence Repetition and Token Test

Attention and work-
ing memory

Paced Auditory Serial Attention Test (PASAT), Stroop Color and Word Interference Test, 
Brief Test of Attention, Digit and Visual Memory (Spatial) Span, WMS-III Letter-
Number Sequencing, Digit Symbol/Symbol Digit, Trailmaking Test3

Executive function Wisconsin Card Sorting Test (or WCST-64), Cognitive Estimation Test, Booklet Category 
Test, Delis-Kaplan Executive Function System, Matrix Reasoning, Tower tests

Memory Benton Visual Retention Test, Wechsler Memory Scales (revisions) Logical Memory, 
Rey-Osterreith Complex Figure Test (not for patients with notable motor impairment), 
Rey Auditory Verbal Learning Test, Hopkins Verbal Learning Test,3 California Verbal 
Learning Test-II, Wechsler Memory Scale III Family Pictures and Faces; Selective 
Reminding Test

Motor Finger Tapping, Grooved Pegboard (for patients with mild movement disorder)3

Visuoperceptual-
spatial

Benton Judgment of Line Orientation,3 Benton Facial Recognition Test, Benton Visual 
Discrimination Test, Hooper Visual Organization Test, Block Design

Mood and 
personality

Profile of Mood States, Beck Depression Inventory,1 State-Trait Anxiety Inventory, 
Zung Depression Index, Beck Anxiety Inventory, Minnesota Multiphasic Personality 
Inventory (MMPI), Frontal Systems Behavior Scale (FrSBe), Hospital Anxiety and 
Depression Scale, Neuropsychiatric Inventory, Montgomery-Åsberg Depression Scale,1 
Hamilton Depression Rating Scale or Inventory,1 Hamilton Anxiety Rating Scale

Quality of life Sickness Impact Profile (SIP), Parkinson’s Disease Questionnaire (PDQ), Nottingham 
Health Profile, Quality of Life in Epilepsy Inventory (QOLIE), Quality of Life in 
Depression Scale

Stressors Life Stressors and Social Resources Inventory
Coping Coping Responses Inventory
Experimental tasks Tower of London (or Hanoi or Toronto), Conditional Associative Learning Test, 

Emotional Stroop task
Computerized or 

Web-based tests
CANTAB

1Recommended by the American Academy of Neurology Practice Parameter (406) for screening of depression in Parkinson’s 
disease
2Recommended by the American Academy of Neurology Practice Parameter (406) for screening of dementia in Parkinson’s 
disease
3Recommended for assessment for DBS for Tourette’s syndrome (50)
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some tests of the Wechsler scales (particularly some of the Performance 
scale subtests which are timed and have significant motor demands) due 
to bradyphrenia and bradykinesia. The pattern of lower Performance than 
Verbal IQs in MS, when observed, may be attributable to sensory and motor 
factors (94). In epilepsy, lower intelligence has been associated with sei-
zure onset before age 5, extent of cortical dysplasia, greater frequency of 
generalized seizures, repeated status epilepticus, type of seizure syndrome 
(e.g., Landau-Kleffner), seizure type (generalized tonic-clonic), and even 
medications (e.g., lamotrigine, Phenobarbital; ref. 95). However, declines in 
intelligence can also be observed in focal epilepsies such as mesial temporal 
lobe epilepsy (96).

In practice it is rare that a patient has previously undergone intelligence 
testing while healthy (i.e., premorbidly). Consequently, indirect methods (such 
as performance on oral word reading tests resistant to decline subsequent to 
cerebral dysfunction, or equations utilizing demographic information) are 
used to estimate premorbid intelligence and infer whether current performance 
represents a decline from once higher levels.

Cognitive Screening
Brief screening measures, or measures of overall level of cognitive function-
ing, are convenient and inexpensive to use. However, such scales may lack 
sensitivity, meaning that impaired performance is revealing of disease, but 
intact performance does not imply absence of mild to moderate or selective 
cognitive deficits. Consequently, use of such a test early in the evaluation 
process is helpful in sparing the significantly impaired patient further arduous 
testing for surgical evaluation (although further testing may be indicated for 
differential diagnosis).

Attention and Working Memory
Working memory is a limited-capacity, multi-component system involved in 
the temporary storage and manipulation of information. This system, and the 
allocation of attention resources, is often compromised by PD, some of the 
medications used to treat the disease, and by surgical treatments (97–100). 
Working memory is usually preserved in mesial temporal lobe epilepsy (96), but 
may be compromised in persons with focal frontal and generalized epilepsies 
(101, 102). Antiepileptic drugs (AEDs) may also impair attention and working 
memory (103). Attentional and working memory deficits are relatively com-
mon in MS (104), are seen to variable extent in depression (105), and have 
recently been observed in ET (106) and dystonia (107).

Executive Functions
Executive functions include conceptualization, abstraction, planning, insight, 
cognitive flexibility, the ability to monitor, regulate, and initiate and inhibit 
responses. These functions depend, among other factors, on frontal lobe and 
fronto-striatal integrity and are vulnerable to PD and its surgical treatment 
(84, 108, 109). Executive function deficits are also among the most prominent 
of the cognitive alterations observed in OCD (110, 111) and depression (105, 
112) and have been observed in as many as one third of persons with MS 
(113). Although cognition is thought to be intact in ET and dystonia, subtle 
changes in executive functions have been reported in both ET (106, 114–118) 
and some but not all studies of dystonia (107, 119–121). Executive deficits are 
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also observed in TS (122) and poor performance on tasks of conceptualization 
and cognitive flexibility may be related to the obsessive characteristics often 
observed in TS (123).

Assessment of executive functions is of particular relevance and importance 
in DBS candidates with PD, because executive deficit in PD is linked to dimi-
nution of capacity to consent to medical treatment (124), ability to carry out 
instrumental activities of daily living (125), and capacity to deploy a range of 
effective coping strategies (126). Similarly, seemingly mild cognitive deficits 
in MS can compromise ability to engage in activities of daily living (127), 
and in adults and children with epilepsy, neuropsychological, and especially 
executive function, is related to independent living and/or behavioral adapta-
tion (128, 129).

Language
Performance on verbal fluency tasks, requiring oral generation within a time 
limit of words beginning with a given letter of the alphabet, or belonging to 
a given semantic category such as animals, is frequently disrupted by neuro-
surgical interventions for PD (36, 130). Verbal fluency may or may not be 
disrupted in PD without dementia, but almost always is disrupted in dementia 
(131). Verbal fluency impairments may be a harbinger of incipient dementia 
in PD (73, 132, 133). In contrast to verbal fluency, other language functions 
such as repetition, comprehension, word knowledge, and visual confrontation 
naming are preserved in PD. When impairments are observed in such func-
tions, the diagnostic possibility of a dementia, especially one not due to PD, 
needs to be considered.

Language functions are rarely disturbed in OCD and depression, although 
performance on timed fluency tasks may be (134). Language functions are 
also rarely affected in MS and decrements in verbal fluency tasks may reflect 
information processing speed or word retrieval difficulties (94). Patients 
with temporal lobe epilepsy (TLE), and especially left TLE, as a group show 
impairments in naming and verbal fluency (135, 136), though such deficits 
may be observed in only a minority of patients (137). In addition, despite 
precautionary measures such as language mapping by functional neuroim-
aging or electrical cortical stimulation, language may decline after temporal 
lobectomy (135).

Visuoperceptual Functions
Visuoperceptual deficits have been observed in numerous studies of PD, 
but not in others, and it is also a matter of debate whether these deficits 
are true visuoperceptual deficits or secondary to executive deficits (138). 
Surgical treatment has only rarely been reported to impact these func-
tions. Visuoperceptual disturbances have been among the more commonly 
reported cognitive changes in OCD, though they can be quite mild (110) 
and may be seen only in persons with OCD onset after age 21 (134). 
Difficulties with facial processing and spatial judgment occur in about 
10 to 20% of patients with MS (104). Impoverished visuospatial task per-
formance can also be observed in mesial TLE (96). Visuomotor integra-
tion deficits are among the most common observed deficits in TS (122). 
In contrast, visuospatial skills are usually preserved in ET, dystonia, and 
depression.
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Memory and Learning
Profound memory impairment is not a hallmark of PD. The ability to recall 
new information is generally compromised, but recognition is relatively intact. 
Such dissociation between recall and recognition has been interpreted as 
indicating a retrieval deficit in PD. While this interpretation is probably cor-
rect, there is evidence that PD patients also have encoding deficits (139). The 
exact extent to which encoding and retrieval deficits reflect executive deficits 
remains debated (140). Similarly, both encoding and retrieval deficits prob-
ably underlie the memory impairments commonly observed in MS (141, 142), 
and depression (143, 144). In contrast, TLE has been associated with memory 
impairments related to deficient encoding, storage, and retrieval (145). Though 
there are often assumed to be material-specific memory differences between 
left and right TLE, these differences have been difficult to elicit reliably, and 
verbal memory deficits are probably more readily appreciated in left TLE than 
are nonverbal memory deficits in right TLE (96). Frontal epilepsy surgery 
may impact memory indirectly (146). Although verbal memory impairment 
is rarely found in OCD, some patients have difficulty organizing memoranda 
for later retrieval (147) and nonverbal memory impairment is observed quite 
consistently (147). Remote memory (recollection of information from the dis-
tant past) is preserved in PD, and a retrograde amnesia is typically associated 
only with dementia (148).

Nonverbal memory tests with significant motor components are not recom-
mended in surgical candidates with PD given their severe motor disability 
(bradykinesia, tremor, dyskinesia) and motor fluctuations. The Wechsler 
Memory Scale –III includes several visual tasks without motor components 
(Faces and Family Pictures) that are more appropriate.

Mood State and Behavioral Symptoms
Anxiety and depression symptoms are common in PD: about 50% of persons 
with PD become depressed at some point during their illness (149, 150), and a 
similar lifetime risk of depression has been reported for MS (151). Depression 
is the most common psychiatric comorbidity in patients with epilepsy, and 
40 to 60% of persons with TLE may have depression (152). Assessment of 
depression is of particular relevance in DBS candidates for at least three rea-
sons: depression can exacerbate cognitive impairment in PD (153–155) and 
MS (156); depression has been associated with poorer surgical outcome in 
movement disorders (157); and pre-operative depression confers higher risk of 
continued depression after epilepsy surgery (81, 158). Depression also com-
promises the patient’s cooperation during surgery while awake and reduces 
resources to cope with peri- and postoperative stressors. It is probably prudent 
to treat and re-evaluate the patient with marked depression before making a 
final decision about the appropriateness of surgical treatment (49).

Assessment of anxiety may also allow prognosis concerning patient ability 
to cooperate with an arduous evaluation and surgical procedure. In assess-
ing anxiety by questionnaires, care should be taken to scrutinize items that 
are endorsed. Many questionnaires contain symptom items that might reflect 
symptoms of PD rather than anxiety (159). Patients who report phobic experi-
ences and generalized anxiety may have difficulty tolerating an MRI proce-
dure without sedation. In our experience, patients who have difficulty dealing 
with the stress of a neuropsychological evaluation prior to surgery are more apt 
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to have difficulty tolerating protracted work-up and surgery. Patient education, 
including preparation for surgery, can be extremely helpful in this regard.

Because surgical intervention can lead to “frontal” personality changes or 
exaggeration of presurgical behavioral characteristics and psychopathology 
(160), evaluation of personality structure by interview or formal assessment is 
indicated. Measures that have been used in PD include the Neuropsychiatric 
Inventory (161), the Frontal Lobe Personality Scale (162) (now called the 
Frontal Systems Behavior Scale [163]) and the Minnesota Multiphasic 
Personality Inventory (164), although the latter is long and difficult to complete 
for the patient who easily fatigues and has a movement disorder. Personality 
and mood assessment is also often used in epilepsy surgery (165, 166), and is 
obviously required in DBS for neuropsychiatric disorders.

Stressors and Coping
Informal assessment is frequently made of patients’ stressors, resources, and 
coping mechanisms during the interview. However, self-report questionnaires, 
permitting a quantitative assessment, are also available. The importance of con-
sidering a person’s response to stress in predicting movement disorder surgery 
outcome was already commented upon by Diller et al. in 1956 (167). Stressors 
can contribute to anxiety and depression, and an assessment of current stres-
sors permits judgments about the timing of surgery. In general, if a patient has 
numerous other ongoing stressors, one might consider delaying surgery until 
these stressors are resolved. The evaluation, surgical procedure, and recovery 
may be stressful and adding such significant stressors to an already stressful 
environment heightens risk for exacerbation of mood disturbance.

The impact that stressors have on a patient is mediated by social resources 
(such as financial reserves, social support networks) and coping mechanisms. 
The patient with significant stressors, limited social assets, and restricted 
coping abilities is likely to be a poorer surgical candidate than one who has 
significant stressors but a wide range of assets and is able to utilize a diversity 
of coping strategies. For example, greater social resources and fewer stressors 
have been associated with a better QOL after pallidotomy (168).

Quality of Life
Adequate definitions and conceptualizations of QOL are elusive. Pragmatically, 
health-related QOL is defined as the patient’s perception and evaluation of the 
impact that an illness, its treatment, and its consequences have on their life. In 
general, most agree that physical, psychological, social, economic, vocational, 
and spiritual factors contribute to overall QOL. QOL is not only becoming an 
outcome measure of increasing significance in its own right (169), but QOL 
measures form the basis of modern cost-effectiveness analyses, including of 
DBS (170). Assessment of QOL is particularly important in movement disor-
ders surgery because the treatment is not curative but designed primarily to 
improve function and QOL (171, 172). Explicit evaluation of QOL in surgery 
for movement disorders (173–175) and in neurosurgery more generally (176) 
is of recent origin. Assessment of QOL in epilepsy surgery has a more robust 
history, particularly since such assessment was recommended by consensus 
in 1990 (177).

Measures of QOL and functional status fall into two broad categories: 
generic and disease-specific. The advantage of generic measures is that they 
permit comparison of QOL across diseases and conditions. Disease-specific 
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measures, in contrast, earn their utility from their sensitivity to issues specific 
and important to individuals with a given disease. In ideal circumstances, 
assessment should be achieved using both generic and disease-specific meas-
ures. Numerous disease-specific QOL measures are now available for PD and 
DBS (178–180), epilepsy and epilepsy surgery (181), MS (182), ET (183), 
and depression (184).

Interpretative and Practical Challenges 
for the Neuropsychologist

Several issues need be kept in mind while planning the evaluation of patients 
before and after DBS and in comparing and interpreting pre-and postoperative 
test results.

Medication Effects
Dopaminergic drugs can impact cognitive functions, and in particular work-
ing memory and executive functions, although effects on different functions 
within a given domain of cognition can be heterogeneous (99, 131, 185). 
Antiepileptic medications can adversely affect attention, reaction time, lan-
guage, and memory (186, 187). Antidepressants can have both negative and 
positive effects on cognition (188). Patients should always be questioned 
about when they take their medication and asked to bring medications 
with them to appointments. Deviations from dosage regimens may result 
in unpredictable fluctuations in motor symptoms of patients with move-
ment disorders or inadequate seizure control in patients with epilepsy, thus 
complicating neuropsychological testing. The complete (neurologic, neu-
ropsychological, neurodiagnostic and neurosurgical) pre-surgical work-up 
is time consuming and extensive, sometimes necessitating evaluation over 
more than one day. It is preferable for the patient to be tested on their usual 
medications, and indeed this has been formally recommended in the case of 
PD (49).

Medication effects also need to be considered in comparing pre- and 
postoperative test performance. Particularly after subthalamic DBS, medica-
tion dosage is often dramatically reduced. Although such effect is expected 
to be mild, medication reduction can both positively and negatively impact 
cognitive functions and mood state. Of greater complexity is the possibly 
interactive effect of surgery and medication: it has recently been shown that 
pallidotomy may alter the effect levodopa has on certain cognitive functions 
(189). Alterations in medication regimens after surgery can similarly compli-
cate interpretation of neuropsychological evaluation results in epilepsy and 
neuropsychiatric conditions.

Consideration of Motor Symptoms and Seizures
Neuropsychological evaluation is extremely challenging when the parkinsonian 
patient is in the “off” state. Not only may the patient be bradykinetic, in a “fro-
zen” state, and bradyphrenic, but also speech may become so hypophonic and 
dysarthric as to be unintelligible. Although comparison of cognitive function-
ing in the “on” and “off” states is of interest, such a comparison is rarely feasible 
from a practical standpoint. Consequently, it is recommended that patients be 
tested, so far as possible, within their self-described “on” state. Surgical candidates 
may have levodopa or dopamine agonist induced dyskinesias during portions 
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of the “on” state. The best way to achieve a valid neuropsychological evalu-
ation is to plan ahead: the patient and caregiver should be questioned about 
duration of “on” state, occurrence and duration of dyskinesias, and duration 
of “off” state. The rapidly fluctuating patient presents a particular challenge, 
and testing may have to be interrupted where feasible and spread over several 
relatively brief sessions. Consideration also needs to be given to the motor 
and vocal tics of patients with TS and the postural abnormalities and painful 
muscle contractions of persons with dystonia. Similarly, the extent and nature 
of motor deficits in patients with MS should be considered in planning the 
evaluation and potential accommodations in the test process.

The patient with epilepsy should be evaluated interictally. If a seizure occurs 
during testing, it is helpful to know from interview or history how long it typi-
cally takes a patient to return to a pre-ictal cognitive state and for possible con-
fusion to clear. Evaluation should be carried out once the patient’s sensorium 
and confusion have cleared, though brief, informal evaluation of memory and 
observation of language or speech arrest during a seizure can be informative.

Practice Effects
When individuals undergo repeated evaluations using the same or similar 
test instruments, it is conceivable that scores may “improve” because the 
individual remembers and has experience with the test. Several strategies are 
available to minimize practice effects, such as utilizing alternate test forms 
(two versions of the test differing in specific content, but not difficulty), 
maximizing the test–retest interval, or utilizing statistical techniques (190, 
191). Even when alternate test forms are used, a familiarity effect may occur, 
meaning the individual performs better on tests due to becoming more test 
sophisticated or “test wise”.

An important issue is whether comparable test–retest effects observed in 
normative samples are evident in clinical populations. There is some sugges-
tion that such practice effects may not occur in PD on numerous tests (192). If 
a practice effect does not occur in PD, then possible score gains after surgery 
represent improvements rather than practice effects. Conversely, if practice 
effects are seen in PD, than a lack of gain might actually represent a decline, 
and a score gain would have to exceed the practice effect before it is con-
sidered an “improvement.” Of greater complexity in interpreting individual 
patient test score changes is the issue of a possible interaction between sur-
gery, medication, stimulation and practice effects.

Similar considerations apply to repeated evaluations of persons with other 
disorders, and in some instances, normative data (such as reliable change indi-
ces) are available to facilitate determination of whether a test score change is 
significant or unusual in epilepsy (193, 194), and statistical methods are avail-
able to calculate similar indices for other disorders (195).

Length and Breadth of Test Battery and the Role of Screening
Saint-Cyr and Trépanier (52), York and colleagues (191), and Green and 
Barnhart (190) have commented on the issue of how long a test battery for PD 
surgery candidates should be, and whether the battery should be broad or narrow 
in focus. Given the fatigability and motor fluctuations of most PD surgery 
candidates, the battery should be as short as possible, but still broad enough 
to answer the referral question and to develop clear and valid diagnostic and 
prognostic impressions. Similar considerations drive the selection of tests 
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within a battery of tests for other conditions, such as epilepsy, MS, dystonia, 
depression, TS, and OCD.

In clinical endeavors we suggest that the test battery be selected on the basis 
of: a) referral question; b) known neurobehavioral effects of a given disease; 
c) known neurobehavioral risks of a given treatment; d) patient ability to 
cooperate with tests; and e) findings uncovered during evaluation. Choice of 
specific tests is also based on consideration of each test’s assets and liabilities 
(normative data, test–retest data, validity and reliability, availability of alter-
nate forms, sensitivity, and ability of the test to delineate mechanisms underly-
ing deficient task performance).

While persons selected to undergo DBS should undergo full neuropsycho-
logical evaluation, it seems reasonable that persons suspected to have severe 
cognitive or psychiatric impairments that might contraindicate DBS undergo 
a shorter screening examination so as to reduce patient burden. Indeed, it 
has been recommended that, in the case of PD, patients failing screening be 
referred only for full neuropsychological evaluation if the failure is borderline 
or if the reason for failure is unclear and might be due to reversible, transient, 
or educational, cultural and linguistic factors (49). Furthermore, decisions 
about a candidate’s neuropsychological suitability for DBS should never be 
based on a single test or test score. It should also be noted that cognitive 
screening measures should be used as such; their lack of sensitivity suggests 
that they are probably inadequate as outcome measures.

DBS and Neurobehavioral Outcomes in PD

Thalamic Stimulation

Cognition, Language, and Memory
One study mentions in passing that no significant neuropsychological defi-
cits were observed in 10 PD patients after thalamic DBS (196). However, 
only three studies have reported detailed neuropsychological outcomes after 
thalamic DBS for PD. Neither Caparros-Lefebvre et al. (197) nor Tröster 
and co-workers (198) found changes in overall level of cognitive function-
ing in their small samples of nine patients after surgery. Similarly, in their 
heterogeneous sample of five PD, two ET, and two MS patients undergoing 
unilateral thalamic DBS, Loher and colleagues (199) failed to find global 
cognitive changes. In contrast to thalamotomy, thalamic stimulation, at least 
in PD, seems to be unassociated with declines in verbal fluency or memory, 
though Loher et al. did find, in a comparison of patients on and off stimula-
tion, statistically significantly poorer verbal memory in those having left 
thalamic DBS. Studies have also reported some improvements (possibly 
practice effects) on certain tasks. Caparros–Lefebvre et al. observed better 
performance on a card sorting task 4 to 10 days after surgery, while Tröster 
et al. found that patients demonstrated improved delayed recall of prose and 
recognition of a word list, and somewhat better naming, about 4 months after 
surgery. In a 12-month follow-up of five patients reported upon by Tröster 
et al. (198), Woods and colleagues (200) found that gains in verbal fluency 
and memory were maintained.

Interpretation of post-DBS changes in cognition is probably even more 
complex than interpretation of changes after ablation. In addition to medication 
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and/or test practice effects, neurobehavioral changes may reflect a transient 
microthalamotomy effect. Furthermore, effects on cognition may depend 
on stimulation parameters (unipolar vs. bipolar; amplitude, frequency, pulse 
width). The importance of considering stimulation parameters is amplified by 
the findings of Hugdahl and colleagues (201–203). These authors found that 
intra-operative high-frequency stimulation did not predict the effect on 
memory of thalamotomy; this is in contrast to the prediction of post-thalamo-
tomy memory deficits afforded by low-frequency stimulation (204).

Interpretative complexities of DBS effects on cognition are also illustrated 
by a case study. Tröster and colleagues (205) evaluated cognitive functioning 
in a PD patient before surgery, and in four conditions after surgery: with the 
stimulator turned on when the patient was either on or withdrawn from medi-
cation, and again with the stimulator turned off, while the patient was either on 
or off medication. A postoperative decrement in verbal fluency was observed, 
but stimulation in both medication conditions was associated with improved 
verbal fluency. In essence, based on this case, surgery and stimulation appar-
ently may have opposite effects on this function.

Mood State, Behavioral Changes, and QOL
Caparros-Lefebvre et al. (197) found an improvement in mood state (depres-
sive symptoms) 4 to 10 days after surgery. QOL improvements did not attain 
statistical significance in the study by Straits-Tröster et al. (206), but this may 
reflect the fact that a generic QOL measure, probably less sensitive to change 
than a disease-specific measure was used, and that the sample was small. 
Indeed, among five patients, QOL gains on the disease-specific PDQ were 
still observed 12 months after unilateral thalamic DBS (200). Alternatively, 
the lack of significant QOL impact of thalamic DBS (which alleviates tremor), 
may reflect the observation that tremor may be a less important determinant 
of QOL in PD than other symptoms such as bradykinesia, postural instability, 
and gait difficulties (207).

Pallidal Stimulation

Cognition, Language, and Memory
Tröster and colleagues (208), in nine patients undergoing unilateral pallidal 
DBS, found that none of the patients experienced significant changes in overall 
level of cognitive functioning 3 months after surgery. As a group, the patients 
demonstrated statistically significant declines in visuoconstructional ability 
and in verbal fluency, but the changes were rarely of clinical significance.

Subsequent studies have yielded similar findings. Vingerhoets et al. (209), 
in 20 patients, found no statistically significant declines in cognitive functioning 
after unilateral pallidal DBS. These authors also calculated an impairment 
index (percentage of measures falling below impairment criterion) for each 
patient. Using an extremely liberal criterion of impairment (a score falling 1 
SD below the mean of normative samples), they noted that only six of the 20 
patients showed any decrement (i.e., any magnitude increase in percentage of 
tests in the impaired range). These patients tended to be older and were taking 
higher medication dosages prior to surgery than patients showing no change 
or improvement. Merello et al. (210), among six unilateral GPi DBS cases, 
observed no significant changes in mean scores on neuropsychological tests, 
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but this might reflect the lack of statistical power attributable to the small 
sample size.

Safety of bilateral GPi DBS has been addressed in only a few studies, 
but the majority of these suggest that the procedure is relatively safe from 
a cognitive standpoint. Ardouin et al. (211), among 13 bilateral GPi DBS 
cases, found no significant changes in average test scores 3 months (Grenoble 
subjects, n = 8) or 6 months (Paris subjects, n = 5) after surgery. Pillon et al. 
(212) found no cognitive morbidity, using clinical tests, in a very similar group 
of patients at 12-month follow-up. Unlike STN patients, the performance on 
experimental tasks of five GPi patients at 6 months was no different on and 
off levodopa. Ghika et al. (213) found no significant changes in neuropsycho-
logical test scores 3 months after bilateral GPi DBS electrode implantation in 
six patients.

To determine whether the second surgery carries cognitive risks rela-
tive to the first surgery, Fields et al. (214) examined neuropsychological 
functioning in six patients undergoing staged bilateral GPi DBS electrode 
implantation. Patients were evaluated before surgery, 2 months after the 
first operation, and again 3 months after the second operation. No patient 
experienced significant declines in cognition and delayed recall was 
improved relative to baseline following the second operation. Rothlind and 
colleagues (215) recently reported on a randomized comparison of staged, 
bilateral GPi and STN DBS in 42 patients and found that minimal cognitive 
changes ensued from the second relative to the first operation. However, 
semantic verbal fluency declined after left DBS regardless of whether the 
left side was operated first or second. Though phonemic verbal fluency also 
declined only after left DBS, a significant effect of the second surgery was 
not demonstrated.

Only a single case study with MRI-confirmed electrode location has reported 
significant executive dysfunction after bilateral GPi DBS (216). Importantly, 
this study indicates the role stimulation played in this impairment. When the 
stimulators were turned off, the impairment was partially reversed. Relatively 
isolated cognitive impairments were reported by the Toronto group (217). 
Among four patients, there was a significant decrease only in backward digit 
span. Verbal fluency testing was administered to only one patient, who dem-
onstrated a decline on this task. The decline sometimes seen in verbal fluency 
after GPi DBS (208, 218) may be related to word search or executive strategy 
changes: patients seem to shift less efficiently between word categories when 
searching for words (219).

Whether unilateral GPi DBS is cognitively safer than pallidotomy has not 
been adequately addressed, but studies by Merello et al. (210) and Fields 
et al. (220) found the cognitive safety of the procedures to be comparable. 
Although, there is suggestion to date that bilateral GPi DBS may entail less 
cognitive morbidity than bilateral STN DBS (221–223), the only randomized 
comparison of the cognitive effects of GPi and STN DBS has failed to show 
substantial differences between the two treatments (215). Whereas Digit 
Symbol test performance (a measure of psychomotor speed and visual working 
memory) declined more after STN than GPi DBS, performance on an auditory 
working memory task (backward digit span) declined more after GPi than 
STN DBS.
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Mood State, Behavioral Changes, and QOL
Vingerhoets et al. (224) administered a generic QOL measure (Sickness 
Impact Profile; SIP) to 20 patients before and 3 months after unilateral GPi 
DBS. Significant improvements were evident in the Physical, Psychosocial, 
and Total scores. Among the 12 subscales, improvements were observed for 
ambulation, body care and movement, communication, sleep and rest, and 
eating. Straits-Tröster et al. (206), in their sample of nine unilateral GPi DBS 
patients, also observed significant improvements in the Physical and Total 
scales of the SIP, but did not analyze scores on subscales.

Studies employing measures of mood state (Beck Depression Inventory) 
did not find improvements in depressive symptomatology (206, 209, 211, 
213, 224) but Fields et al. (214) noted that patients experienced a reduction 
in anxiety. Higginson and colleagues (225) observed improvements in the 
autonomic, neurophysiologic, and subjective symptoms of anxiety in patients 
having undergone either unilateral GPi ablative surgery or DBS. As others 
(226–228) have noted, the clinical significance of these group (mean) changes 
on symptom inventories is unclear, and future studies would do well to deal 
with caseness, i.e., report on the number of cases meeting diagnostic crite-
ria for a certain condition such as depression before and after surgery. One 
report detailed hypomania and manic episodes after unilateral or bilateral 
GPi DBS (229) in a single patient but this morbidity may have been related 
to an interaction between stimulation and medication. Similarly, it is unclear 
whether hypersexuality reported in isolated cases (230, 231) reflects a possible 
dopamine dysregulation syndrome, medication–stimulation interactions, or a 
phenomenon that is part of hypomania.

Subthalamic Stimulation

Cognition, Language, and Memory
Neurobehavioral outcomes after bilateral STN DBS for PD have been published 
more frequently than for any other form of DBS. Despite this relatively rich 
literature, notable controversy exists about the frequency, nature, and extent of 
cognitive changes and the factors accounting for such changes. The reported 
frequencies with which cognitive changes occur after STN DBS is quite vari-
able and this probably reflects differences in ascertainment methods (informal 
review suggests that studies using formal neuropsychological evaluation are 
more likely to find changes than studies using undefined methods or screen-
ing instruments), patient selection criteria, operative technique, and pre- and 
postoperative patient management strategies. A recent review (232) estimated 
that cognitive problems are observed in 41% of patients after STN DBS, but 
the extent and nature of such problems was not elaborated upon.

Examination of clinical studies suggests that profound or wide ranging 
changes in cognition are probably fairly rare. Rodriguez-Oroz and colleagues 
(222), who were careful to operationally define severity of impairment, found 
that severe impairments (meaning those that are incapacitating) occurred in 
1 to 2% of cases. Moderate impairments (requiring treatment or having mild 
functional impact), and mild deficits (having no functional impact) were more 
common, occurring in about 20% of patients. This latter number is similar 
to that reported in another series (233), but considerably higher than the 
approximately 4% incidence of cognitive impairment observed in a recently 
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published, controlled multicenter trial (although it is not clear how this impair-
ment was established or defined; ref. 234).

Studies utilizing formal neuropsychological evaluation methods have gen-
erally observed small and confined cognitive changes (87, 211, 212, 215, 
235–252). Three groups of researchers have reported more wide-ranging 
adverse cognitive and behavioral effects (217, 235, 248, 253–255). Saint-Cyr, 
Trépanier, and their colleagues found poorer performance on the Trailmaking 
Test (Part B), poorer delayed recall and recognition of a word list, diminished 
verbal fluency, and poorer visual memory 3 to 6 months after than before bilat-
eral DBS surgery in 11 patients. These deficits were still evident in patients 
returning for 12-month follow-up (up to nine patients for some tests; ref. 255). 
Declines in some other functions were observed at 12 but not 3 to 6 months, and 
these changes, thus, probably relate to disease progression, subject selection bias, 
and/or attrition. Alegret and co-workers similarly found significant declines 
in average verbal memory, verbal fluency, complex visual attention, and visu-
ospatial task scores 3 months after surgery in a group of 15 patients tested 
off medications. In contrast to Saint-Cyr and colleagues, however, Alegret 
et al. (253) interpreted the observed cognitive changes not to be of clinical 
significance. Smeding and her colleagues (248), in their controlled study (the 
largest sample to date having undergone formal, detailed neuropsychological 
evaluation) reported declines on a range of tasks the authors felt were reflec-
tive of executive deficits (this study is discussed further under the three studies 
that have evaluated neuropsychological changes relative to an unoperated PD 
control group).

Morrison et al. (87) were the first investigators to publish neuropsychologi-
cal findings pertaining to unilateral STN DBS. In their group of three patients, 
few cognitive changes were observed. Two of three patients (one left and one 
right DBS) showed improved category fluency, while two (one left, one right 
DBS) showed decrements in letter verbal fluency. Two patients (both left 
DBS) also showed poorer performance on the Stroop task and on an alternat-
ing fluency task. Although the sample is too small to evaluate laterality effects 
of STN DBS, it appears changes can occur after both left and right STN DBS. 
A more recent study of staged GPI and STN DBS, which afforded the oppor-
tunity to observe neuropsychological changes after unilateral surgery, found 
declines in verbal fluency after left DBS (215).

Controlled Studies of Neuropsychological Outcome: Given that many of 
the neuropsychological studies of bilateral STN DBS have small sample 
sizes, it is probably prudent to rely more on controlled than uncontrolled 
studies, meaning those studies that compare neuropsychological changes 
in operated and unoperated PD groups. Unfortunately, to date, there are 
only three such studies and each has significant methodological and/or 
conceptual limitations. The first published controlled neuropsychologi-
cal study of STN DBS by Gironell and co-workers (241) compared the 
outcomes in eight patients with bilateral STN DBS, eight patients under-
going unilateral pallidotomy, and eight unoperated PD patients. Surgical 
patients were tested on their medication 1 month before and 6 months 
after surgery, while the control group was retested after 6 months. In that 
study, a selective decline in semantic verbal fluency was observed in the 
STN DBS group.
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The second controlled study made similar observations, although the meth-
odology differed. This study by Morrison and colleagues (245) evaluated 17 
patients (two of whom had had a prior pallidotomy) before and 3 to 4 months 
after STN DBS, and 11 PD patients on medical therapy on two occasions, 
about 9 weeks apart. The impact of medical therapy in the STN DBS patients 
is difficult to evaluate because 5 of the 17 patients were tested off medication, 
while 12 were tested on medication. A desirable feature of the study is that 
a subset of 13 STN DBS patients were tested twice after surgery, once with 
the stimulators turned on, and once with the devices turned off. The surgery 
effect (operationally defined as the difference between baseline and post-
surgical “stimulation off” scores relative to the change in the control group’s 
scores) was limited to mild decrements in language and attention. The proce-
dure as a whole (the effect of surgery plus stimulation) was associated with 
subtle declines in delayed verbal recall and language. However, the effect of 
stimulation per se (comparing test performance with stimulators turned on and 
off relative to change observed in the control group) revealed no significant 
changes.

The most recent, controlled study by Smeding and associates (248) evalu-
ated 99 STN DBS patients on medication, within 3 months before surgery 
and 6 months after surgery. The change in neuropsychological test scores was 
compared to the change observed among 36 medically treated PD patients 
tested twice, 6 months apart. Relative to the control group, the STN DBS 
group was reported to have more marked decline in overall level of cognitive 
function (approaching statistical significance), verbal fluency, delayed recall, 
and visual attention. Although QOL was apparently improved and depression 
scores improved, the STN DBS group also showed diminished positive affect 
and increased emotional lability after surgery.

Although this study is probably among the best available, given the use 
of a control group and a fairly large sample, several important limitations, 
including several discussed by the study’s authors, should be borne in mind 
when considering the potential significance of the findings. The study was 
not randomized. In addition, no comparison was made of neuropsychological 
functioning on and off stimulation so that it is not possible to determine 
whether stimulation per se exerted a negative effect on cognition. Accuracy of 
electrode placement is also unknown. Even though some of the comparisons 
are statistically significant, the effect sizes associated with them are small to 
moderate. Perhaps a more critical issue is the statistical treatment of the data. 
The study’s authors argue that a liberal statistical approach (using nonpara-
metric statistics, not correcting for chance findings associated with a multi-
tude of statistical comparisons, and the use of one-tailed significance tests) 
is appropriate since safety of the procedure is a primary consideration and 
one would presumably rather err by incorrectly concluding that a difference 
exists (Type I error) than to miss a true difference (Type II error). This posi-
tion has merit, but some may question whether a more conservative approach 
might still be adequately liberal. In particular, given that there usually is some 
heterogeneity among patients’ test score changes (some show improvements, 
some declines, some no change on any given test), one might wonder whether 
a one-tailed significance testing approach can be justified. Such an approach 
assumes a priori that a uni-directional change (presumably a decline) will 
occur, an assumption not supported by findings by others that reveal variability 
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among individuals’ outcomes and the observation that some test scores 
improve in groups of patients (211, 238). Unfortunately, the frequency of 
sizeable negative and positive changes was not reported. Also, as noted by 
the authors, some effects may have been medication-related: for example, the 
decline in memory was no longer significant from the change in the control 
group once anticholinergic medication intake was accounted for.

Meta-analysis of Neuropsychological Outcomes: A major issue in interpreting 
the somewhat discordant neuropsychological findings is that the vast major-
ity of studies have relatively small sample sizes. Woods and colleagues (256) 
found that only two of 30 studies had adequate power (above 0.80, where 
maximal power is 1 and minimal power is 0) to detect large cognitive effects, 
and that none had sufficient power to detect cognitive changes associated with 
conventionally small or medium effect sizes. Given this limited power, and the 
general absence of effect sizes in statistical analyses our laboratory recently 
undertook a quantitative meta-analysis of findings to date (84). That study 
was based on a literature search of peer-reviewed, English language studies 
from 1990 to April 2006 that reported interval or ratio data, provided pre- and 
postoperative data on at least one standardized neuropsychological test, and 
provided sufficient information to allow calculation of effect sizes. Given the 
large number of different tests used in the literature, tests were assigned to the 
functional domains they are commonly accepted to primarily measure (e.g., 
verbal memory, language, attention). Of 40 studies identified, 28 met inclu-
sion criteria, and this yielded a maximum combined sample size of 612 for 
calculation of the effect size of changes in the various domains of cognition. 
Analyses revealed that STN DBS (considered as a whole treatment procedure) 
was associated with moderate declines in verbal fluency and mild declines in 
verbal memory and executive function. Mild improvements were observed 
in psychomotor/information processing speed. Overall, the uncontrolled, 
controlled, and meta-analytic findings are in general accord that STN DBS is 
relatively safe from a cognitive perspective. One might bear in mind, however, 
that meta-analysis does not, despite attaching greater weight to studies with 
larger samples, redress methodological shortcomings of the studies included 
in the analyses.

Factors Underlying Cognitive Changes After STN DBS: Studies to date do 
not convincingly identify the factors that underlie cognitive changes after 
STN DBS. One possibility is that suboptimal electrode placement or spread 
to nonmotor (that is, limbic and associative) circuits (257–259) accounts for 
these cognitive and behavioral changes. However, to date, a relationship has 
not been found between cognitive change and active electrode coordinates 
(260). Similarly, although one might assume that less accurate electrode place-
ment is associated with poorer motor outcome and that patients with poorer 
motor outcome would thus be expected to have more pronounced cognitive 
changes, a relationship has not been found between motor improvement (a 
proxy measure of electrode placement accuracy) and cognitive outcome (248, 
260). Of course, this lack of relationship might be explained away by arguing 
that there is, at least among experienced treatment centers, little range (and 
variability) in electrode location making it difficult to obtain a significant cor-
relation between location and cognitive outcome. Similarly, one might argue 
that suboptimal electrode placement can be compensated for by adjusting 
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stimulation parameters, such that even patients with cognitive and behavioral 
changes may still have good motor outcomes.

Unfortunately, attempts to clearly delineate a relationship between stimulation 
parameters and cognitive outcome have met with limited success, probably in 
large part because four stimulation parameters (polarity, frequency, amplitude, 
pulse width) can be varied, yielding an almost infinite set of possible combina-
tions of parameter adjustments. Consequently, the relationships of stimulation 
parameters to neuropsychological outcome have been explored retrospectively 
within narrow ranges of motorically beneficial or therapeutic stimulation set-
tings. Another issue is that while it is known that various PD motor signs have 
different time-response curves (261), the time course of various cognitive 
responses to DBS is not known. Thus, it is not known how soon after turning 
stimulation on or off changes in cognition may become apparent. A report that 
various aspects of stimulation (such as higher frequency) are related to cognitive 
change (262) must be tempered by the observation that parameters other than the 
one being evaluated were not being held constant, making it difficult to identify 
clearly which parameters influence cognition and how they do so.

Another strategy to isolate effects of stimulation on cognition is to compare 
test performance with stimulators turned on and off. In general, such compari-
sons have yielded few replicable effects (212, 242, 245, 246, 250, 263, 264) 
and, even when statistically significant, clinical significance of such effects 
remains a matter of conjecture, as do their implications for brain–behavior 
relationships in the absence of precise electrode localization. Only one study 
appears to have examined different STN stimulation frequency effects on 
cognition and that study reported differential effects of low frequency, high 
frequency, and no stimulation on verbal fluency (265), namely facilitation by 
low frequency stimulation and diminution by high frequency stimulation. A 
potential future avenue for exploring effects of STN stimulation on cognition 
is to do so intra-operatively, though the amount of testing that can be done with 
awake patients intra-operatively is very limited.

Examinations of other possible factors that might account for cognitive 
changes between pre-and postoperative evaluations have failed to disclose 
relationships between cognitive change and depression (260) and dopaminergic 
medication changes (84, 248, 260). Although a relationship between cogni-
tive impairment and apathy may emerge 6 months to several years after STN 
DBS (240, 251), such a relationship was not evident 3 months after surgery 
(251). Other potential risk factors for cognitive deterioration have not been 
established, but include more advanced age (>69 years; refs. 87, 217, 255) and 
pre-existing cognitive deficits (266–268). While age appears to predispose to 
postoperative confusional episodes (269) and poorer executive function out-
come in the long term after STN DBS (240), it does not necessarily confer risk 
for poorer cognitive short-term outcomes (215).

The identification of reliable prognostic indicators is of urgency given the 
heterogeneity of cognitive outcomes among individual patients as exemplified 
by the findings of Dujardin and her colleagues (238). Among 9 patients stud-
ied on medication 3 months after surgery, these researchers observed declines 
in average verbal recall and verbal fluency scores, but gains in reaction time 
and simple attention (forward digit span). However, when examining change 
in individual patients, one third of patients showed overall declines in cognitive 
functioning (defined by declines of at least one standard deviation on at least 



21 Neuropsychological Issues in Deep Brain Stimulation 421

20% of the tests). On the positive side, among the 6 patients followed to 12 
months, none showed such declines, and importantly, the one patient among 
the six who had shown significant overall decline at 3 months, had recovered 
by 1-year follow-up.

Mechanisms Underlying Verbal Fluency Declines: That verbal fluency can be 
directly impacted by STN DBS (rather than the treatment procedure as a whole) 
was elegantly shown in a study utilizing randomized, double-blinded, high-
frequency (130 Hz), low-frequency (10 Hz), and sham stimulation (presumably 
bilateral). Low-frequency stimulation improved performance on four 1-minute 
verbal fluency tasks, whereas high-frequency stimulation tended to produce a 
diminution. Regardless of the debate about whether electrodes properly placed 
in sensorimotor STN or misplaced electrodes account for cognitive changes, two 
potential mechanistic explanations for verbal fluency declines are probably the 
most credible: motor speech and cognitive. If one were to speculate that motor 
speech mechanisms underlie verbal fluency decrements, it would be sufficient to 
posit an effect of STN DBS on cortical-basal ganglionic motor circuits. In con-
trast, were one to propose cognitive, and more specifically semantic or executive 
mechanisms as fundamental to DBS-induced verbal fluency changes, it would be 
necessary to speculate that: stimulation spreads beyond the motor circuit, active 
electrode contacts are placed outside the putative motor area, different stimula-
tion patterns affect different basal ganglia structures and cortical regions (270, 
271), or basal ganglia circuits are more open and inter-connected than held by 
accepted models (see Joel & Weiner [272]).

A motor speech explanation of declines in verbal fluency after STN 
DBS would appear to be paradoxical given motor improvements with DBS. 
However, one might argue that the range of effective stimulation for limb 
and speech motor programs is different (273). The majority of studies find 
an improvement or no change in dysarthria after STN DBS (273–277) and 
these improvements are related to normalization of cerebral metabolic patterns 
associated with speech activation (273), a finding paralleling the normaliza-
tion of cortical metabolism in good motor responders but not non-responders 
to DBS. When negative effects on motor speech do occur (278), they may be 
related to misplacement of electrodes or stimulation at suboptimal parameters, 
dyskinesias related to medication and stimulation interactions (276, 279), or 
an imbalance between right and left stimulation (277). Törnqvist et al. (280) 
have shown that using typical stimulation settings, there was no difference 
on and off stimulation in speech intelligibility, but that intelligibility declined 
with higher stimulation frequencies and amplitudes.

Empirical evidence, albeit largely indirect, probably favors a non-motor 
speech explanation for verbal fluency changes. Support for a cognitive rather 
than motor mechanism underlying verbal fluency changes comes from a study 
with seven patients undergoing PET while carrying out verbal fluency tasks 
with and without STN stimulation. Whereas motor function improved with 
stimulation, verbal fluency performance declined by 15%. In addition, verbal 
fluency differences between on and off stimulation were correlated with regional 
cerebral blood flow activation decrements during on vs off stimulation in the 
left inferior frontal and temporal gyri. Other evidence supporting cognitive and 
linguistic mechanisms underlying verbal fluency decrements are that: STN 
DBS affects semantic processing (249), motor speech decrements would 
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affect performance on a range of expressive language tasks, yet verbal fluency 
decrements may be specific in that they can be accompanied by improvements 
on other expressive language tasks, including visual confrontation naming 
(281), and reductions in verbal fluency after pallidal surgery are associated 
with diminution of patients’ efficiency in switching between lexical-semantic 
categories during word search and retrieval, thus implicating specific cognitive 
mechanisms in verbal fluency deterioration (219, 282). Consistent with the latter 
findings, STN DBS is reported to be associated with diminished switching 
between categories, whereas clustering remains unchanged (283).

Changes in Attention and Working Memory: Numerous clinical, experimental 
and animal studies reveal that the thalamus and basal ganglia are involved 
in multiple aspects of attention, especially visuo-spatial attention, divided 
attention, selective attention and working memory and response inhibition 
(284–286). Furthermore, because attention and working memory are suscep-
tible to disruption by PD and dopaminergic treatment (287, 288) the impact 
of STN DBS on these functions may merit special attention. Sizeable changes 
in attention and working memory have generally not been reported in clinical 
studies of STN DBS but clinical studies using tasks such as the Trail Making 
Test (or variants of the Stroop) task have observed both positive (212, 242) 
and negative (238, 242, 244, 254) effects of STN DBS on attention and work-
ing memory (130). Thus, like pharmacotherapy (185), STN DBS may exert 
heterogeneous effects on different tasks, and indeed, affect performance dif-
ferently than GPi DBS (242). Whether or not STN DBS affects attention and 
working memory may depend on the cognitive load imposed by the tasks, such 
that impairments are observed only on tasks placing high demands on cogni-
tive control and memory load (264).

The biological mechanisms underlying these subtle attentional changes are 
poorly understood. One study found that one physiological index of frontal 
activity related to response preparation improves with STN DBS (i.e., the 
contingent negative variation amplitude increases over the frontal and fronto-
central regions with bilateral STN DBS; ref. 289). Using PET, Schroeder and 
colleagues (290) identified impaired executive attention task performance to 
be related to decreased activation in right anterior cingulate cortex (ACC) and 
right ventral striatum during STN stimulation.

Only a few studies have examined the influence of DBS on isolated atten-
tional functions so as to elucidate possible cognitive mechanisms underlying 
changes on more complex attention and working memory tasks. Witt et al. 
(291) identified an influence of STN stimulation on visuo-spatial orientation 
by showing that left-sided STN-DBS increased the reaction times of both 
hands to visual stimuli within the left visual hemispace. In contrast, Heber and 
colleagues (292) detected changes in visuo-spatial scanning patterns in both 
visual hemifields, dependent on stimulation amplitude differences between 
left and right STN. DBS induced a gain of speed in detecting targets ipsilateral 
to the site with the higher amplitude. Both studies indicate an imbalance in 
cortico-subcortical circuits monitoring visuo-spatial attention and oculomotor 
function, induced by unilateral or imbalanced stimulation respectively.

Experimental Cognitive and Social Neuroscience Studies: One criticism of 
early movement disorder surgery studies was that they failed to take into 
account the role of human basal ganglia in cognition and behavior (293). 
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Efforts are underway to avoid such a conclusion in the current era of move-
ment disorder surgery. Recent studies have, for example, revealed an improve-
ment in time estimation with STN DBS (294) and impaired recognition of 
facial expressions with compared to without stimulation (295) and after as 
compared to before surgery (296, 297). In addition to studies examining 
isolated aspects of attention and working memory outlined in the preceding 
section, recent studies have revealed a potentially positive impact of STN DBS 
on aspects of nondeclarative memory (298).

Mood State, Behavioral Changes, and QOL
Recent meta-analysis of 22 studies carried out between 1993 and 2004 (299) 
yielded estimates that 6.8% of patients develop depression after STN DBS, 
that hypomania or a manic episode occurs in 1.9%, and that other psychiatric 
disorders such as hypersexuality, lability, psychosis, and hallucinations occur 
in 3.5% of patients. Similar figures were reported in a review by Temel and 
colleagues (232): depression 8%, hypomania or mania 4%, anxiety disorders 
less than 2%, personality changes, hypersexuality, apathy, and aggressiveness less 
than 0.5%. These findings coincide with the overall rate of psychiatric issues 
requiring treatment of 9% reported in a controlled study of 99 patients (248). 
However, the range in incidence of various behavioral alterations reported by 
different studies may be quite broad (227): depression 1.5 to 25%, attempted 
and completed suicide 0.5 to 2.9%, and (hypo)mania 4 to 15%. Factors under-
lying this heterogeneity of outcomes may relate to patient selection/exclusion 
criteria, especially with regard to psychiatric illness, ascertainment and defini-
tion methods, surgical and postoperative management differences, and rigor 
of study methodology.

Informal inspection of published studies raises the hypothesis that his-
torically earlier studies, studies with small samples, and studies with longer 
follow-up are apt to report a higher incidence of postoperative psychiatric 
morbidity. For example, one study of 11 patients over 5 years reported mania/
hypersexuality in almost 20% and apathy in almost 10% (237). Another study 
of 37 cases collected between 1996 and 1999, using 5-year follow-up, reported 
attempted suicide or suicide in 13.5%, apathy in 22%, disinhibition in 35%, 
psychosis and/or hallucinations in 27%, aggression in 8%, and dopamine dys-
regulation syndrome (levodopa addiction) in 8% (300). By contrast, a recent, 
controlled study of 78 patients at 6 months follow-up reported depression in 
5%, suicide in 1%, and psychosis in 5% (234). It is premature, however, to 
draw conclusions about the mechanisms of such behavioral changes and about 
the similarities and differences in long-term outcomes between patients having 
DBS and those subjected to other treatments. Certainly, given the progressive 
nature of PD, one expects behavioral changes to emerge more frequently with 
longer disease duration. Potential mechanisms underlying psychiatric phe-
nomena after DBS include pre-operative vulnerability (301), effects of stimu-
lation, effects of surgery, psychosocial stressors and adaptation, and alterations 
in medication after surgery. STN stimulation has been observed to lead to 
visual hallucinations (302), pseudobulbar crying (303), laughter and euphoria 
(9, 304) and depression (305, 306). Acute mood changes tend to be provoked 
by stimulation dorsal or ventral to the target for optimal motor control (307), 
whereas apathy is associated with ventral and medial STN DBS (251), and 
delusions perhaps with medial stimulation (308). Aggression occurs with 
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stimulation in the region of the triangle of Sano (309), though aggression has 
also been observed with presumably accurately placed STN electrodes (310).

Of interest is the apparent disconnect between studies reporting postopera-
tive depression and those using symptom rating scales and self-report inven-
tories showing improvements in average scores of symptom severity. Several 
studies have reported improvement in depressive symptomatology (211, 223, 
255, 311) when considering self-report mood state questionnaires. Similarly, 
studies disagree whether apathy does or does not increase after STN DBS 
(251, 312). On one hand, studies reporting postoperative behavioral changes 
typically do not report change in caseness from pre-operative state, leaving it 
possible that incidence of psychiatric conditions actually improves from pre-
operative levels. Indeed, it has been shown that the incidence of psychiatric 
illness may be greater among PD surgical candidates than among the PD 
population in general (313). Alternatively, patients completing inventories or 
responding to questions on rating scales may underestimate or be relatively 
unaware of behavioral changes as indicated by discrepancies in the report of 
patients and their care partners (255).

Another topic of increasing interest has been the phenomenon of pathologi-
cal gambling, isolated examples of which have been reported after DBS (248). 
A large, retrospective study (314) identified seven persons who had displayed 
pathological gambling prior to surgery among 598 patients who underwent 
STN DBS. In all patients gambling improved after surgery, resolving on 
average 18 months after surgery, but in two patients the condition worsened 
transiently. The improvement in gambling and other symptoms of dopamine 
dysregulation syndrome (e.g., off period dysphoria, non-motor fluctuations) 
paralleled the course of dopaminergic medication reduction after electrode 
implantation.

Several studies have convincingly shown that QOL improves after STN DBS 
(315). Not only does QOL improve after DBS, but also it improves more than 
with medical treatment as revealed by a controlled study (234). In addition to 
improving patients’ QOL, STN DBS also translates into gains in QOL of care 
partners for at least 2 years (316). However, not all domains of QOL improve 
comparably and gains may be limited to physical aspects of QOL such as bod-
ily discomfort, activities of daily living, mobility, and perceived stigma (317, 
318), though several studies have also found improvement in satisfaction 
with social, psychological and emotional functioning, 1 to 3 years after surgery 
(319, 320). There appear to be no strong presurgical predictors of QOL improve-
ment (319), but improvement in bradykinesia appears to be one of the strongest 
correlates of QOL improvement (319, 321). How much of the effect of motor 
improvement on QOL is direct is still unclear, and some of the benefit may be 
indirect via improving depressive symptoms (322). Whether verbal fluency 
decline, the most common cognitive morbidity after STN DBS, has a significant 
impact on QOL is unknown. Two studies have found significantly decreased 
satisfaction with communication (239, 317), but the factors responsible for those 
specific QOL declines were not identified.

Few studies have attended to social adaptation after surgery, a complex 
issue that has been more adequately addressed in the epilepsy surgery litera-
ture. Recent studies consistently provide evidence that gains in motor function 
and QOL do not necessarily translate into improved social integration and 
adaptation (323, 324). Familial relationships can be compromised after DBS 
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(77, 324), presumably when expectations of outcomes and perceived levels 
of functioning diverge between patient and care partner. In addition, despite 
improvements in motor function and QOL, patients may not return to work. In 
one study, only 9/16 who worked before surgery had returned to work by 18 
to 24 months after surgery (324). Predictors of barriers to social adjustment 
remain to be identified.

DBS and Neurobehavioral Outcomes in ET

Several studies have demonstrated the effectiveness of thalamic DBS in the 
reduction of postural and action tremor in patients with ET with some showing 
that improvements persist for 6 years (325–328). Limited case studies also 
suggest that DBS of the white matter adjacent to the STN may also be effec-
tive for ET (329–331).

Cognition, Language, and Memory

Detailed neuropsychological data pertaining to unilateral thalamic DBS in ET 
were presented by Tröster and colleagues (174). Another study (196) men-
tions in passing that one of four ET patients experienced transient slowing 
of information processing. Tröster et al. (174) found that among 40 patients 
with ET, the only decrement observed involved lexical verbal fluency (in 
contrast to the absence of such an effect in PD). Improvements, possibly 
impacted by test–retest effects, were observed in visuoconstructional skill and 
visuoperceptual gestalt formation, backward visual span, delayed prose recall 
and word list recognition (also seen in PD after thalamic DBS). In a follow-
up study 12 months following surgery largely similar results were reported 
(332). Improvements in delayed verbal memory, visual construction, visual 
perception, and dominant hand manual dexterity were maintained relative to 
baseline and patients demonstrated additional improvement from baseline on 
a measure of verbal learning, perhaps reflecting a practice effect. Significant 
increases in performance were found between the 3- and 12-month evalua-
tions on measures of verbal learning and concept formation. Twelve months 
following surgery, no significant declines were noted on any measures in 
comparison to baseline. However, four patients with baseline deficits in verbal 
fluency showed substantial further decrements following surgery, suggesting 
that persons with poor verbal fluency prior to surgery may be more susceptible 
to exacerbation of this deficit by DBS.

Few studies have compared neuropsychological test performance with and 
without stimulation. One case report found that thalamic DBS may improve 
verbal fluency (333). No differences were noted in other measures of attention, 
verbal memory, or visual perception. However, another study comparing per-
formance on and off stimulation found that thalamic DBS may disrupt recall 
of a word list (199). Because only two of the nine patients in this study had 
ET it is difficult to discern whether similar findings would obtain in a larger 
sample of ET patients.

Research has rarely examined the surgical and stimulation parameters that 
might predict cognitive or ADL changes after DBS in ET. One study compared 
the characteristics of 27 ET patients with mild cognitive declines following 
surgery with those of 22 patients without such declines (334). There were no 
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significant differences between the two groups in baseline neuropsycho-
logical performance, disease duration and onset, demographics, or postop-
erative motor functioning, but a larger proportion of patients with cognitive 
declines had undergone left rather than right thalamic DBS. A significantly 
higher pulse width (PW) was used in the group with cognitive declines and 
there was a significant association between cognitive decline and pulse width 
greater than 119 microseconds. It should be noted that not all stimulation 
parameters’ relationship to verbal fluency could be evaluated simultane-
ously, and therefore the specific role of pulse width in verbal fluency declines 
remains unknown. Onset of ET after age 37 was another significant predictor 
of worse cognitive outcome.

Mood State, Behavioral Changes, and QOL

Several studies demonstrate effective reduction of disability and significant 
improvements in activities of daily living (ADL) such as writing and pouring, 
following DBS for ET (335). Clinicians and patients have rated similar levels 
of improvement, ranging from 40 to 60%, on measures of ADLs such as the 
TADLS (336, 337). Improvements of ADLs have been noted in comparisons 
of baseline and post surgical scores, in comparisons of stimulation turned on 
and off (336, 338), and these improvements occur after both unilateral and 
bilateral DBS (326). Such ADL improvements are associated with gains in 
QOL. Tröster and colleagues (174) found a reduction in anxiety symptoms 3 
months after unilateral thalamic DBS surgery for ET. On the SIP (a generic 
QOL measure), improvements were found in Total and Psychosocial scores, 
and on the modified PDQ (a disease-specific measure), patients expressed 
significantly increased satisfaction with ADLs, communication, emotional 
functioning, and stigma. At 12-month follow-up, gains were maintained on 
the SIP Psychosocial scale and the modified PDQ Stigma, Activities of daily 
Living and Emotional Well-being scales (339).

DBS and Neurobehavioral Outcomes in Dystonia

Primary or idiopathic dystonias vary in the body parts they affect but all 
involve involuntary muscle contractions that lead to abnormal posture, twisting, 
and repetitive movements. The earliest attempts to treat torticollis and 
dystonia with stimulation targeted the thalamus (340, 341). Findings of recent 
case reports that bilateral pallidal stimulation alleviates dystonia have been 
confirmed in larger series using blinded evaluation (342) and sham stimulation 
controls (343), but relatively few studies have evaluated neuropsychological 
functioning, mood and behavioral changes, and QOL.

In an early case series Morrison et al. (87) reported minimal cognitive 
change in two patients with dystonia who underwent right GPi DBS. One 
patient experienced a decline in verbal fluency, but both patients experienced 
improvements on some tests of attention and memory. In the most detailed 
neuropsychological study to date evaluating overall level of cognition, atten-
tion, executive functions, verbal fluency, verbal learning, mood state and QOL 
in 15 patients, Hälbig et al. (344) reported improvement in motor function fol-
lowing bilateral GPi DBS ranging from 26 to 93%. As compared to baseline 
there was no deterioration in patients’ cognitive scores 3 to 12 months following 
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surgery as a group, although there was some variability in outcome such that 
some patients showed declines or improvements on one or more tests. Slight 
overall improvements were noted in Part A of the Trailmaking test, a test of 
psychomotor speed and visual attention. There were no marked changes on 
measures of depression, anxiety, psychosis and mania. Overall QOL, meas-
ured with the PDQ designed for PD, improved 37% after DBS.

The study by Vidailhet et al. (342) of 22 patients using a blinded evaluation 
protocol found that mean dystonia severity scores improved by an average of 
51% 12 months after surgery. These authors found that, compared to pretreat-
ment baseline testing, none of the patients experienced statistically significant 
declines in cognitive functioning 12 months after surgery, but evaluation was 
carried out only with the MMSE which may not be sensitive to the cir-
cumscribed cognitive dysfunction occasionally observed in dystonia. QOL 
evaluated with the Medical Outcomes Study (MOS) 36-item Short-Form 
General Health Survey (SF-36) revealed significant improvements in only two 
of the eight domains evaluated (General Health and Physical Functioning). 
Pillon et al. (345) conducted a more comprehensive neuropsychological evaluation 
of abstract reasoning, verbal intelligence, attention, executive function, verbal 
fluency, and verbal learning memory, and depressive symptomatology in this 
same patient population, and also observed no negative impacts on cognition 
at the 1-year study endpoint. Pillon and colleagues further noted that, as a 
group, patients showed mild but statistically significant improvements relative 
to baseline on measures of concept formation and reasoning, executive func-
tion, and memory. Whether these gains exceed expected practice or familiarity 
effects is unclear.

DBS and Neurobehavioral Outcomes in Epilepsy

Surgery for medically intractable epilepsy has been carried out for a long time 
and there are a large variety of ablative procedures that have been used for dif-
ferent syndromes. Numerous neuroanatomical structures (see Table 21.1) have 
been utilized to treat small numbers of epileptic patients with stimulation (346, 
347), with the earliest work by Cooper targeting the anterior thalamus and 
cerebellum (340, 348, 349). The relative dearth of empirically documented 
neuropsychological outcomes is somewhat surprising given the central role of 
neuropsychological evaluation in ablative epilepsy surgery.

Hodaie and colleagues (350) reported on anterior thalamic DBS in five 
patients with generalized tonic-clonic or secondarily generalized seizures. It 
was reported that the family witnessed no behavioral changes, and that the 
families of three patients reported improved cognition and activities of daily 
living. However, no objective data were provided. Similarly, a pilot study of 
14 patients (351), which did not provide detailed neuropsychological data, 
noted that two patients experienced depression and another two experienced 
increased irritability.

A placebo-controlled pilot study of centromedian nucleus stimulation in 
seven patients with either tonic-clonic, tonic, or complex partial seizures utilized 
a neuropsychological test battery including tests of intelligence, speech and 
language, visual and verbal memory, visuospatial functions, attention, executive 
functions, and motor speed (352). Detailed neuropsychological findings were 
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not presented but it was reported that no differences were observed between 
baseline scores and those on and off stimulation after DBS.

Hippocampal stimulation has been used in patients deemed at excessive 
risk of cognitive (memory) deficit after potential temporal lobe resection. 
One study has reported neuropsychological evaluation results in four patients 
with complex partial seizures with or without secondary generalization who 
underwent left hippocampal DBS (353). Patients underwent a 3-month base-
line evaluation period and were again evaluated after DBS after 3 months on 
and 3 months off stimulation. Except for one patient no detailed data were 
presented but it was reported that no changes were observed in neuropsycho-
logical function when comparing test performance on and off stimulation and 
to baseline. A recent study failed to observe any significant cognitive changes 
after mammillothalamic DBS in three patients, though detailed data were not 
provided (354).

DBS and Neurobehavioral Outcomes in MS

DBS does not represent a comprehensive treatment for MS, but, like other sur-
gical interventions used in this condition (355), has application in the amelio-
ration of tremor. The target used is generally the thalamic ventral intermediate 
nucleus (VIM), although the ventralis oralis posterior and anterior (VOP and 
VOA) nuclei have been stimulated in conjunction with VIM (356). A review 
of studies published from 1980 to 2002 makes clear that detailed neuropsycho-
logical outcome data remain unavailable (357).

DBS and Neurobehavioral Outcomes in Depression

Based on functional neuroimaging findings implicating the subgenual cingu-
late in negative mood states and antidepressant treatment effects, Mayberg and 
colleagues (11) undertook DBS of white matter tract adjacent to the subgenual 
cingulate gyrus in six patients with major depression (MDD) refractory to 
other therapies. Four of the six patients appeared to respond to the treatment 
(50% reduction of symptoms at 6 months) and the patients did not experience 
significant declines in cognitive functioning as a result of surgery. While, at 
the time of this writing, a detailed discussion of neuropsychological test results 
has not yet been published, Mayberg and colleagues reported that when com-
pared to pretreatment baseline evaluation, intelligence, language, and basic 
visual-spatial functioning remained stable after 3 and 6 months of stimulation. 
Moreover, improvements were noted in visuo-motor function, and on tests 
said to be sensitive to dorsolateral frontal function (verbal fluency), ventral 
prefrontal function, and orbital frontal function.

Greenberg et al. (358), in a 3-month study of five MDD patients undergoing 
bilateral DBS in the ventral portion of the anterior limb of the internal capsule 
and the adjacent dorsal ventral striatum (VC/VS), found that three patients 
experienced more than 50% improvement in depressive symptoms while two 
other patients showed 24% and 17% improvements, respectively. Detailed 
neuropsychological data were not reported. Similarly, single case studies of 
thalamic peduncle DBS for depression (359) and of GPi stimulation for 
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dyskinesia in a depressed patient associated with amelioration of depression 
(360) did not report cognitive outcomes.

DBS and Neurobehavioral Outcomes in OCD

Only a few studies discuss the effect on cognition of bilateral DBS in the 
anterior limb of the internal capsule for treatment-refractory OCD. Greenberg 
et al. (361) monitored treatment progress in eight of the original ten OCD 
patients in their study, and found that chronic DBS over a 3-year period 
induced a 25% or greater reduction in OCD symptom severity in six patients. 
Neuropsychological test results obtained after a mean of approximately 10 
months after surgery revealed that, as a group, these patients experienced 
no significant declines in cognitive performance relative to baseline testing, 
and no individual patient demonstrated a clear pattern of decline. Significant 
overall improvements in passage recall were reported, even when correcting 
for practice effects.

Gabriëls and co-workers (93) found that two of three patients they studied 
with OCD also experienced a significant reduction in symptom severity sub-
sequent to DBS surgery. Neuropsychological assessments, focusing especially 
on executive functions and attention, were performed prior to and 1 year after 
treatment. No significant deterioration in cognitive abilities was observed with 
DBS, but one patient tended to make more errors on a card-sorting task after 
1 year and visual memory tended to improve.

More variable neuropsychological outcomes were reported in another study 
of four patients undergoing DBS of the anterior limb of the internal capsule for 
refractory OCD (92). In those patients who underwent DBS in a randomized 
“on-off” stimulation sequence of four 3-week blocks, evaluation of attention, 
working memory, processing speed, verbal fluency, and cognitive flexibility 
revealed no consistent pattern of change across subjects comparing baseline 
and four post-surgical evaluations. A more extensive test battery done at base-
line and after 6 months of continuous stimulation also revealed no consistent 
neuropsychological alterations. However, isolated patients did show improve-
ments and declines in executive function tests.

Aouizerate and colleagues (362) found that an OCD patient undergoing 
DBS in the ventral caudate experienced a clinically significant reduction in 
symptom severity after 1 year of stimulation at 130 Hz. A comparison of 
pretreatment cognitive test scores to those obtained 1 and 6 months follow-
ing chronic stimulation showed no impairment of cognition and revealed 
improvements in attentional and executive functions as well as in visual and 
verbal memory. Pool (28) had already used chronic caudate stimulation in 
a depressed patient in 1948, though cognitive outcome was not reported. 
A report of right nucleus accumbens stimulation did not provide neuropsy-
chological data (363). One case study of intra-operative stimulation during 
electrode placement for OCD in the anterior limb of the internal capsule in the 
vicinity of the nucleus accumbens showed that fear and panic could be induced 
with stimulation and reliably replicated by turning the stimulation on or off 
(364). This finding parallels the observation of anxiety symptoms elicited by 
intra-operative rostral cingulate stimulation in the course of ablative surgery 
for various psychiatric conditions in the past (365).
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DBS and Neurobehavioral Outcomes in TS

Few patients with TS have undergone DBS, and it currently remains unclear 
whether thalamic or pallidal targets are preferable. Both have been used (366). 
To assess the impact of DBS for TS on cognition, Visser-Vandewalle et al. 
(367) studied three patients whose electrodes were implanted at the level of the 
centromedian nucleus, substantia periventricularis, and nucleus ventrooralis 
internus. After chronic stimulation for a period of 5 years in the first patient, 
1 year for the second patient, and 8 months for the third patient, motor and 
vocal tics subsided completely. Neuropsychological test results were only 
reported for the first and third patient. No significant changes between pre- and 
postoperative cognitive test scores were noted in the first patient. Postoperative 
test scores for the third patient, however, demonstrated a decline in ability 
on timed tasks relative to baseline testing. Improvements were noted in both 
patients on verbal memory and facial recognition tests.

In a single TS patient, bilateral thalamic and/or GPi DBS at approximately 
130 Hz resulted in a 70% improvement in the frequency of tics and self-injuri-
ous behavior (368), and bilateral GPi DBS in another patient yielded a 73% 
reduction in vocal tics per minute after 14 months of treatment (369). When 
compared to preoperative cognitive testing, the patient in the former study 
demonstrated improvements in attention, episodic and working memory, and 
cognitive flexibility. The latter study noted that when compared to the baseline 
evaluation, cognitive test results did not change significantly on or off stimula-
tion at the 14-month study endpoint. Another case study found mild declines 
in memory 6 months after GPi DBS (370). However, ratings of psychiatric 
co-morbidity improved, as did performance on some tests of executive func-
tion (verbal abstract reasoning, cognitive flexibility), psychomotor speed, and 
visual perception. Thus, to date, neurocognitive findings after DBS for TS 
have been quite variable.

DBS and Neurobehavioral Outcomes in Other 
Conditions

Posterior hypothalamic DBS has recently been used to treat cluster headaches 
(371) and posterior-medial hypothalamic stimulation was reported to decrease 
aggressive and disruptive behavior in two persons with mental retardation 
(372). These studies, and studies using DBS for neuropathic pain (373), 
have not reported neuropsychological outcomes. Tarsy and co-workers (374) 
reported that STN DBS in a patient with multiple system atrophy (MSA) 
developed speech problems (dysarthria), but neuropsychological outcome was 
not detailed. In a case with Huntington’s disease, a single case study of GPi 
stimulation noted no neuropsychological changes 12 months after DBS, but 
details were not provided (375).

Conclusions

The past decade has seen an explosion in the number of medically refractory 
conditions and neuroanatomical structures targeted for DBS treatment. The 
extension of DBS to use fully implantable systems to new conditions was 
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slow to gain momentum in the 1980s, but has witnessed exponential growth 
since the 1990s, perhaps related to the success and relative safety of DBS 
demonstrated in movement disorders. While a review of the literature and 
meta-analyses indicates DBS for movement disorders to be quite safe from a 
neurobehavioral standpoint (while effective in treating motor symptoms and 
producing gains in the QOL of patient and care partner), it is also clear that 
a small subset of patients experienced moderate or severe neurobehavioral 
morbidity. If one combines the various cognitive and psychiatric morbidities 
reported across studies, it is probably reasonable to approximate that about 
10% of patients with PD undergoing DBS will have one or another neurobe-
havioral adverse events. Furthermore, what remains unclear and is deserving 
of detailed empirical investigation, is the initial observation in a few small 
studies that improvements in motor symptoms and QOL may not necessarily 
translate into social (re)adjustment. That is, patients’ occupational, interpersonal, 
familial, and marital functioning may not change dramatically. Perhaps, as in epi-
lepsy surgery, treatment success does not ensure enhanced social functioning, 
but instead provides a new platform upon which to build or rebuild these social 
roles. Perhaps a much greater role of ancillary health services, such as speech 
therapy, occupational and physical therapy, neuropsychology, and psycho-
therapy needs to be contemplated if outcomes after DBS are to be optimized. 
Health care providers should not rely on subjective impression or spontaneous 
patient report to identify neurobehavioral and psychosocial issues. There is 
ample empirical evidence that even seasoned movement disorders clinicians 
may be inaccurate in identifying persons with, for example depression, and 
that non-motor symptoms are under treated (376–378). The recent formulation 
of consensus statements on patient selection, treatment, and outcome evalua-
tion (49, 83, 379) should facilitate greater uniformity in outcome reporting and 
identification of neurobehavioral risk.

What has proved elusive to this point, despite an increase in the volume of 
available literature, is the identification of reliable predictors and risk factors 
for such neurobehavioral changes. Ethical concerns and seemingly intrac-
table methodological limitations hinder the initiation of more sophisticated, 
controlled, blinded, comparative trials with large numbers of subjects needed 
to isolate such predictors of neurobehavioral and QOL outcomes. Similarly, 
it is difficult to conclude at present that stimulation per se is associated with 
neurobehavioral morbidity, though in some cases, there is a replicable effect 
on mood and cognition when stimulation is turned on and off. In the case of 
PD, and likely many of the disorders for which DBS is beginning to be inves-
tigated, outcomes may be related to an interaction of the surgical procedure 
and stimulation as well as subsequent changes in medications, psychosocial 
factors and pre-operative vulnerability. Conclusions that DBS is neuropsycho-
logically safe in conditions such as dystonia, depression, OCD, TS, epilepsy, 
MS and others must be considered highly preliminary until adequate control-
led trials are completed.

The emergence of cognitive and social neuroscience studies of DBS (291, 
294, 295, 298, 380), particularly in the accompaniment of functional imaging 
(and the possibility of functional magnetic resonance imaging in DBS; refs. 
381 and 382) are encouraging signs that DBS might be used as a vehicle to 
better understand the cognitive and behavioral role of the basal ganglia. Such 
endeavors would prevent future critics from proclaiming that surgical studies 
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have proved to be a failure in understanding the behavioral functions of the 
basal ganglia, as stated by Crown (293) three decades ago.
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Abstract

The potential for interaction between medical implants and electromagnetic 
(EM) energy generated by devices in the patient’s environment has long been 
a safety concern for health care professionals. The magnitude and subsequent 
effect of such an interaction will depend on the strength of the EM field as 
well as the susceptibility and location of the device. For most implants, par-
ticularly those that are passive in nature (e.g., aneurysm clips, stents), newer 
materials and manufacturing techniques have led to dramatic improvements 
in the susceptibility of implants. The situation is more complex, however, for 
active implants like those used in cardiac or neurostimulation therapy, where 
the electronic, conductive, and typically elongated nature of the implant 
increases its overall susceptibility to EM fields. To date, reported interactions 
for patients with implanted deep brain stimulation (DBS) systems have ranged 
from inadvertent switching of the pulse generators between the on and off state 
to the induction of permanent, neurological deficit. While the total number of 
documented adverse events over the past decade is relatively small in comparison 
to the 30,000 plus patient implants performed to date, patients and physicians 
need to be aware of the potential sources and effects of EM interactions. This 
chapter presents an overview of those sources and their potential impact on the 
DBS hardware and subsequently the patient, with particular emphasis on the 
MRI environment and recent data on MRI-related heating.

Keywords: deep brain stimulation, magnetic resonance imaging, safety, mag-
netic resonance imaging, bioeffects, neurostimulation

Introduction

EM energy is an increasingly pervasive aspect of our world, whether in the 
medical or non-medical environment. When such energy disrupts or other-
wise interferes with the functionality of a secondary device it is considered 
EM interference (EMI). The unwelcome energy may arrive at the implanted 
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device through radiation, conduction, or induction. While the most obvious 
example of radiation is broadcast radio or television signals, EM radiation is 
a byproduct of essentially any active electronic circuit. The potential for EMI 
arises as a result of the radiated emission coupling with the metallic components 
of the receiving device and generating unwanted electrical currents. Examples 
of radiated EM interference are common in society and include the interference 
caused by overhead power lines when listening to AM radio or television inter-
ference caused by vacuum cleaners. EMI is also what airlines and the Federal 
Aeronautics Administration seek to avoid when passengers are asked to stow 
electronic devices, in particular cell phones and other devices that actively radi-
ate EM energy for the purpose of data transmission. Interference can also arise 
from energy that is transferred via induction, a situation that occurs when there 
is magnetic or capacitive coupling between two devices (e.g., pulsed gradients 
during MRI). As with a radiated EM field, induction does not require direct con-
tact between the transmitting and receiving devices. Finally, as its name implies, 
conduction involves the transfer of EM energy across a physical connection, as 
in the use of electrocautery (1–3) or cardiac defibrillation (4).

Concern over the threat of EMI to an implantable pulse generator (IPG) and 
lead system was not newly founded with chronic neurostimulation applications 
like DBS, but rather became well appreciated in the mid-1960s (1–3, 5–8), 
shortly after the introduction of the cardiac pacemaker. Conductive transfer was 
reported as a consequence of electrocautery (1–3, 5) or as a result of equipment 
malfunction (e.g., improper grounding [7]) and radiated transfer was observed 
with proximity to large power sources (6–8). In 1968, Furman et al. (7) described 
a patient who developed an irregular heart rate with perceived fluttering when 
in proximity to an open television set. Reports in the early 1970s included 
symptomatic interactions (e.g., syncope) resulting from radiation arising from 
proximity to microwave ovens (9–11) as well as medical devices that included 
induction casting machines (12) and diathermy (13). Although advances have 
been made in the past few decades in both the susceptibility of implants (i.e., 
shielded leads) as well as the allowed EM leakage levels of electronic appliances 
and equipment, the potential for EM interactions with implantable devices con-
tinues to be cause for concern for both cardiac and neurostimulation systems.

Regardless of the method of transfer, the degree of EMI produced during an 
interaction depends on the magnitude of the ingress, which is in turn related to 
the strength of the signal as it reaches the receiving device (a product of source 
strength and distance) and the susceptibility of the receiving device. In the case 
of DBS systems, reported interactions to date have ranged from inadvertent 
switching of the DBS pulse generator between on and off states (14) to several 
cases of permanent, neurological deficit (4, 15, 20, 21). While simple malfunc-
tion of the device, in the form of a failure to function or unintended deactiva-
tion, is unlikely to be life threatening for patients with movement disorders; 
abrupt, unanticipated, and undetected cessation of therapeutic stimulation may 
have a greater impact on newer applications of DBS, including psychiatric 
conditions where the rate of occurrence and magnitude of such rebound effects 
have yet to be determined. Beyond malfunction, the generation of anomalous 
currents within the lead/extension system of the DBS lead can lead to func-
tional stimulation of neural tissue or to tissue heating. The following sections 
review the components that comprise the DBS therapy system, the potential 
sources and effects of EMI, and summarize the reported cases of known or 
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suspected EMI with an implanted DBS system. Special emphasis will be given 
to addressing the potential hazards associated with MRI, as this otherwise safe 
and noninvasive diagnostic technique holds perhaps the greatest potential for 
significant EMI-related interactions with DBS implants.

Components and Materials Used in DBS

Three separate components comprise the current, commercially available 
DBS system: (1) a pacemaker-like IPG, (2) the DBS lead with four cylindrical 
contacts at one end, and (3) an extension cable connecting those two compo-
nents. The three are pressure coupled together intra-operatively during a single 
procedure or a series of two procedures. During normal operation, pulsed elec-
trical current is passed from the IPG through the extension lead to the neural 
tissue, with the return (i.e., anode) portion of the circuit being one or more 
additional contacts at the distal tip of the lead or the metal case of the IPG.

Three generations of IPGs have been marketed to date by Medtronic for use 
in DBS therapy: the Itrel II™, the Soletra™, and the Kinetra™. Each essentially 
consists of a battery cell and electronic circuitry hermetically sealed within a 
titanium shell. While the Itrel II™ will be encountered with increasing rarity, 
as that the model line was replaced by the Soletra™ in 2000, there is very lit-
tle distinction between the two from a patient or programming perspective. 
Both are single chamber systems with only slight differences in the range of 
possible stimulation parameters and features. With the recent addition of the 
Kinetra™ model IPG, a second chamber was added, enabling the unit to deliver 
stimulation through two separate extension/lead combinations. As might be 
expected, this addition came with an increase in the overall volume (82%) 
and weight (98%) of the device (16, 17). Of interest from an EMI perspective, 
however, an additional feature of the Kinetra™ IPG is the availability of the 
Therapy Controller (Model 7436). This device provides the patients with the 
option to activate or deactivate the IPG without the use of the small, handheld 
magnet that has been standard for the Itrel II™ and Soletra™. Although the 
option to use the handheld magnet to activate and deactivate the Kinetra™ still 
exists, that magnet function can be disabled using a physician programmer. 
One possible benefit of this feature may be to reduce inadvertent switching of 
the device state (on/off) that can result from EMI, as discussed later (14).

The current generation of extensions and implantable leads contains no 
active, electronic components. The leads have four cylindrical, platinum/irid-
ium contacts at the distal end that are interconnected by four non-interlacing, 
spiral wound, fluropolymer-insulated platinum/iridium wires to a set of four 
cylindrical, nickel alloy contacts at the other end. The remainder of the lead 
is comprised of polyurethane tubing (18). The contacts at the proximal end of 
the lead serve as the connection point between the lead and the distal aspect of 
the extension cable, while those at the distal tip interface with neural tissue. 
The cylindrical contacts are 1.27 mm in diameter, with the specific length 
and spacing variable based on lead model and application. For patients with 
movement disorders, two lead models are currently available. Both have con-
tacts that are 1.5 mm in length, but are distinguished by having either 1.5-mm 
(Model 3387) or 0.5-mm (Model 3389) inter-contact spacing. For psychiatric 
applications, a lead is available whose four contacts are each 3 mm in length 
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and separated by a 4-mm span of insulation (Model 3387-IES). The wires 
within the extension cable are largely composed of a non-magnetic, nickel-
cobalt based alloy (MP35), with the newer, low-impedance model adding a sil-
ver core (18). Various lengths of extensions (25–95 cm) and leads (28–40 cm) 
are available to accommodate different size patients as well as alternate place-
ments of the IPGs (e.g., abdomen vs chest). However some differences in lead 
availability may exist between different global markets.

In all, the relatively complex nature of the DBS system affords several 
opportunities for EMI to cause problems. The system is comprised of metal 
components and thus subject to magnetic interactions, both static and pulsed. 
Moreover, the system is elongated and conductive, thereby increasing its sus-
ceptibility to induction and radiated EM transfer. As mentioned previously, 
those currents can lead to unwanted stimulation of neural tissue with potential 
for perceived neurologic effects or may lead to heat generation through ohmic 
or resistive heating as the energy passes from electrode to tissue. Finally, 
the IPG contains electronic circuitry and switches that may be damaged or 
modified either by magnetic or electrical forces. The following sections review 
reported interactions to date.

Potential Interactions

In the United States, the Center for Devices and Radiological Health, a division 
of the Food and Drug Administration (FDA), regulates issues related to device 
EM compatibility. Changes in labeling, including advisories concerning pos-
sible EMI sources and interactions are submitted by device manufacturers to 
the FDA for approval. The various patient manuals provided with the Activa® 
Therapy System from Medtronic provide a relatively comprehensive overview 
of the possible sources and consequences of EMI (16–19). The major potential 
sources of EMI to be encountered in the non-medical environment provided 
are listed in Table 22.1. These sources are classified by their likelihood of 
generating interference, reflecting the overall power of the EM field radiated 
by the source (16, 17, 19). As the potential for EMI is directly related to the 
strength of the EM field at a given distance and inversely proportional to the 
distance between the two devices, items listed under “possible” interference 
are essentially those that generate relatively weak EM fields or are unlikely to 
come in close proximity to the DBS hardware under normal use. For example, 
stereo speakers can be found listed under this category as they may contain 
magnets that are sufficiently strong to switch the IPG between on and off 
states. However, the risk is small given that such an interaction is only likely 
to occur if the magnet is in extremely close proximity to the IPG, such as if 
the patient were to hold the speaker close to his body at a level corresponding 
to the IPG location. Otherwise, under normal use, such an event is extremely 
unlikely. The manual also covers a number of sources that, while historically 
associated with producing EMI (e.g., microwave ovens [9–11]), are no longer 
considered to pose a significant threat so long as those devices are operating 
normally. To that end, patient education is perhaps the most important com-
ponent for avoiding interactions from objects in the non-medical environment, 
and certainly some consideration should be given to younger patients where 
potential occupational hazards may be of concern (e.g., welder, mechanic).
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Significant interactions between a medical implant or device and environ-
mental EMI can be difficult to track. Generally, the probability of a patient 
reporting an adverse event to his or her physician is likely to be directly related 
to the severity of the event, such that while inadvertent switching of the IPG 
from the “on” to the “off” state with no change in the therapeutic benefit once 
the patient re-activates his or her unit may go unreported, the same state change 
associated with a perceived electrical “jolt” or “shock” is likely to be reported. 
Certainly an instance in which the event is associated with persistent morbid-
ity is highly likely to make its way to the physician, assuming that an associa-
tion, assumed or otherwise, is made between the device and the event. Even at 
that level, however, the dissemination or reporting of that information to the 
device manufacturer or regulatory agencies is not known. The Manufacturers 
and User Facility Device Experience (MAUDE) database, operated by the 
Center for Devices and Radiological Health of the FDA, attempts to track such 
events through voluntary reports made by health care providers, manufactur-
ers, and distributors. Given its voluntary nature however, the listed events are 
likely to underestimate the actual incidence of such events.

Table 22.1 Non-medical Sources of Potential EMI.

Interference likely

Theft detectors/security gates
Citizen band or ham radio antenna
Electric arc or resistance welding
Electric induction heaters
Industrial electric steel furnaces
Power lines
TV and radio transmit towers
Electric substations and power generators
Therapeutic magnets

Interference possible*

Refrigerator/freezer magnetic strip
Telephone (standard, cordless or cellular)
Stereo speakers
Sewing machine (motor)
Salon hair dryer (motor)
Induction range
Power tools

Safe from interference**

Microwave ovens
Electric blankets and heating pads
Major appliances
Hand held hair dryers, shavers
Home security systems
Personal computers, electric typewriters
Photocopiers and fax machines
Televisions, AM/FM radios and stereos
Vacuum cleaners and electric brooms

*Very close proximity typically required for interaction
**Assumes units in good operating condition 
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In September 2006, we searched the MAUDE database using each of the 
following brand name keywords “DBS,” “Activa,” “Itrel,” “Soletra,” and 
“Kinetra” individually for reports received over the past 10 years (available 
date range: June 30, 1996–June 29, 2006). When the brand name “Itrel” was 
searched, the record was thoroughly reviewed for evidence that it referred 
to a DBS application and not spinal cord stimulation. In the event that the 
distinction could not be made based on the details provided in the record, the 
entire record was excluded. A secondary search was also performed using 
only the product code “MHY” and “GZB,” codes associated with neuros-
timulation devices in the database, to identify any remaining records that were 
not already retrieved. For all searches, the manufacturer search field was left 
blank, as were the product problem, product class, and event type. Although 
this type of search resulted in a large number of extraneous hits, it was deter-
mined through initial search attempts that reporting errors in the database 
would limit the number of true “hits” obtained if the search criteria were 
construed in a narrow fashion. It should be noted that the details provided on 
the MAUDE database are brief and there is little consistency in the language 
used across reports.

The majority of hits generated by the search were related to device 
removal or replacement secondary to infection, followed next by physical 
damage (e.g., lead breakage). A total of 38 reports were identified where 
the cause of the adverse event was suspected or known to be related to 
EMI. Of those, the majority (n = 26) were attributed to the patient pass-
ing in proximity to an electronic article surveillance (EAS) system (i.e., 
theft detector or metal detector). The magnitude of the event, as reported, 
ranged from simple switching of the device off to reports of patients feel-
ing “zapped” or “jolted.” The range of effects reported from these increas-
ingly common systems is not unusual considering the variety of different 
technologies in use. The systems are common in shopping centers and 
libraries and consist of one or more pylons located at the entrance or exit 
of the building. In general, all of these systems sense a “tag” or marker 
placed on a product by emitting an EM field that “interrogates” a region 
of space some distance from it. The nature of the EM field can be quite 
different, however, with respect to the frequency range used or the use 
of pulsed EM energy. There has been at least one report of older, Itrel II 
model IPGs being replaced with Kinetra IPGs for the purpose of elimi-
nating frequent EMI-related issues (14). Illustrations that depict ways to 
minimize the potential for significant EMI with EAS systems are included 
in the manuals provided by the manufacturer (16, 17). Events of similar 
magnitude have also been reported, albeit less frequently, in relation to 
telephones (n = 2), home security systems (n = 1), medical X-ray (n = 1), 
and unspecified devices (n = 1).

While patients should be made aware of potential interactions in the 
non-medical environment, the most severe adverse events have been 
associated with EM energy sources in the medical environment. Indeed, 
the two primary contraindications for DBS therapy (16, 17) relate to the 
use of radiofrequency (RF) sources for medical treatment or diagnosis: 
diathermy and MRI. From the MAUDE database, these sources included 
cardioversion (n = 1), therapeutic ultrasound or diathermy (n = 3), elec-
trocautery (n = 2), and MRI (n = 1). In the published literature, which 
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overlaps somewhat with those events reported in MAUDE, there have been 
at least four case reports involving adverse events associated with medi-
cal treatment (4, 15, 20, 21). The earliest report came from Yamamoto et 
al. (4) concerning a 56-year-old man with a lead (Model 3380) placed in 
the thalamus for the treatment of uncontrolled action tremor involving the 
left hand. Importantly, the system was unlike those currently in use, as the 
implanted lead was connected to a RF receiver placed at the level of the 
chest. This relatively passive antenna-like device then required continuous 
input from an external power source and transmitting antenna placed over 
the anterior chest wall in order to achieve therapeutic benefit. After 3 years 
of good benefit, the patient underwent cardioversion (100–200 Joules) 
for paroxysmal atrial fibrillation, which was followed by cessation of the 
patient’s tremor in the absence of stimulation. Although no evidence of a 
thalamic lesion could be appreciated in the area of the implanted lead using 
CT imaging, the effect persisted throughout an additional 4-year follow-up 
period. For current DBS systems, the safety of cardioversion has still not 
been established. If considered necessary for patient survival, however, the 
manufacturer recommends using the lowest clinically appropriate energy 
output with the paddles positioned perpendicular to the implanted system 
and as far from the neurostimulators as possible (for details, see refs. 16 
and 17).

Ultrasonic diathermy is used to generate therapeutic deep heating of tis-
sues and is contraindicated for patients with DBS implants. The MAUDE 
database includes three adverse events associated with diathermy (22–24), of 
which at least one has appeared as a published case report (21). The published 
case was a 70-year-old man with bilateral STN leads who underwent dia-
thermy following extraction of his maxillary teeth (21). At the end of the 
diathermy treatment, the patient was nonresponsive with pinpoint pupils 
and shortly thereafter developed decerebrate posturing with occasional 
myoclonic jerks and a positive Babinski sign. Subsequent MRI revealed 
symmetrical lesions throughout the pons, midbrain, cerebral peduncles, 
and posterior limbs of the internal capsule. The second report was of a 
patient with bilateral pallidal leads who underwent bipolar, high-frequency 
ultrashortwave therapy of the thoracolumbar region as part of his physical 
therapy treatment (24). During treatment, the patient’s presented with defi-
cits marked by impaired mental status, aphasia, hemiplegia, eye deviation, 
and positive Babinski sign. At 2 days post, MRI revealed signal abnormali-
ties around the tips of the leads bilaterally. As of the report date, the patient 
was able to follow commands, but remained emaciated and somnolent with 
inability to voluntarily open the eyes. Finally, a 2003 report describes a 
patient with a thalamic lead for treatment of tremor who experienced per-
sistent numbness and tingling in association with diathermy for the treat-
ment of pain (22).

Additional sources of potential EMI in the medical environment are 
reviewed in the current manufacturer labeling for DBS (16, 17), with a listing 
of potential sources provided in Table 22.2. Despite the absence of reported 
incidents to date, caution is warranted and if their use is deemed necessary, 
any and all guidelines provided by the implant manufacturer should be fol-
lowed. The following section reviews the risks to patients with DBS implants 
presented by the MRI environment.
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The MRI Environment

MRI involves the application of a static, homogenous magnetic field for the 
purpose of hydrogen nuclei polarization, a combination of time-varying mag-
netic fields to change the frequency of the hydrogen nuclei by spatial location, 
and an RF field that is used to excite the hydrogen nuclei from low to high 
energy levels (the RF is then recorded as the nuclei fall back to the lower 
energy level for image generation purposes). In presenting this rather distinct 
combination of static and time-varying magnetic fields as well as pulsed 
electrical fields, the MRI environment is fairly unique in its hostility towards 
medical implants and devices. More than 1,400 objects are listed in the 2006 
“Reference Manual for Magnetic Resonance Safety, Implants, and Devices,” 
a 520-page guidebook that provides the MR-safety status of various medical 
and non-medical objects in the MR environment (25). While the list is domi-
nated by passive implants such as aneurysm clips, coils, stents, and heart valve 
prostheses; active devices including cardiac stimulators, infusion pumps, and 
neurostimulators also are included. In the past, patients with such electroni-
cally activated implants have generally been strictly prohibited from undergo-
ing MRI procedures (26–28), as adverse events including serious injuries and 
deaths had been reported (15, 26, 27, 29). However, the guidebook, as well 
as all related literature (30–44), serve to underscore the importance of using 
MRI for the continued care and management of patients with certain electroni-
cally activated implants. Indeed, it is somewhat ironic that the patient with an 
implanted neurostimulation system and, thus, somewhat complicated medical 
condition, is more likely to be considered for MRI than the general popula-
tion. There are several scenarios that require MRI procedures in patients with 
implanted DBS electrodes. These include verification of lead position; poor 
or worsening clinical outcome of DBS and/or significant side effects or lack 

Table 22.2 Medical Sources of Potential EMI.

Interference Likely

 Diathermy (Therapeutic Ultrasound)
 Magnetic Resonance Imaging (MRI)
 Electrocautery
 Lithotripsy
 External Defibrillators
 Radiation Therapy (e.g., gamma radiation)
 Electroshock
 Transcranial Magnetic Stimulation

Interference Possible

 Electrolysis
 Dental Drills and Ultrasonic Probes
 Mammography
 Implantable Cardiac Sensing Devices
 - (e.g., implantable defibrillator, pacemaker)

Safe from Interference

 Computerized Axial Tomography (CT)
 Diagnostic Ultrasound
 Diagnostic X-rays
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of effect where precise localization of the electrode with respect to the target 
needs to be confirmed; the need to replace DBS electrodes or place contralat-
eral or additional DBS electrodes; and the need to evaluate other intracranial 
pathologies related or unrelated to the DBS electrodes, such as strokes, hemor-
rhages, and other mass lesions.

Our group has conducted a series of experiments over the past 5 years in 
an effort to better understand the types and magnitude of potential interac-
tions between the MRI environment and implanted DBS systems and to 
determine if, and under what conditions, MRI can be safely performed in 
patients with neurostimulation systems. Hazards and problems that may occur 
with implanted devices are related to magnetic field-induced movement or 
dislodgment, excessive heating, the induction of electrical currents, disruption 
of functional aspects, and the misinterpretation of an imaging artifact as an 
abnormality (27, 45–49).

MRI: Potential Interactions

Static Field Interactions
The potential interactions between the static, magnetic field of the MRI 
environment, and an implanted medical device involve the development of 
displacement and torsion forces. The displacement force, a translational 
force caused by exposure of ferromagnetic material to the spatial gradient 
of the magnetic field is perhaps most readily associated with the concept of 
“projectile hazard,” evoking images of oxygen cylinders stuck in the bore of 
the magnet or metal fragments lodged in the eye. Meanwhile, torsion forces 
are involved in the tendency of the implanted device to rotate or align itself 
relative to the magnetic field, which can translate into shifting of the device 
within the patient. The magnitude of these interactions will be proportional to 
the field strength and spatial gradient of the MR system (50), as well as to the 
characteristics of the object itself, including its mass and shape as well as the 
magnetic susceptibility of the material from which it is made. Considerable 
discomfort or injury can occur in a patient that has a metallic implant that 
exhibits substantial force or torque in association with exposure to the MR 
environment (25, 32, 49).

Standard procedures for assessing displacement force and torque effects on 
implants are provided and continue to be refined by the American Society for 
Testing and Materials (ASTM; refs. 51 and 52). The test methods are relatively 
straightforward, with displacement force measured using the deflection angle 
test. Here, the test item is suspended from a lightweight string at specific areas 
relative to the MRI system and the angle of deflection recorded. Torque testing 
involves assessing the amount of force required to rotate the test item, positioned 
along each of its three orthogonal axes, at a defined location within the bore of 
the magnet. We have recently shown that, for DBS implants, the magnitude of 
static field interactions, both force and torque measured at a field strength of 
1.5-Tesla, have steadily diminished with successive models of IPGs (53). The 
latest generation of IPGs for DBS show interactions with the 1.5-Tesla field that 
are up to twice that which would be expected based on gravity alone, compared 
to values of 25x or more for older RF receiver models. Our pilot experiments 
(unpublished observations), as well as the work of others (54), failed to demon-
strate any effect of the static field on either the leads or extensions used for DBS. 
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In interpreting any such data however, it is important to consider the intended 
in vivo application (55, 56). Once implanted, substantial “retentive” forces are 
provided by sutures or other means of fixation, including tissue in-growth, scar-
ring, and granulation. The latter features are obviously impacted by the length 
of time that the device has been implanted.

Gradient-Induced Currents
Unlike the static magnetic field that is always active even when imaging is 
not being performed, the gradient magnetic field, manifested as the audible 
ticking or knocking sound made by the system, is active only during imaging. 
This low-frequency, spatial variation in the magnetic field is known to induce 
neural activation, including peripheral nerve stimulation in patients without 
implanted devices. The probability of such activation depends on the type of 
sequence applied, as those with fast switching gradients (i.e., higher dB/dt) are 
associated with a greater effect. The DBS lead system, or any metallic implant 
for that matter, will tend to concentrate this effect, and Nyenhuis et al. (57) 
have shown that the magnitude of the induced current may on the order of 5 
Volts/meter. Thus, over an approximately 60-cm length DBS system, a volt-
age of as much as 3 Volts may be induced. However, the overall impedance 
of the lead system will tend to limit the magnitude of the gradient-induced 
currents (58), and attempts to measure these currents using an ex vivo model 
have thus far failed to reveal appreciable current levels (54). Moreover, there 
have been no reported incidents (e.g., “tingling,” contractions) attributable to 
neural stimulation in association with MRI.

The RF Field
The pulsed RF field, which is also only present during an imaging sequence, 
is used to induce precession in the hydrogen nuclei. Similar to the peripheral 
nerve stimulation induced by the pulsed gradient field, concern regarding 
RF-induced heating is not limited to patients with implants. Rather, tissue 
heating is a universal concern in MRI, with specific absorption rate (SAR) 
developed as an index of the amount of RF power absorbed per unit of mass 
of an objected in units of Watts/kg (59). The International Electrotechnical 
Commission (IEC) and the FDA regulate allowable SAR limits during 
imaging to avoid overheating of tissue. Again similar to the issue of pulsed 
gradients, concerns over RF-related heating are compounded by the presence 
of conductive implants in the body, particularly those that are electronically 
activated or have an elongated configuration. The presence of such implants 
can locally increase these currents and, under certain MR operational condi-
tions, generate excessive heating of biomedical devices (59).

Empirical data supporting the development of substantial RF-related tem-
perature elevations during MRI have been reported for cardiac pacemakers, 
indwelling catheters with metallic components (e.g., thermodilution cath-
eters), and guide wires resulting in first-, second-, and third-degree burns 
(27, 29, 49, 60–64). In 1997, Achenbach et al. (60) reported a temperature 
increase at the tip of a cardiac pacing electrode of up to 63.1 °C during 90 sec-
onds of scanning. Interestingly, however, two of the earliest reports for a DBS 
system yielded negative results with respect to MRI-related heating. Tronnier 
et al. (65) studied unilateral Itrel II and Itrel III neurostimulation systems 
(Medtronic, Minneapolis, MN) in 0.2-, 0.25-, and 1.5-T MR systems during 
MR imaging using standard spin-echo pulse sequences. An infrared camera 
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was used to measure heating of the neurostimulation systems applied to the 
surface of a water phantom. Because an infrared camera was used, all metallic 
surfaces of the neurostimulation systems were covered with black paint to pre-
vent reflection of heat radiation from other objects in the RF area. Experiments 
were performed using the head and body RF coils, with the tips of the leads 
placed in air, saline or connected to a resistor. Tronnier et al. (65) reported 
that “no heat induction was observed in any part of the hardware.” However, 
the methods used in this study have several major limitations, including the 
fact that an infrared camera was used to evaluate heating. It is not possible to 
measure the temperature at the tip of the lead while it is immersed in saline 
using an infrared camera and neurostimulation system was not surrounded by 
conductive media to simulate human tissue. Moreover, it is unknown whether 
painting the metal parts impacted the results of MRI-related heating and the 
levels of RF power that were used in the experiments were not reported.

Schueler et al. (35) examined MRI-related heating in a phantom simulating 
unilateral Itrel II and Itrel III system placement in a 1.5-T MR system oper-
ating at SARs that did not exceed a whole body averaged SAR of 0.4 W/kg 
(i.e., 10 times less than the highest level currently recommended by the FDA). 
In this case, experiments were performed with the neurostimulation systems 
outside (i.e., in air) and inside of a saline bath. The authors reported that “no 
heating of any devices, catheters, extensions, or leads was detected in several 
experiments in which the location and orientation of objects within the magnet 
bore were varied” (35). However, the authors did not measure the temperature 
of the electrodes and the components that they did study were not expected to 
exhibit any heating. Also, the work by Schueler et al. is problematic because of 
the use of a saline-filled phantom. A phantom filled with gel that simulates the 
conductive qualities of human tissue is preferred over a saline-filled phantom 
for evaluation of MRI-related heating of devices because the use of a saline-
filled phantom greatly underestimates temperature changes for electrically 
conductive devices, such as neurostimulation systems (31, 66).

Since that time, a number of phantom-based experiments carried out by our 
group have demonstrated rather clearly the potential for excessive heating of 
DBS devices (37, 41, 67–69), in particular the electrical contacts at the distal 
tip of the DBS lead. Findings from our early investigations demonstrated that 
MR procedures conducted at whole body averaged SAR of 3.9 W/kg yielded 
25.3 °C after 15 minutes when a transmit/receive body coil configuration was 
used (37). When the transmit/receive head coil was used, with a whole-body 
average SAR of 0.24 W/kg, a maximum temperature of 7.1 °C was observed 
after 15 minutes of scanning (37). These data indicate that substantial heat-
ing occurs for certain conditions, while others produce relatively minor, physio-
logically inconsequential temperature increases. Of perhaps greater concern 
was the exponential rate at which the temperature increased, with the major-
ity of the heating occurring within the first minute of scanning and reaching a 
“steady-state” within 15 minutes.

Since these early reports, our group has been actively investigating factors 
that influence the amount of heat generated in a neurostimulation system used 
for DBS during MRI. Such factors include the electrical characteristics of the 
particular neurostimulation system; the field strength of the MR system (and 
consequent change in the frequency of the transmitted RF energy); the ori-
entation or routing of the IPG, extension lead (the extension is the cable that 
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connects the IPG to the implanted lead), and stimulating lead relative to the 
source of RF energy (67); the lengths and routing of the extension and lead, 
the type of RF coil used (e.g., transmit/receive body coil, transmit body coil 
with receive-only head coil, transmit/receive head coil); the anatomy imaged 
(e.g., the landmark position [67] or the anatomic site undergoing MR imaging 
that is associated with heating depends on the geometry of the RF coil and the 
amount of the DBS lead contained within this coil); the amount of RF energy 
delivered (i.e., the SAR); and how the SAR is calculated by a given MR 
system (68, 69).

A key finding over the past several years, having even contributed to recent 
changes in the upper limit of SAR in the DBS manufacturer’s guidelines, has 
concerned the use of SAR as an index of RF-related heating of DBS leads. 
Originally, Finelli et al. (41) demonstrated that the relationship between console-
reported values of SAR was linearly related to the observed temperature change 
on the MR system used for evaluation. The original labeling provided by the 
DBS hardware manufacturer cited three MR systems from which empirical 
data had been acquired and on which MRI safety guidelines were based (70). 
As early as 1984, in reviewing the effects of MRI on implantable pulse genera-
tors, Fetter et al. (71) noted that devices from different manufacturers and even 
for different applications behave differently and data derived for one device 
will not necessarily apply to all others. Indeed, since the initial work by Finelli 
et al. (41), we have demonstrated that SAR-based indices of implant heating 
do not generalize across MR systems, even those from the same manufacturer 
(68). In 2004, we compared the amount of heat generated per unit of whole 
body averaged SAR (∆T/SAR-W) across two different MR systems from the 
same manufacturer, using the transmit/receive body coil configuration, and 
found more than a 80-fold difference (68) depending on the landmark loca-
tion and the lead contact monitored. More recently, these experiments were 
repeated using the transmit/receive head coil configuration in accordance 
with the DBS manufacturer guidelines (69). The difference across the two 
systems was smaller, but remained significant, ranging from three- to fivefold 
depending on the site from which temperature was measured. These findings 
have been further substantiated by additional heating experiments conducted 
in cardiac pacemakers evaluated in three different 1.5-Tesla MR systems 
(34). Consequently, console-reported values of SAR currently should not be 
considered an appropriate metric for the development of safety criterion. This 
topic has attracted the attention of the FDA and intercomparison protocols are 
being developed.

Even within a given MR system, the magnitude of the ∆T/SAR has been 
shown to be sensitive to changes in lead routing or configuration as well as the 
overall length of the leads. In their preliminary work, Rezai et al. (37) found that 
the 25.3 °C temperature rise they measured dropped to 6.1 °C when two small 
loops (approximately 2.5 cm in diameter) were placed in an axial orientation at 
the top of the head portion of the phantom. This effect was demonstrated more 
directly in 2005 using a custom burrhole cap that allowed the lead to be repro-
ducibly configured in concentric loops as it exited the burrhole (67). A linear 
relationship was observed between the number of loops (range: 0–2.75) and the 
measured temperature change, with an overall reduction of up to 74% seen when 
all excess lead was configured around the burrhole device. The mechanism(s) 
behind this effect is not clear; however, it is probable that the loops may have 
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added a reactive inductance that yielded a source or impedance near the end of 
the electrode, thereby reducing the induced RF current in the wire.

Changing the overall length of the lead and extension system also will 
impact how it interacts, or the degree of coupling with the transmitted RF field. 
For any lead or wire placed in a uniform electric field, there will be a length 
at which RF coupling, and consequently the potential for heating, is greatest. 
Although some characteristics of the lead, including its material and the pres-
ence and nature of any insulating materials, will influence this resonant length, 
coupling will typically be maximal when the lead length is approximately half 
a wavelength. Thus, this effect will be a combined effect of the DBS hardware 
as well as the field strength of the MR system, insofar as the field strength 
determines the frequency at which the RF energy is transmitted in order to 
produce precession of the magnetic moments of the hydrogen nuclei (optimal 
frequency for protons is 42.58 MHz/Tesla). Nyenhuis et al. (72) examined the 
effect of lead length on RF-induced temperature rise by successively cutting a 
capped lead and measuring the maximum temperature change after 6 minutes 
of RF application in a 1.5-T system. Under these conditions, maximal heating 
was observed at an overall length of approximately 40 cm.

Finally, the magnitude of the measured ∆T/SAR has also been shown to change 
as a function of landmark (i.e., the portion of the body placed at the isocenter of 
the MR system) when the transmit/receive body coil configuration is used (67). 
In phantom experiments, the greatest ∆T/SAR was observed when the landmark 
of the MR system was placed over the distal tip of the leads, while caudal move-
ments, including placing the landmark over the IPGs, resulted in relatively less 
heating. However, those data were derived from a single MR system and the 
degree to which the behavior observed on that system generalizes to others is 
unclear. It is clear however, from the case report discussed below, that even plac-
ing the landmark relatively low on the body (i.e., lumbar spine) can result in exces-
sive heating at the distal tip of the DBS leads some distance away.

Overall, the interaction between neurostimulation systems and the MR 
environment is extremely complex. If nothing else, the number of potential per-
mutations of implanted systems across patients is extensive and there is a need 
for mathematical modeling to bridge the gap between sets of empirical data. 
Moreover, much of the data reported to date has been derived from normal-
functioning, intact systems, and changes in the system, including short circuiting 
or lead breakage would be expected to drastically alter the heating effect.

Artifacts
Although not strictly a safety issue, MRI artifacts associated with the pres-
ence of neurostimulation components may prevent the proper diagnostic use 
of MRI (36, 73–76). Susceptibility artifact in MRI arises when a material dis-
torts the linear magnetic field gradients generated by the MR system, thereby 
interfering with the signal derived from the area surrounding the implant. 
Although this effect will be greatest for ferromagnetic materials like iron and 
nickel, it occurs in the presence of paramagnetic (e.g., aluminum, magnesium) 
as well as diamagnetic materials (e.g., gold, bismuth, plastic). Platinum and 
iridium, which comprise the metal contacts and wiring of the DBS leads (18), 
are paramagnetic material; and while they may have relatively low magnetic 
susceptibility levels, under certain MR conditions observed artifacts can be 
substantial and limit the interpretability of diagnostic scans.
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The net effect for patients is the presence of voids on the developed images 
in proximity to the implanted material. Within the brain, these voids can, under 
certain conditions, extend to well over 5 mm despite the 1.27-mm diameter of the 
lead itself (77). Moreover, the distortion of the image is not limited to the void 
area, but extends beyond to interfere with image accuracy in a fringe region sur-
rounding the void. Another area that can be greatly impacted by susceptibility 
artifact is at the level of the cortex, particularly in regions where the excess, subcu-
taneously routed lead has been coiled. The magnitude of this effect will be related 
to the field strength of the MR system as well as the type of sequence applied. 
Overall, the amount of artifact can be reduced by using sequences with high band-
width and short echo times, and gradient echo sequences tend to be more sensitive 
to susceptibility artifact than spin echo or fast spin echo sequences (78).

DBS Manufacturer Labeling

The most recent guidelines provided by the current manufacturer of DBS hard-
ware are extensive and precise and will not be reproduced here. The reader 
interested in performing MRI on patients with DBS implants is encouraged to 
refer to those guidelines in their entirety (16–18). In general, however, those 
guidelines restrict imaging to 1.5-Tesla MR systems, and then only those out-
fitted with a transmit/receive head coil. This latter requirement may become 
increasingly difficult to deal with as most MR system manufacturers seem to 
be moving towards doing away with the transmit/receive head coil in favor of a 
transmit body/receive head configuration. Moreover, the guidelines practically 
eliminate imaging any part of the body other than the head.

The current upper limit of SAR averaged over the head is set at 0.1 W/kg, 
down from the 0.4 W/kg that was the upper limit just over a year ago. As 
mentioned before, this change was instigated in part by the finding of incon-
sistencies in the console-reported values of SAR across MR systems as well 
as the general complexity of the overall issue. Unfortunately, this upper limit 
is extremely low and restricts the range of sequences that can be applied 
almost to the point of impracticality. Still, it is important to consider that there 
have been no reported adverse events to date when the guidelines have been 
followed. While there is evidence in the literature of patients having been 
scanned with sequences that are typically associated with much higher SAR 
values (79–81) without any reported overt adverse effects, this cannot be taken 
as proof principle of safety in light of the complexity of the interaction.

Published and Reported Adverse Events

Unfortunately, two case reports underscore the potentially serious conse-
quences of heating at the DBS tip in an MRI. Spiegel et al. (20) reported the 
case of a 73-year-old patient who underwent MRI in the transmit/receive head 
coil configuration of a 1.0-Tesla system (not the recommended 1.5-Tesla). The 
patient, who had bilateral DBS leads implanted for Parkinson’s disease, exhib-
ited dystonic and partially ballistic movements of the left leg immediately 
after imaging. The second case, reported by Henderson et al. (15), had a much 
more severe outcome. The patient was a 56-year-old male who had undergone 
bilateral implantation of DBS leads. As the patient enjoyed hunting, the IPG 
for the left DBS lead was placed in the abdomen away from the shoulder the 
patient used to brace his rifle. Several months after implantation, the patient 
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underwent MRI of the lumbar spine at 1.0-Tesla using a transmit/receive body 
coil. Upon completion of the MRI procedure, the patient was noted to have 
sustained a neurological deficit marked in part by the development of a right 
hemiparesis (15). Subsequent neurological examination was significant for 
aphasia, right hemiplegia, bilateral extensor plantar responses, and eye devia-
tion. Follow-up T2-weighted MRI performed 2 days after the event revealed 
the presence of a large (several centimeter diameter) hyperintense signal at 
the level of the left DBS lead. At last report, the patient had persistent deficits 
marked by dysarthria, right hemiparesis, and mild dysconjugate gaze. Both 
incidents occurred with scanning that was performed outside of the guidelines 
provided by the device manufacturer and further emphasize the danger of 
generalizing or trivializing the safety recommendations.

Conclusions

Electromagnetic interference is a reality of modern times. Patients with 
implanted medical devices, including DBS hardware, are constantly 
exposed to varying degrees of EM energy, particularly via EM radiation. 
In most cases, such fields are weak and pose little or no risk to the patient. 
However, as reviewed previously, there are particular situations that physi-
cians and patients need to be aware of in order to avoid potential adverse 
events. As is often the case, minimizing patient risk from these potential 
EM interactions depends largely on increasing education and awareness. 
As threats come from both non-medical and medical environments and 
considering that the potential for injury is probably great, both the patient 
and members of the medical community need to be made aware of the 
potential sources of EMI. The impact of any restrictions on the care and 
management of the patient’s primary or secondary medical conditions 
imposed by the presence of the implanted DBS system should be consid-
ered and discussed with the patient prior to surgery. This is particularly 
true with respect to the exclusion of whole body MRI from subsequent 
clinical management.

In the MRI environment, future progress in ensuring patient safety will 
depend greatly on the identification of a universal metric of RF power delivery 
as well as a greater understanding of the impact of device routing and configu-
ration. Some of these concerns may be ameliorated through advancements in 
the DBS hardware itself, including, for example, the inclusion of capacitive 
filtering systems that are tuned to the frequency bands associated with MRI 
or the inclusion of fiber-optic components (82). Other modifications that have 
been proposed include changing the coiling technique of the wires within the 
lead (83) or external shielding techniques involving the placement of some 
type of material over the device to limit infiltration of RF. The latter is by 
no means a novel idea, as it is similar to a report by Butrous et al. (84) of 
two patients with cardiac pacemakers who were able to return to work at an 
electrical substation only with specially designed suits to shield their bodies 
from the high intensity electric fields. However, for DBS systems, which tend 
to involve more elongated and elaborate routing techniques than those used 
for cardiac applications, such shielding techniques may not be feasible. In any 
case, until additional data become available or until any secondary technique 
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for reducing MRI-related heating is developed, current manufacturer guide-
lines for MRI should be followed explicitly. Finally, at least within the realm 
of DBS, the current situation is made relatively simple by the existence of 
only a single device manufacturer with a limited offering of IPGs, leads, and 
extensions. This situation will evolve further as new device manufacturers 
enter the marketplace, bringing with them DBS hardware systems composed 
of different designs and materials.

References

 1. Fein RL (1967) Transurethral electrocautery procedures in patients with cardiac 
pacemakers. JAMA 202(1):101–103.

 2. Wajszczuk WJ, Mowry FM, Dugan NL (1969) Deactivation of a demand pace-
maker by transurethral electrocautery. N Engl J Med 280(1):34–35.

 3. Smith RB, Wise WS (1971) Pacemaker malfunction from urethral electrocautery. 
JAMA 218(2):256.

 4. Yamamoto T, Katayama Y, Fukaya C, Kurihara J, Oshima H, Kasai M (2000) 
Thalamotomy caused by cardioversion in a patient treated with deep brain  stimulation. 
Stereotact Funct Neurosurg 74(2):73–82.

 5. Titel JH, el-Etr AA (1968) Fibrillation resulting from pacemaker electrodes and 
electrocautery during surgery. Anesthesiology 29(4):845–846.

 6. Lichter I, Borrie J, Miller WM (1965) Radio-frequency hazards with cardiac pace-
makers. Br Med J 1965;1(5449):1513–1518.

 7. Furman S, Parker B, Krauthamer M, Escher DJ (1968) The influence of electro-
magnetic environment on the performance of artificial cardiac pacemakers. Ann 
Thorac Surg 6(1):90–95.

 8. Carleton RA, Sessions RW, Graettinger JS (1964) Environmental Influence on 
Implantable Cardiac Pacemakers. JAMA 190:938–940.

 9. Bonney CH, Rustan PL Jr, Ford GE (1973) Evaluation of effects of the microwave 
oven (915 and 2450 MHz) and radar (2810 and 3050 MHz) electromagnetic radiation 
on noncompetitive cardiac pacemakers. IEEE Trans Biomed Eng 20(5):357–364.

10. Rustan PL, Hurt WD, Mitchell JC (1973) Microwave oven interference with car-
diac pacemakers. Med Instrum 7(3):185–188.

11. King GR, Hamburger AC, Parsa F, Heller SJ, Carleton RA (1970) Effect of micro-
wave oven on implanted cardiac pacemaker. JAMA 212(7):1213.

12. (1973) Possible electromagnetic interference with cardiac pacemakers from den-
tal induction casting machines and electrosurgical devices. Council on Dental 
Materials and Devices. J Am Dent Assoc 86(2):426.

13. Orland HJ, Jones D (1975) Cardiac pacemaker induced ventricular fibrillation dur-
ing surgical diathermy. Anaesth Intensive Care 3(4):321–326.

14. Blomstedt P, Hariz MI (2005) Hardware-related complications of deep brain stimu-
lation: a ten year experience. Acta Neurochir (Wien) 147(10):1061–1064; discus-
sion 1064.

15. Henderson JM, Tkach J, Phillips M, Baker K, Shellock FG, Rezai AR (2005) 
Permanent neurological deficit related to magnetic resonance imaging in a patient 
with implanted deep brain stimulation electrodes for Parkinson’s disease: case 
report. Neurosurgery 57(5):E1063; discussion E.

16. Medtronic (2006) Kinetra: Dual Program Neurostimulator for Deep Brain 
Stimulation— Technical Manual. Minneapolis: Medtronic, Inc.

17. Medtronic (2006) Soletra: Neurostimulator for Deep Brain Stimulation—Physician 
and Hospital Staff Manual. Minneapolis: Medtronic, Inc.

18. Medtronic (2006) DBS: Lead Kid for Deep Brain Stimulation—Implant Manual. 
Minneapolis: Medtronic, Inc.



22 Deep Brain Stimulation Safety 469

19. Medtronic (2005) MRI and Activa Therapy Manual. Minneapolis: Medtronic, Inc.
20. Spiegel J, Fuss G, Backens M, et al (2003) Transient dystonia following magnetic 

resonance imaging in a patient with deep brain stimulation electrodes for the treat-
ment of Parkinson disease. Case report. J Neurosurg 99(4):772–774.

21. Nutt JG, Anderson VC, Peacock JH, Hammerstad JP, Burchiel KJ (2001) DBS and 
diathermy interaction induces severe CNS damage. Neurology 56(10):1384–1386.

22. MAUDE Database (2003) ID# 460649. U.S. Food and Drug Administration. 
Accessed Sept. 30, 2006, at www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfMAUDE/
Detail.cfm?MDRFOI__ID=460649.

23. MAUDE Database (2001) ID# 315109. U.S. Food and Drug Administration. 
Accessed Sept. 30, 2006, at www.accessdata.fda.gov/scripts/cdrh/cfdocs/
cfMAUDE/Detail.CFM?MDRFOI__ID=315109.

24. MAUDE Database (2006) ID# 330144. U.S. Food and Drug Administration. 
Accessed Sept. 30, 2006, at www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfMAUDE/
Detail.CFM?MDRFOI__ID=330144.

25. Shellock FG (2006) Reference Manual for Magnetic Resonance Safety, Implants, 
and Devices. Los Angeles: Biomedical Research Publishing Group.

26. Zaremba L (2001) FDA guidance for MR system safety and patient exposures: 
current status and future considerations. In: Shellock FG, ed. Magnetic Resonance 
Procedures: Health Effects and Safety. Boca Raton: CRC Press, pp. 183–196.

27. Shellock FG (2001) Magnetic Resonance: Health Effects and Safety. Boca Raton: 
CRC Press.

28. Hayes DL, Holmes DR Jr, Gray JE (1987) Effect of 1.5 tesla nuclear magnetic reso-
nance imaging scanner on implanted permanent pacemakers. J Am Coll Cardiol 
10(4):782–786.

29. Gangarosa RE, Minnis JE, Nobbe J, Praschan D, Genberg RW (1987) Operational 
safety issues in MRI. Magn Reson Imaging 5(4):287–292.

30. Sommer T, Vahlhaus C, Lauck G, et al (2000) MR imaging and cardiac pace-
makers: in-vitro evaluation and in-vivo studies in 51 patients at 0.5 T. Radiology 
215(3):869–879.

31. Smith CD (2001) Health effects of induced electrical currents: Implications for 
implants. In: Shellock FG, ed. Magnetic Resonance: Health Effects and Safety. 
Boca Raton: CRC Press, pp. 393–413.

32. Shellock FG, Shellock VJ (1999) Metallic stents: evaluation of MR imaging safety. 
AJR 173(3):543–547.

33. Shellock FG, Hatfield M, Simon BJ, et al (2000) Implantable spinal fusion stimula-
tor: assessment of MR safety and artifacts. J Magn Reson Imaging 12(2):214–223.

34. Shellock FG, Fieno DS, Thomson LJ, Talavage TM, Berman DS (2006) Cardiac 
pacemaker: in vitro assessment at 1.5 T. Am Heart J 151(2):436–443.

35. Schueler BA, Parrish TB, Lin JC, et al (1999) MRI compatibility and visibility 
assessment of implantable medical devices. J Magn Reson Imaging 9(4):596–603.

36. Rezai AR, Lozano AM, Crawley AP, et al (1999) Thalamic stimulation and func-
tional magnetic resonance imaging: localization of cortical and subcortical activa-
tion with implanted electrodes. Technical note. J Neurosurg 90(3):583–590.

37. Rezai AR, Finelli D, Rugieri P, Tkach J, Nyenhuis JA, Shellock FG (2001) 
Neurostimulators: potential for excessive heating of deep brain stimulation electrodes 
during magnetic resonance imaging. J Magn Reson Imaging 14(4):488–489.

38. Liem LA, van Dongen VC (1997) Magnetic resonance imaging and spinal cord 
stimulation systems. Pain 70(1):95–97.

39. Heller JW, Brackmann DE, Tucci DL, Nyenhuis JA, Chou CK (1996) Evaluation 
of MRI compatibility of the modified nucleus multichannel auditory brainstem and 
cochlear implants. Am J Otol 17(5):724–729.

40. Gleason CA, Kaula NF, Hricak H, Schmidt RA, Tanagho EA (1992) The effect 
of magnetic resonance imagers on implanted neurostimulators. Pacing Clin 
Electrophysiol 15(1):81–94.

www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfMAUDE/Detail.cfm?MDRFOI__ID=460649
www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfMAUDE/Detail.cfm?MDRFOI__ID=460649
www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfMAUDE/Detail.CFM?MDRFOI__ID=315109
www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfMAUDE/Detail.CFM?MDRFOI__ID=315109
www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfMAUDE/Detail.CFM?MDRFOI__ID=330144
www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfMAUDE/Detail.CFM?MDRFOI__ID=330144


470 K.B. Baker and M.D. Phillips

41. Finelli DA, Rezai AR, Ruggieri PM, et al (2002) MR imaging-related heating of deep 
brain stimulation electrodes: in vitro study. AJNR Am J Neuroradiol 23(10):1795–1802.

42. Chou CK, McDougall JA, Chan KW (1997) RF heating of implanted spinal 
fusion stimulator during magnetic resonance imaging. IEEE Trans Biomed Eng 
44(5):367–373.

43. Chou CK, McDougall JA, Can KW (1995) Absence of radiofrequency heating 
from auditory implants during magnetic resonance imaging. Bioelectromagnetics 
16(5):307–316.

44. Schaefer DJ, Bourland JD, Nyenhuis JA (2000) Review of patient safety in time-
varying gradient fields. J Magn Reson Imaging 12(1):20–29.

45. Shellock FG (2001) MR imaging and electronically activated devices. Radiology 
219(1):294–295.

46. Sawyer-Glover AM, Shellock FG (2000) Pre-MRI procedure screening: recom-
mendations and safety considerations for biomedical implants and devices. J Magn 
Reson Imaging 12(3):510.

47. Nyenhuis JA, Kildishev AV, Foster KS, Graber G, Athey W (1999) Heating near 
implanted medical devices by the MRI RF-magnetic field. IEEE Trans Magn 
35:4133–4135.

48. New PF, Rosen BR, Brady TJ, et al (1983) Potential hazards and artifacts of fer-
romagnetic and nonferromagnetic surgical and dental materials and devices in 
nuclear magnetic resonance imaging. Radiology 147(1):139–148.

49. Shellock FG (2001) Pocket guide to metallic implants and MR procedures: update 
2001. New York: Lippincott-Raven Healthcare.

50. Shellock FG, Tkach JA, Ruggieri PM, Masaryk TJ (2003) Cardiac pacemakers, 
ICDs, and loop recorder: evaluation of translational attraction using conventional 
(“long-bore”) and “short-bore” 1.5- and 3.0-Tesla MR systems. J Cardiovasc Magn 
Reson 5(2):387–397.

51. ASTM (2002) Standard test method for measurement of magnetically induced 
torque on passive implants in the magnetic resonance environment, standard F2213-
02. In: ASfTaM, ed. Annual Book of ASTM Standards. West Conshohocken: 
ASTM, pp. 19,428–19,959.

52. ASTM (2002) Standard test method for measurement of magnetically induced 
displacement force on passive implants in the magnetic resonance environment. 
Designation: F 2052. In: ASfTaM, ed. Annual Book of ASTM Standards, Section 
13, Medical Devices and Services, Volume 1301 Medical Devices; Emergency 
Medical Services. West Conshohocken: ASTM, pp. 1576–1580.

53. Baker KB, Nyenhuis JA, Hrdlicka G, Rezai AR, Tkach JA, Shellock FG (2005) 
Neurostimulation systems: assessment of magnetic field interactions associated 
with 1.5- and 3-Tesla MR systems. J Magn Reson Imaging 21(1):72–77.

54. Georgi JC, Stippich C, Tronnier VM, Heiland S (2004) Active deep brain stimula-
tion during MRI: a feasibility study. Magn Reson Med 51(2):380–388.

55. Shellock FG (2005) In: Shellock FG, ed. Reference Manual for Magnetic 
Resonance Safety, Implants, and Devices, 2005 edition. Los Angeles: Biomedical 
Research Publishing Group, pp. 122–134.

56. Schenk J (2001) Health effects and safety of static magnetic fields. In: Shellock FG, 
ed. Magnetic Resonance Procedures: Health Effects and Safety. Boca Raton: CRC 
Press, pp. 1–29.

57. Nyenhuis JA (2001) Health effects and safety of intense MRI gradient fields. In: 
Shellock FG, ed. Magnetic Resonance Procedures: Health Effects and Safety. Boca 
Raton: CRC Press, pp. 31–54.

58. Geddes LA, Baker LE (1989) Principles of Applied Biomedical Instrumentation, 
third edition. Wiley and Sons.

59. IEC (2002) Medical electrical equipment, particular requirements for the safety of 
magnetic resonance equipment for medical diagnosis. International Standard IEC 
60601-2-33.



22 Deep Brain Stimulation Safety 471

60. Achenbach S, Moshage W, Diem B, Bieberle T, Schibgilla V, Bachmann K (1997) 
Effects of magnetic resonance imaging on cardiac pacemakers and electrodes. Am 
Heart J 134(3):467–473.

61. Brown TR, Goldstein B, Little J (1993) Severe burns resulting from magnetic 
resonance imaging with cardiopulmonary monitoring. Risks and relevant 
safety precautions. Am J Phys Med Rehab/Assoc Acad Physiatrists 72(3):
166–167.

62. Konings MK, Bartels LW, Smits HF, Bakker CJ (200) Heating around intravascular 
guidewires by resonating RF waves. J Magn Reson Imaging 12(1):79–85.

63. Ladd ME, Quick HH (2000) Reduction of resonant RF heating in intravascular 
catheters using coaxial chokes. Magn Reson Med 43(4):615–619.

64. Nitz WR, Oppelt A, Renz W, Manke C, Lenhart M, Link J (2001) On the heating 
of linear conductive structures as guide wires and catheters in interventional MRI. 
J Magn Reson Imaging 13(1):105–114.

65. Tronnier VM, Staubert A, Hahnel S, Sarem-Aslani A (1999) Magnetic reso-
nance imaging with implanted neurostimulators: an in vitro and in vivo study. 
Neurosurgery 44(1):118–125; discussion 25–26.

66. Park SM, Nyenhuis JA, Smith CD, et al (2003) Gelled versus nongelled phantom 
material for measurement of MRI-induced temperature increases with bioimplants. 
IEEE Trans Magnet 39(5):3367–3371.

67. Baker KB, Tkach J, Hall JD, Nyenhuis JA, Shellock FG, Rezai AR (2005) 
Reduction of magnetic resonance imaging-related heating in deep brain stimulation 
leads using a lead management device. Neurosurgery 57(4 Suppl):392–397; discus-
sion 397.

68. Baker KB, Tkach JA, Nyenhuis JA, et al (2004) Evaluation of specific absorp-
tion rate as a dosimeter of MRI-related implant heating. J Magn Reson Imaging 
20(2):315–320.

69. Baker KB, Tkach JA, Phillips MD, Rezai AR (2006) Variability in RF-induced heat-
ing of a deep brain stimulation implant across MR systems. J Magn Reson Imaging.

70. Medtronic (2001) Soletra neurostimulator for dep brain stimulation—model 7246 
physician and hospital staff manual. Minneapolis: Medtronic, Inc.

71. Fetter J, Aram G, Holmes DR, Jr., Gray JE, Hayes DL (1984) The effects of nuclear 
magnetic resonance imagers on external and implantable pulse generators. Pacing 
Clin Electrophysiol 7(4):720–727.

72. Nyenhuis JA, Park SM, Kamondetdacha R, Amjad A, Shellock FG, Rezai A (2005) 
MRI and Implanted Medical Devices: Basic Interactions with an Emphasis on 
Heating. IEEE Trans Dev Mat Reliab 5(3):467–480.

73. Alterman RL, Reiter GT, Shils J, et al (1999) Targeting for thalamic deep brain 
stimulator implantation without computer guidance: assessment of targeting accu-
racy. Stereotact Funct Neurosurg 72(2–4):150–153.

74. Lemaire JJ, Durif F, Boire JY, Debilly B, Irthum B, Chazal J (1999) Direct stere-
otactic MRI location in the globus pallidus for chronic stimulation in Parkinson’s 
disease. Acta Neurochir (Wien) 141(7):759–765; discussion 766.

75. Mobin F, De Salles AA, Behnke EJ, Frysinger R (1999) Correlation between 
MRI-based stereotactic thalamic deep brain stimulation electrode placement, mac-
roelectrode stimulation and clinical response to tremor control. Stereotact Funct 
Neurosurg 72(2–4):225–232.

76. Suh JS, Jeong EK, Shin KH, et al (1998) Minimizing artifacts caused by metallic 
implants at MR imaging: experimental and clinical studies. Ajr 171(5):1207–1213.

77. Pollo C, Villemure JG, Vingerhoets F, Ghika J, Maeder P, Meuli R (2004) Magnetic 
resonance artifact induced by the electrode Activa 3389: an in vitro and in vivo 
study. Acta Neurochir (Wien) 146(2):161–164.

78. Petersilge CA, Lewin JS, Duerk JL, Yoo JU, Ghaneyem AJ (1996) Optimizing 
imaging parameters for MR evaluation of the spine with titanium pedicle screws. 
Ajr 166(5):1213–1218.



472 K.B. Baker and M.D. Phillips

79. Schrader B, Hamel W, Weinert D, Mehdorn HM (2002) Documentation of elec-
trode localization. Mov Disord 17(Suppl 3):S167–S174.

80. Ryu SI, Romanelli P, Heit G (2004) Asymptomatic transient MRI signal changes 
after unilateral deep brain stimulation electrode implantation for movement disor-
der. Stereotact Funct Neurosurg 82(2–3):65–69.

81. Hariz MI, Krack P, Melvill R, et al (2003) A quick and universal method for stere-
otactic visualization of the subthalamic nucleus before and after implantation of 
deep brain stimulation electrodes. Stereotact Funct Neurosurg 80(1–4):96–101.

82. Greatbatch W, Miller V, Shellock FG (2002) Magnetic resonance safety testing 
of a newly-developed fiber-optic cardiac pacing lead. J Magn Reson Imaging 
16(1):97–103.

83. Gray RW, Bibens WT, Shellock FG (2005) Simple design changes to wires to sub-
stantially reduce MRI-induced heating at 1.5 T: implications for implanted leads. 
Magn Reson Imaging 23(8):887–891.

84. Butrous GS, Bexton RS, Barton DG, Male JC, Camm AJ (1983) Interference with the 
pacemakers of two workers at electricity substations. Brit J Ind Med 40(4):462–465.



Abstract

As deep brain stimulation (DBS) has become a treatment standard for medi-
cally refractory Parkinson’s disease (PD), essential tremor, and dystonia, 
more is being learned about the longevity and function of the implantable 
stimulator and its components. Early reports have related a 15 to 30% failure 
and infection rate associated with this device (1–7). As the number of medical 
conditions treated with DBS increases, the total number of device failures will 
also rise. Therefore, a systematic method for troubleshooting device failures 
is required in order to minimize both DBS “downtime” and the number of 
surgeries required to identify and replace failed components.

Keywords: deep brain stimulation, DBS, troubleshooting, testing, noninvasive, 
invasive, open circuit, closed circuit

Introduction

The present standard of care for medically refractory Parkinson’s disease, 
essential tremor, and dystonia is the surgical placement of a deep brain stimulat-
ing (DBS) system. The degree of hardware related failures in any implantable 
system varies, but for the DBS system reports describe a 15 to 30% failure 
and infection rate (1-7). Thus as more patients are implanted, both for present 
indications and as future indications are developed, it seems clear that the total 
number of hardware related failures will rise. With this in mind, our groups have 
devised a methodology for troubleshooting device related failures in order to 
both minimize DBS “downtime” and to reduce the number of surgical incisions 
and hardware replacements required for repair.

Surgery to isolate and fix device malfunctions takes time, is expensive, and 
exposes the patient to additional risk. Therefore, it is important to evaluate com-
pletely the patient who is responding poorly to DBS before manipulating his/her 
device surgically. The potential causes of a poor response to DBS include 
inaccurately placed leads, an incorrect initial diagnosis, inadequate stimulator 
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programming, and a worsening disease state (8). If specific symptoms or electro-
physiological data derived through device interrogation do not  suggest a device fail-
ure (see later), these clinical issues must be ruled out before assuming that a device 
malfunction exists. However, even when it is clear that a malfunction is present, it 
is essential to make every possible attempt to localize the fault noninvasively before 
embarking on surgical interventions.

Unless a lead fracture is visible on X-ray (Figure 23.1), locating short or “open” 
circuits in system components is very difficult with current manufacturer-supplied 
hardware and software. Intermittent system problems are especially difficult to 
locate, and the differentiation of an intermittent problem from a pseudo problem 
can be nearly impossible. In this chapter, we describe a noninvasive means to 
localize system failures, which we have used successfully to guide the surgical 
repair of malfunctioning DBS systems. Illustrative cases are also provided.

The DBS System

The DBS system consists of: a four-contact stimulating lead (9), a combination 
implantable pulse control system and self-contained power supply (10), and an 
extension cable (11) that connects the two (Figure 23.2). At this time there are 
two Food and Drug Administration (FDA)-approved leads: Medtronic models 
3387 and 3389. Each of these leads has four contacts that are 1.5 mm long by 
1.27 mm diameter that are composed of platinum/iridium. Each contact is con-
nected via a coiled platinum/iridium wire to a nickel alloy (MP35N) cylinder on 
the opposite end of the lead, which exits the skull and is connected to an exten-
sion cable. Individual wires are insulated with a fluoropolymer to prevent contact 
shorting. The four lead wires are contained in a type 80A urethane jacket. The 
coils and the insulation allow for limited lead motion to accommodate patient 
movement1. The maximum impedance of the lead is less than 100Ω.

Figure 23.1 A sagittal X-ray showing a break in one of the leads (black arrow). This 
break is across all four of the electrode wires

1 At the time of this writing, the only FDA-approved device is made by Medtronic, 
Inc. All techniques discussed in this chapter were developed on these systems. These 
techniques should be acceptable for other systems when approved for use.
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The lead is secured where it exits the skull by one of several acceptable 
means. The excess length of lead wire is neatly coiled beneath the scalp and 
connected to the extension (11), which is thicker and more durable than the 
lead. The conductors in the extension are made from silver core MP35N. Each 
conductor is coiled and set in an individual cylindrical opening which reduces 
the chance of shorting. The extension is passed through a subcutaneous tract 
that traverses the retrosigmoid region and neck to an ipsilateral subcutaneous 
pocket in the subclavicular area of the upper chest where the extension lead is 
connected to the implantable pulse generator (IPG). For a dual-stimulation device, 
each lead is connected to a single extension wire via a ‘Y’-adapter (‘Y’ in 
shape only – all contacts are still individual). A silastic cover (boot) is placed 
over the lead/extension connection and two ties are placed on each end creat-
ing a water tight seal for the connection (Figure 3). The connector screws are 
made from titanium and the connector blocks from stainless steel. The exten-
sion insulation is silicone rubber and polyurethane while the connector block is 
sealed in silicone rubber and siloxane coated silicone rubber. The maximum 
resistance of the complete extension wire is 7 Ω.

The DBS Circuit

For current to flow through an electrical circuit, the circuit needs to be con-
figured in a closed loop. The electrical circuit that contains the DBS system is 
depicted in Figure 23.2. The power source provides a constant voltage pulse of 

Figure 23.2 A graphical representation of the implanted DBS system. This is the only 
FDA-approved system at the time of this writing
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potential V that, when activated, sends a current around the circuit. The current 
(I) is determined by the potential (V) and the impedance (Z) that the potential 
needs to overcome.

 I
Z

=
V

 
(1)

For DBS, the impedance includes both the circuit resistance and the effects of 
capacitance and inductance at the biomechanical interface of the electrode and 
tissue. Therefore, the total circuit impedance is composed of three elements: 
(1) the connections between the system components; (2) the impedances of the 
conductors (wires) used in both the extension cable (< 7 Ω [11]) and the lead 
(<100 Ω [9]); and (3) the brain–body–electrode interface, which contributes 
the largest impedance. It is also important to note that the impedance of brain 
tissue varies with the stimulation frequency, therefore, comparing imped-
ances over time is only useful if the same test frequency and pulse width were 
used. Presently, the only FDA-approved device uses a 30-Hz test frequency, 
which differs considerably from the frequencies most commonly used for 
DBS therapy (typically 130–185 Hz). In general, as the frequency increases 
the measured impedance of the biologic material decreases (12–14). For an 
intact system, normal impedance values for a test pulse of 210 µsec at 30 Hz, 
when referenced to the IPG case (i.e., monopolar configuration), should range 
between 600 and 2000 ohms with a current between 9 and 25 µA using 2.0 
volts. This is true for electrodes located within the STN, GPi, and VIM when 
using the Medtronic model 8840 programmer in the electrode impedance test 
mode, but not during therapy measurement testing. Future systems may use 
different test parameters and will yield different normal impedance values. 
Also, normal impedance values in other brain regions may differ from those 
observed in these three areas.

The literature describes very little anatomical change at the electrode/brain 
interface as a consequence of chronic DBS (15–17). Therefore, one may con-
clude that a major change in the measured electrical properties of impedance 
and current over time will most likely occur at the other two primary circuit 
impedance points (the conductors and connection points). It should be noted, 
however, that within 3 months of implantation there may be large changes 
in impedance, likely due to surgical healing. Three types of electrical failure 
modes have been identified in DBS systems: (1) foreign body accumulation 
at the connection points; (2) an open circuit (i.e., a break in the circuit path); 
and (3) a “short,” which is a new unexpected and unwanted circuit pathway 

Figure 23.3 A photograph of the 
lead–extension connection. The silastic 
boot is covering the connection and 
there are two black ties on each end 
of the boot to seal the connection. 
This is supposed to keep a water-tight 
seal around the connection in order to 
protect the connection and reduce the 
chance for shorting
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between what should be independent circuit elements. An internal failure of 
the IPG is exceedingly rare, but possible; however, locating a problem in the 
IPG is more complex and is arrived at through a process of elimination, when 
all other testing, to be described later, fails to localize the failure.

Under the open circuit condition, current is unable to flow due to a break 
in the pathway (Figure 23.4). If the circuit is completely open, the measured 
current will be zero and the impedance will be infinite. If the circuit contains 
an intermittent open and closed condition, current will flow some of the time 
(transient mode failure), during which current flow through the circuit may 
appear normal. Intermittent open circuits are very difficult to troubleshoot, 
and may only be found during the actual open period. An intermittent open 
circuit could be seen when a break in the conductor allows the two ends to 
remain close proximity. When the ends are in contact the circuit will function 
normally, however, if the extension or the lead are moved (for example, while 
turning the head) the ends separate and the open circuit condition occurs.

In patients with tremor, which varies quickly in relation to the state of 
stimulation, the ability to diagnose an intermittent open circuit is easier than 
in patients whose symptoms change more slowly. If the intermittent condition 
is very brief no abnormality may be detected. Patients with brief intermittent 
open circuits may derive benefit from stimulation, but the results will be 
suboptimal. Therefore, if a patient presents with an unexplained reduction in 
therapeutic efficacy, but the system appears to be functioning properly, one 
must consider a transient mode failure.

In a short circuit situation, current is shunted away from the electrode 
contacts in the brain. This is because the new circuit pathway, created by the 
short, is of lower impedance and draws current away from the lead tip. For the 
DBS system there may be multiple short-circuit types. The first type involves 
a break (open-circuit) in the extension or lead insulation. The wires on the IPG 
side of the break may touch each other causing the current to flow only in the 

Figure 23.4 A schematic representation of current flow in an electrical circuit. The 
top image shows a normal circuit. The lower left image shows an open circuit where 
no current can flow into the load. The lower right image shows a short circuit where 
current will be shunted away from the load via the short
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electrical circuit and not in the body. Under this condition, one will measure 
very low impedance and very high current during the therapeutic test (see 
later). The term “high” and “low” are used because the normal values depend 
on the therapeutic settings being employed. For stimulation with pulse widths 
of 60 to 90 µsec, one or two active contacts, and voltages under 3.7 volts, the 
stimulation current should be less than 150 µA. However, for a pulse width of 
210 µsec or higher, and/or a voltage of >3.6 volts, and/or more than two acti-
vated contacts, the current can exceed 200 µA and still be considered normal. 
Thus, it is critical to look at the therapeutic parameters at each visit so that a 
reference exists for each particular patient.

A second type of short occurs if the insulation between the conductors in the 
extension breaks down and the conductors begin to short due to contact with 
biological tissue. Because there is no open circuit, some of the current flows 
back to the IPG via the shorted wire while the rest flows to the conductors in 
the brain. Consequently, some inactive contacts may transmit current, stimulating 
unintended areas of the brain. Short circuits can cause excessive current flow 
because when the impedance trends toward zero, the current will exceed the 
maximum desired, rapidly draining the power source. One dangerous problem 
with short circuits, and the high current that results, is that this high current 
may break down the insulation, causing additional unwanted current paths. 
Also, higher current can generate heat at the site of the short, which will in 
turn heat adjacent tissue, generating potential burns. In Figure 23.5, burns can 
be seen on both the left and right extensions wires removed from this patient.

Figure 23.5 This is a series of photographs from a damaged lead taken from a patient 
who had a DBS system implanted in the thalamus for chronic pain. There was a break 
in the extension that in turn allowed fluid to contact the leads causing a short. As the 
blood started to dry in the extension the short energy was high enough to generate burns 
internal to the insulation. The patient described some sharp electrical shocks for about 
6 hours and then nothing. This was probably during the time the battery was draining

Break in Extension Lead Burn 1 in Extension Burn 1 in Extension

Burn 2 in ExtensionBurn 2 in ExtensionBurn 2 in Extension
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A third type of short circuit condition can arise when fluid enters the 
connection between the extension and the lead or the extension and the IPG. 
The fluid can act as a conductor, shunting the current away from the DBS 
electrode surfaces to other unintended contacts. In monopolar configuration, 
the shunted current may activate an alternate conductor, again sending current 
to an inactive electrode, stimulating an area of brain inadvertently.

Monopolar and bipolar stimulation behave somewhat differently in 
failure modes due to the differing return pathways for the current. During 
monopolar stimulation, the return is the casing of the IPG, which is usually 
placed in the chest area. If the lead and extension wire insulations are intact 
(i.e., the break is inside an intact insulation), the insulation will create a very 
high resistance thus still allowing the current to flow to the lead in the 
brain and not from the break point. However, if the insulation has a break, 
current will escape from the opening back to the IPG and the patient may 
feel a shock at the break point. For the short circuit situation in monopolar 
configuration, the current will be split between the two shorting leads if 
only one lead is active. No changes will be seen if both of the leads are 
active, assuming the insulation is not broken. If the short is between the 
connector and the IPG the patient may feel intense pain at the IPG site. 
A note of caution: under normal circumstances thin patients may feel a 
sensation at the chest area during monopolar stimulation, which may be 
mistaken for a short circuit. However, interrogation of the system will 
reveal normal impedance. If the insulation is broken, a shock may be felt 
at the break point. If the impedance at the break point is lower than that of 
the electrode contacts in the brain, current will pass from the break point 
to the case, taking the path of least resistance.

During bipolar stimulation multiple types of open circuit situations can 
occur. If the insulation is intact, no current will flow in the circuit. If, how-
ever, the insulation surrounding one of the conductors is broken, current will 
flow along two pathways. The first pathway is from the insulation break 
to the reference electrode in the brain. The second is the intended pathway 
between the active and reference electrodes.2 The amount of current flowing 
at the break will depend on the relative impedance in each pathway. In fact, 
no problem may be noticed by the patient in the case where the impedance at 
the break point is very large. If both conductors are broken, current will most 
likely flow at the break point.

Short circuits also present in multiple ways depending on the state of 
the insulation and the state of the conductors at the location of the short. If the 
insulation and the conductors are fully intact, minimal current will get to 
the brain because the impedance at the short is very low. If the insulation is 
intact and multiple electrodes are being employed for therapy, two conditions 
could arise. First, if the short is between the active contact and another (an 
electrode not used for the patients particular therapy program), or the reference 
and another, the current will be split between the normal circuit and the new 
path, stimulating an unintended region of the brain. Second, if the short is 

2 At first, one may think that if there is a break in the wire and conductor then no current 
will get to the brain. Yet if there is fluid in the conductor between the breaks, a current 
pathway may exist for energy to reach the brain.
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between two active contacts or between two reference contacts, no difference 
will be seen. If the insulation is broken, the current has multiple pathways it 
can travel and the current to the brain electrodes will most likely be reduced 
due to the low power supply resistance.

Note that in contrast to constant voltage devices, the internal resistance of 
constant-current stimulators must be very high to ensure that the power supply 
and not the load controls the current delivered. In every day life load typically 
controls current. For example, when we turn on a brighter light at home, the 
lamp draws more current from the power supply. In a patient, the electronics 
need to operate in reverse, so that when there is a short, the power supply will 
automatically limit the current to a safe level. In the home, there are fuses and 
circuit breakers for protection.

Noninvasive Testing

When evaluating a patient with a reduction in DBS efficacy, signs of a potential 
device failure include: (1) a sudden change in the therapeutic benefit of stimu-
lation; (2) strange electrical shocks along the circuit pathway; (3) a sudden 
onset of muscle contractions; (4) a sudden onset of continuous or intermittent 
paresthesias; (5) a sudden change in vision; and (6) battery depletion long 
before expected. The techniques and methods for troubleshooting a malfunc-
tioning DBS device fall into two categories: noninvasive testing performed in 
the clinic and invasive testing performed in the operating room.

Initial testing is performed with the clinical patient programmer. Observe 
and record the following:

 (1) device state (on/off)
 (2) number of activations since the previous visit
 (3) percentage of on time since the previous visit
 (4) battery voltage
 (5) therapeutic impedance
 (6) therapeutic current
 (7) monopolar impedances
 (8) monopolar currents
 (9) bipolar impedances
(10) bipolar currents

All 10 of these details are discernable with the programmer. It is critical that 
at the end of each visit the internal counters in the implanted IPG are reset so 
items 2 and 3 in the list are accurate. If the device is off, the clinician must 
attempt to determine why and when it turned off. One way to estimate the 
length of time the device was shut off, if a singular event, is to determine the 
amount of time the device has been off. This can be estimated by observing the 
date of the last reset and subtracting the total hours used from the total hours 
since the last reset and calculating the intervening hours by:

 ~
( Re )

DaysSinceOff
NumberOfDaysSince set HoursUsed

=
× −24

24
 (2)

The patient should be questioned about specific events within a few days of 
this estimated time. Ask the patient about recent travel, shopping, or other 
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excursions. Ask if he or she was near large power lines or electrical substations 
or close to large neon signs. Ask whether power tools or welders were used. 
Finally, ask about any impacts they may have taken to the chest area. Newer 
DBS systems (i.e., post-2003) are less susceptible to external magnetic inter-
ference, but the patient’s recent history to such exposure should be recorded. 
If the patient cannot recall any specific event (the most common case), turn 
the device back on and run both the electrode specific impedance and current 
checks as well as the therapeutic parameter check. If all parameters are within 
the normal range, no other changes are necessary. Recommend that the patient 
keep a diary of potential causative external events (as cited earlier) to have a 
record if the same situation arises in the future.

If the measured parameters are outside of the normal range then more inves-
tigation is necessary. The battery voltage gives an indication of how much 
battery energy is left. Our experience has shown that when battery voltages 
for Medtronic devices drop below 3.65 volts, the IPG should be replaced. The 
Medtronic product manuals recommend a lower voltage before device change, 
but in the authors’ experience, when the voltage drops below 3.65 volts, the 
therapeutic voltage must be raised to achieve a similar, though not quite as 
beneficial result, as compared to a fresh battery that is delivering its full output 
potential. After IPG replacement, the therapeutic values are typically the same 
as those prior to battery voltage reduction. (For other manufacturers devices 
these guidelines will need to be determined.)

If the battery voltages test at a reasonable level (i.e. above 3.65 volts), the 
next step is to examine the circuit integrity. To accomplish this, both the elec-
trode circuit test (each electrode and each electrode combination is checked) 
and the therapeutic test (current and impedance at the therapeutic settings) 
need to be performed. Both are needed since an acceptable therapeutic test 
will not always identify a short circuit involving an “inactive” electrode, which 
could be the cause of paresthesia, contractions, visual problems, or poor 
therapeutic results due to the stimulus being shunted from desirable to undesirable 
brain areas. When performing the therapeutic parameters test, major impedance 
and current changes (i.e., >200 ohms and >20 mA, respectively) since the last 
visit will indicate a problem. However, remember that during the first 3 to 6 
months after implantation, changes of this order may be observed as a result 
of the normal brain healing process.

The results of the bipolar component of the electrode testing program help 
one to make sense of abnormalities or changes found during the therapeutic 
test. During bipolar testing it is critical to look at all of the electrode combina-
tions, not just those involving active contacts. A low impedance value and a 
high current value between any electrode pair that includes an active electrode 
indicates that a nonplanned current is being delivered. For the case where the 
active electrode is paired with an inactive electrode, current is being delivered 
to an area of the brain that should not be receiving any current. For the case 
where the active electrode is paired with another active electrode of opposite 
polarity, an inappropriate amount of current is being delivered. Either of these 
cases will require replacement of some system component. If the short is 
between two inactive electrodes, no changes may be required. If no abnormal 
values are noted then more investigation is necessary.

Monopolar impedances and currents should also be investigated using the 
electrode test program as the problem may not involve a specific electrode 
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pair but could reside within a single conductor or within the IPG switching 
matrix. An open circuit (very large impedances and very low currents) in 
electrodes that are inactive could indicate a future problem in an active electrode 
or an intermittent fault. Intermittent faults are generally the most difficult to 
localize. This is because they may not show as faults during normal testing with 
the clinical programmer. A break in an inactive electrode is good evidence 
that there may be a transient fault in an active lead in the event of a sudden 
change in therapeutic benefit. Another way to identify intermittent faults 
is to manipulate the lead connector lightly under the skin while asking the 
patient if they feel any changes. If the intermittent fault is causing motor or 
sensory phenomena this technique has a good chance of exposing it. When 
manipulating near or at the break point, the patient may experience sharp 
paresthesias or contractions. If no paresthesias or contractions are found 
when manipulating the lead or extension wire, but a transient fault is still 
suspected, a lateral and A-P X-ray of the chest, head, and neck may be useful 
in locating a troubled area in the lead or extension. A potential troubled area 
is one where there is a sharp bend in the lead or extension, or one where the 
wires appear to be broken. It has been the author’s experience that near the 
connector, the wires may appear broken even when they are intact. Utilizing 
information from the X-ray, push on the wire at the point where the X-ray 
indicates a problem and then retest the system using the electrode test pro-
gram. Manipulating the lead and extension at the break point may cause a 
change that can be detected. It is especially important to do this testing at the 
connections (i.e., the lead to extension connection and the IPG to extension 
connection). X-rays may also be used to determine if there are large breaks 
in the lead or extension wire (Figure 23.1).

Noninvasive Active Testing

To identify more complex failures such as transient failures or better localize 
a failure, we developed a technique that utilizes either an oscilloscope or an 
intra-operative neurophysiological monitoring system with electromyography 
(EMG) software to visualize the electrical pulse traveling through the cir-
cuit. By analyzing the shape and amplitude of the recorded wave one may 
determine: whether or not a fault exists; the type of fault; and potentially the 
exact location of the fault. Figure 23.6 shows the placement of the recording 
electrodes along the DBS system. Figure 23.7 shows the theoretical shape of 
the IPG wave, and a normal IPG wave recorded at the surface of the skin via 
the set up shown in Figure 23.6. The testing is performed in both monopolar 
and bipolar modes. This technique is based on the principles underlying 
surface EMG and far field evoked potentials. The electrical potential gener-
ated in the muscle or nerve synapse forms an electric field (Figure 23.8) that 
can be recorded on the skin. The primary measured impedance is that from 
the electrode contact in the brain and the case and is represented by the grey 
rectangles in Figure 23.9. This impedance consists of all the energy that is 
dissipated in all the tissue along the pathway, including the skin. Thus, by 
placing recording leads on the skin the voltage gradient between the two 
leads can be recorded. If all the wired connections are intact then signal that 
is recorded on the surface of the skin will be similar for all leads and 
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Figure 23.6 These are the locations of the test points on the surface of the skin. The ground 
is placed over the IPG while the active and reference leads are moved over the wires

Figure 23.7 Examples of the DBS signal recorded from a system in a simulated body 
load and from a surface recoding where the impedance was 560 ohms. The initial nega-
tive peak is the cathodal stimulation amplitude that is represented by the voltage value 
that is set on the programmer. The positivity represents the charge balanced component 
of the wave form
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skin locations measured3. If there is a break in one of the wired elements, 
then the potential that is generated on the skin during stimulation with that 
lead will be different as compared to the other leads. Depending upon the 
relationship of the open circuit to the recording electrodes (i.e., distance 
from the open circuit, space between the active and reference electrode, and 
whether or not the open circuit is located between the recording electrodes 
or not) the signal will either be larger or smaller than when it is between the 
other leads. In the normal intact DBS system, the primary signal is a far field 
signal that is generated at the electrode brain interface. If there is a break in 
the lead or a short between wires then a new synaptic point is created. This 
new point will divert some, or all, of the signal from the electrode tip–brain 
interface. If the signal diversion is kept completely inside of the insulation 
and the diversion is an open circuit, the far field amplitude at the electrode 
brain interface will have a smaller amplitude than the normally operating 
system. If the signal diversion is kept completely inside of the insulation 
and the diversion is a short circuit bringing an inactive electrode into play, 
the far field amplitude at the electrode brain interface may be larger in 
either the positive or negative direction during bipolar stimulation or in both 
directions during monopolar stimulation. This is due to the larger spread of 
energy in the brain. If the signal diversion is kept completely inside of the 
insulation and the diversion is a break with a short to another contact the far 
field amplitude at the electrode brain interface may show either an increase 
in amplitude or a decrease in amplitude, but a change will be noted. If the 
diversion is at a point where the insulation is broken there will likely be an 
increase in the signal at the point of the break for an open circuit, or the 
amplitude will decrease as the recording electrodes are moved away from 
the short in the case of a short circuit.

3 There will actually be a slight amplitude variation due to impedance differences in the 
leads. This difference will be well below any change that is detected from a fault.

Figure 23.8 Graphical representations of an analytic solution to the voltage (A and C) and 
electric (B and D) fields generated by the Medtronic DBS lead. The hot colors (yellow and 
red) represent the anodal field while the cool colors (blue and green) represent the cathodal 
field. (To view this figure in color, see insert)
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During monopolar stimulation the circuit pathway includes the IPG, extension, 
lead, and body back to the IPG (Figure 23.9). Monopolar testing is performed in 
two different steps (note that by monopolar we mean the IPG stimulation con-
figuration). The first step is to place the reference electrode over the skull where 
the lead enters the brain and then move the active recording electrode along skin 
overlying the system pathway. Large changes in the recorded voltage indicate 
that the active recording electrode is near the area of a failure. The second step 
is to separate the active and reference electrodes by about 3 cm and move the 
pair along the system. While moving the electrodes, carefully palpate the wire 
between the leads. If the wires are intact the recorded amplitude should change 
only 5 to 10% owing to geometry and normal body impedances. Larger changes 
indicate the site of a break. This procedure should be done while activating each 
of the DBS contacts in monopolar configuration.

One problem with this technique occurs when the break is very close to the 
IPG or is within the IPG-extension connector. This is because the IPG generates 
the signal and therefore it is difficult to determine if an increase in the recorded 
amplitude is resulting from a break or simply reflects proximity to the stimulus 
source. Figure 23.10 shows an example of an open circuit test when the active 
and reference electrodes are placed on either side of a transient break in the 
extension. When the wire was manipulated the open circuit occurred. Patient 1 
in the case reports section is an example of such a situation. A variation of this 
testing method is performed by keeping the reference electrode at one end of 

Figure 23.9 A representation of the impedance pathways in the body when recording 
on the skin. In an intact system the pathway is from the lead tips to the case. If there is 
a short or open circuit these pathways change
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the circuit and moving the active lead along the extension wire and lead external 
to the skull. When the active lead and the reference point are on the same side 
as the break the potential will be very small. When the active lead comes close 
to the break point the potential will start to increase rapidly. This situation is 
represented by patient 2 described in the case reports section.

Testing for faults when the system is in a bipolar configuration allows for 
better localization of short circuits. When a short exists, two, three, or all 
four wires may be implicated. If all four leads are shorted the signal passing 
through the wire will encounter a nearly zero impedance and thus the field 
generated in the surrounding tissue will be too small to be detected if it exists 
at all. If the short exists at a point where there is a break in the insulation or at 
a connection point, due to the introduction of some biological tissue or fluid, 
the signal may be large enough to be detected up at the surface of the skin. 
If there is a question as to whether a short exists, all bipolar combinations need 
to be checked. If it is already known that a short exists then the shorted wires 
should be checked relative to a good wire (shorted wires as cathode, good wire 
as anode). By placing the active and reference surface electrodes furthest from 
the IPG, recording a signal, and then manipulating the wire through the skin 
while moving along the wire, one may see a change in the signal at the break 
area. The purpose of the manipulation is to break and make the short, which 
will change the impedance and thus the signal picture.

Invasive Testing

Despite our best efforts there are still instances where noninvasive testing 
cannot indicate the defective element to replace. Replacing the brain lead 
obviously poses the greatest risk and inconvenience to the patient. Therefore, 

Figure 23.10 A test that demonstrates a transient open circuit in the system. The 
active lead is placed 3 cm from the area with the break. As the broken lead is moved 
the current changes from flowing in the lead to flowing through multiple conductors in 
the lead. The reduced impedance causes an increase in current and thus a jump in the 
potential. This is recorded from the patient in example 1
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it is imperative that every effort be made to rule out faults in the other system 
components before proceeding with lead replacement. When necessary, we 
perform invasive testing under general anesthesia with endotracheal 
intubation. Unless the IPG is known to be defective, or the battery needs 
replacement, the first incision is made at the extension–lead connection so 
that the lead may be tested independent of the other system components. 
The incision is made directly over the connector and is of sufficient length 
(typically 3 cm), to provide enough room to remove and replace the boot. The 
incision should avoid crossing or “T”-ing into a prior incision made during 
the original placement. Care must be taken at every step not to damage the 
lead (even cleaning and drying it with a gauze pad can inadvertently catch and 
pull a contact free of its connector). It is best to avoid monopolar cautery, use 
of which may cause heating of the implanted electrodes and injury to the sur-
rounding brain. It is essential to note every detail of the tissue and the state of 
the hardware when it is initially encountered. In particular, fluid type, amount, 
and location, as well as the exact configuration of the wires, boot, and sutures 
may be important and should be appreciated before disturbing the hardware 
for evaluation. Avoidance of local anesthetic injections is recommended as 
inadvertent needle damage to a wire or the introduction of fluid within the boot 
can confound the intra-operative evaluation.

The extension–lead connection is examined first. We have sometimes found 
that fluid becomes trapped within the plastic boot that is placed over the lead–
extension connection, causing a short between the connections. The exterior 
of the boot can be gently patted dry. Do not press too firmly when drying the 
boot as fluid can be forced out thereby erasing the evidence. The two sutures 
on each end of the boot should be removed and the boot slid off of the con-
nector. The connection should be opened using the small hexdriver supplied 
by the manufacturer. Both the lead and extension connection should be dried. 
Using a small suction tip, the inside of the female end of the connector can 
also be dried. The boot should be checked for cracks, holes or other defects, 
and replaced if any defect is found. In rare cases, each tiny set screw should be 
removed and cleaned and its connector threading cleaned and dried as well.

If the boot is intact and no fluid is observed in the connection, the extension 
should be the next component tested. It is tested by using the implanted IPG 
as the power generator and recording signal on the exposed end. We use 
small sterile alligator clips to attach to the small connections on the exposed 
end of the extension. The wires attached to the clips are passed from the 
sterile field and connected to an oscilloscope across a 1 KΩ resistor. The IPG 
programming head is placed in a sterile bag and positioned over the IPG. All 
electrode combinations are tested. For these tests the IPG parameters are set 
to 2.0 volts, 60 Hz, and 210 µsec. During each test the surgeon manipulates 
the extension through the skin. Both shorts and open circuits will cause a 
reduction in the signal observed on the scope and will show a flat or much 
reduced trace. If this occurs while testing any electrode combination, the 
extension wire should be replaced. In our experience, the two locations at 
which we most commonly identify open circuits are the retromastoid region 
and the extension–lead connection.

The next step is to test the brain lead itself. This is somewhat more difficult 
because we do not have access to the full lead, specifically the end that is 
in the brain. In the authors’ experience, we have encountered only one case 
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where the lead was defective inside the skull. That was determined using the 
following technique. Using a grass S-88 stimulator, a circuit (Figure 23.11) 
was built to determine the impedance of the leads (similar to the circuit 
depicted in Figure 1 of ref. 13). The test stimulus was as follows: frequency, 
30 Hz; pulse width, 210 µSec; voltage, 2.0 volts. By measuring the current 
and voltage across scalp regions R1 and R2 the impedance of the lead/brain 
system can be calculated. An impedance that is either infinite or less than 50 
Ω demonstrates a definite fault in the system. Because the brain tissue acts as 
the primary component of the impedance in the intact system, the measured 
values should be between 500 Ω and 5000 Ω. Impedance values that fall 
between 50 Ω and 500 Ω represent a gray area. A general rule of thumb used 
by the authors is that impedances below 300 Ω should be investigated as a 
potential short circuit.Two areas that should be checked when investigating 
the lead are the area near the extension–lead connection and the area near 
the cranial locking mechanism.

If the lead and the extension are intact, and the boot had no fluid in it, the 
IPG must be exposed to test its integrity. The continuity of the IPG-extension 
connection is tested in a similar fashion to the lead–extension connection, 
using small alligator clips attached to the battery end connector of the extension 
wire. During the test the extension connector should be manipulated to elicit 
any transient fault. The IPG should be inspected for fluid and cleaned. If the 
circuit is intact the sole remaining possibility is that the IPG has an intermittent 
fault and needs to be replaced.

Testing Methodology

Initial interrogations of devices with suspected malfunctions are performed 
with either the Medtronic model 8840 N-vision clinician programmer or 

Figure 23.11 A circuit to test the impedance of the lead wire in the implanted patient
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model 7432 Physician programmer (Medtronic Inc, Minneapolis, MN). All 
contacts are tested in both monopolar and bipolar stimulation modes. For VIM 
patients, the stimulator test parameters are: 1.5 volts, 30 Hz, 210 µsec. For 
STN and GPi patients, the parameters are: 2.0 volts, 30 Hz, 210 µsec. A higher 
test voltage is used at the STN and GPi because impedances in these areas are 
greater than 2000 Ω at the lower test voltage. A measured impedance more 
than 2000 Ω with a current less than 7 µA indicates a potential open circuit. 
An impedance less than 500 Ω with a current more than 200 µA, indicates a 
potential short circuit. In addition, when testing in monopolar configuration, 
the presence of identical impedances and currents (to within ± 5 Ω and ± 1 µA) 
in any two leads suggests a short circuit, which should be further investigated 
with bipolar testing. With the newer FDA-approved programmers (Medtronic 
model 8840) this step is automatically performed. However, with the older 
stimulator programmer (Medtronic model 7432, Medtronic, Inc., Minneapolis, 
MN) this bipolar testing must be done manually. During bipolar testing (same 
test parameters as described earlier) impedances less than 200 Ω and currents 
more than 200 µA indicate a short between the tested leads.

When a fault is identified or if an intermittent fault is suspected, we proceed to 
our noninvasive detection technique. Nicolet skin recording electrodes (model 
019-420800, Viasys Healtcare, Madison, WI) are preferred. The reference and 
ground electrodes (for the EMG/IOM machine [Nicolet Viking IV, Madison, 
WI]) are placed over the IPG and then over the lead–extension connector 
(Figure 23.6). Prior to placing the leads, the skin is prepped with alcohol and 
dried. Skin prep is not used in order to minimize the risk of skin breakdown 
over the length of the system. Thus far, all measured skin electrode imped-
ances were below 1 kΩ when using the EMG/IOM machine. The oscilloscope 
(Tektronix model TDS 3032, Beaverton, OH) impedances measured with an 
impedance meter (Grass Model F-EZM5, Grass Telefactor, Warwick, RI) were 
similar to the values given earlier. The instrumentation is set up as follows: the 
time base of the oscilloscope is set to 100 µsec/div and 2 msec/div. The time 
base of the Nicolet Viking IV is adjusted to 10 msec/screen. The output of the 
IPG is adjusted to 2.0 volts. The pulse width and frequency are unchanged 
from the values of the clinically effective settings. For some EMG machines it 
may be easier to see the wave when using a larger pulse width. It is important 
to note that in this configuration the anodal component of the charge balanced 
pulse will have a larger amplitude and shorter pulse length and will therefore 
look a little different than the waves depicted in Figure 23.7.

The contacts are tested in sequential order starting at the most ventral contact 
(contact 0). The scale of the recording device is adjusted so the full wave is 
visible on the screen. A short segment of each contact is recorded, noting 
both the amplitude and phase of the signal. After each contact is tested, the 
amplitudes are compared. If no major amplitude changes (greater or less than 
approximately 25% of most of the leads) are observed, each contact is tested 
again. During the second test the extension and connector are all tapped with 
a finger. In later tests, both of these techniques were combined. The skin over 
each element is also gently manipulated. Any system amplitude and phase 
perturbations are investigated further. Figure 10 shows an example of such a 
signal change. In many cases the location of the failure can be found by gentle 
manipulation of the system.
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For an open circuit with two faulty conductors, moving the active test 
electrode over the implanted extension and lead will record a large reduction 
in amplitude at the site of the break during manipulation. This due to the two 
open leads shorting during the manipulation. For a single DBS wire open cir-
cuit, one may or may not observe a large amplitude decrease. For the single 
lead open case (where the lead has penetrated through the insulation only) the 
test needs to be performed in a bipolar mode and the stimulation voltage may 
need to be increased to 3 or 4 volts. Care must be taken when doing this to 
avoid causing the patient any discomfort.

Case Histories

Patient 1

The patient is a 44-year-old male with an 8-year history of PD. The patient 
underwent implantation of bilateral STN DBS systems in January 2001 at another 
treatment facility. In February 2002, the patient came to our hospital complain-
ing of reduced stimulation efficacy and intermittent shocks. The patient had 
recently been in an automobile accident. The patient was observed in the hospital 
for 3 days. Noninvasive interrogation of the IPGs revealed that the left IPG had 
inexplicably turned on and off multiple times. Both IPGs were replaced. Later, 
in September 2002, the patient noted intense electrical shocks while combing his 
hair and returned for evaluation. Standard impedance and electrical tests were 
performed using the Medtronic patient programmer (Model 8840). Impedance, 
current, and voltage were normal for each contact.

Upon palpating the skin near the lead/extension connector, the patient 
experienced shocks in his scalp overlying the connector. An oscilloscope was 
used to evaluate the intact IPG system in real-time. Electrodes were placed as 
follows: ground placed on the skin overlying the chest; reference placed over 
the extension wire at the clavicle; and the active lead placed on the skin over 
the IPG burr hole cap (Medtronic model 3350, Minneapolis, MN).

Because the general location of the failure was known to be near the lead–
extension junction, location testing was not necessary. With the oscilloscope 
set at a time base of 5 to 100 msec per screen, we observed 1 to 20 pulses from 
the IPG. Each of the contacts was tested in monopolar and bipolar configura-
tions with no manipulation of the lead and no abnormalities were seen. The 
IPG was then programmed to the patient’s treatment settings and the patient 
was asked to comb his hair. The scope displayed a 47% (0.15–0.22 relative 
volts) increase in amplitude as the patient pulled the comb back through his 
hair (see Figure 23.10).

Because the comb covered a relatively large area of the head, minute 
finger manipulation of the lead was performed to determine if the transient 
fault was in the lead, the connector between the lead and extension, or in 
the extension wire. Neither manipulation on the lead side of the connector 
nor manipulation of the connector itself elicited a change in amplitude; 
however, manipulation of the extension about 2 to 3 cm from the con-
nector, elicited the signal shown in Figure 23.10. It was apparent that 
the extension wire was faulty and needed replacement. The patient was 
taken to the operating room where the area over the lead/extension con-
nector was opened and the extension wire disconnected. To demonstrate 
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that the lead was still intact a low current impedance meter (BAK model 
IMP-1, Germantown, MD) was used. Note that we were not interested in 
exact impedance measures, only the detection of open and short circuits. 
Testing was done in bipolar configuration. Each of the conductors exhib-
ited impedances of approximately 1 KΩ4. No open or short circuits were 
identified. The extension wire was replaced and the patient returned to his 
previous satisfactory performance level.

Patient 2

The patient is a 37-year-old male with primary generalized DYT-1 dystonia 
for which the patient underwent implantation of bilateral globus pallidus DBS 
systems. The patient’s primary complaint was pronounced torticollis. The 
postoperative course was uneventful. During the first month of therapy, the 
voltage and pulse width were slowly raised to 3.3 volts and 400 µsec, respec-
tively, at which point the patient began to improve. However, after 4 months 
of therapy, the patient’s symptoms returned. Device interrogation with the 
Medtronic programmer demonstrated an open circuit in leads 1 and 2 with 
impedances more than 2000 Ω and currents less than 7 µA.

Gentle palpation over the lead and extension demonstrated no adverse 
sensations. The other two contacts were normal. We thought there might 
be fluid within the connector. An oscilloscope was used but manipulation 
of the connector did not change the results. When we placed the active 
lead near the connector and the reference over the connector, no signal was 
recorded for contacts 1 and 2. When testing contact 1, the active electrode 
was moved towards the IPG. As the electrode passed the mastoid area and 
moved onto the neck, a signal was located. The same result occurred for 
contact 2. The break was determined to be in the extension wire in the 
area of the mastoid. The extension wire was replaced and the patient has 
enjoyed an excellent result.

Patient 3

Patient 3 is a 57-year-old male with essential tremor who had enjoyed 3 years 
of excellent tremor control following left Vim thalamic DBS surgery. For 6 
months prior to presentation, the patient had noted a progressive worsening 
of his speech and some return of his right hand tremor. Interrogation of his 
device with the Medtronic programmer showed no clear short or open circuits. 
Contacts 0 and 3 demonstrated similar currents and impedances, but only 
one-third of the time.

Palpation over the lead and extension elicited no adverse sensations. 
However, the intermittent impedance and current similarities noted for 
contacts 0 and 3 indicated a potential problem. In many cases the impedance 
and current will vary slightly over short periods of time. Typically these variations 
are small, on the order of ± 10 Ω and ± 1 µA, respectively. In this case, two 
contacts were being affected in the same way, some of the time.

4 The accuracy of that meter at that range is poor but adequate for the purpose.
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A reference lead was placed over the IPG and the active lead was placed 
over the lead–extension connector. When the IPG was set to monopolar mode, 
each conductor exhibited acceptable electrical specifications, but when the 
system was placed in bipolar mode and the recording was taken during stimu-
lation with contact 0 set negative and contact 3 positive, the amplitude dropped 
by about 40% as compared to the other bipolar settings. Palpation over the 
extension wire was normal except for a single brief amplitude increase during 
this test. We concluded that the failure was within the extension wire, even 
though the noninvasive demonstration was not as definitive as the previous two 
cases. The extension wire was replaced and the patient improved.

Patient 4

Patient 4 is a 75-year-old male with PD. The patient underwent staged bilateral 
STN DBS implants in the fall of 2000. Two and a half years later the patient 
presented with electrical shock sensations down the anterior and posterior 
aspects of his leg and arm. He stated that these sensations were sometimes 
associated with movement of his neck, but not one specific movement. 
Manipulation of the battery and extension wires failed to reproduce the symp-
toms. No abnormalities were found with the programmer. We hypothesized 
that a transient short was present due to the paresthesias in the leg and arm. 
Because the sensations were on the left side it was felt that the problem was 
with the right IPG.

Figure 23.12 shows the results of the EMG signal tests. A reference lead 
was placed over the IPG and the active lead was placed over the lead–exten-
sion connector. When the IPG was set to monopolar mode (Figures 23.12A–
D), contacts 0 and 3 showed a full signal while contacts 1 and 2 exhibited an 
amplitude reduction of more than 50%. Bipolar testing was then performed. 
Figure 23.12E shows the results of the bipolar test with no pressure on the 
extension. Figure 23.12F shows the results of the test when pressure was 
applied over the right mastoid region, the only place where pressure elicited 
this change. Figures 23.12G and 23.12H show the same type of testing on the 
left IPG with no changes in the signal. Based on these results, the right exten-
sion was replaced with a resolution of the difficulties.

Conclusion

The testing paradigms described in this chapter have been developed through 
more than 10 years of experience with DBS systems. Our current testing 
algorithm is exhibited in Figure 23.13. Clinic testing times range from 30 minutes 
to 2 hours depending on how complex the fault mode is. Unfortunately, even 
after working through all of the testing described herein there will be a small 
number of cases where the failure may not be localized noninvasively. Often, 
in such cases, simply opening the system and cleaning the connections has 
restored proper device function. We have assumed that in these cases, failure 
was due to fluid in the connector, but were not able to prove this. Nevertheless, 
we are typically able to localize system faults accurately while minimizing 
the number of surgeries and the number of surgical incisions needed to fix 
the problem.
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Figure 23.13 This flow chart is designed to offer a general pathway through 
trouble shooting staring from the simplest noninvasive tests to the most complex 
invasive tests. Even though the most complex tests may offer instantaneous results, 
we feel that the invasiveness to the patients is not warranted until all other options 
have been met

Figure 23.12 This series of tests shows how a transient short is seen on the output of a 
EMG machine as compared to the good side. It was thought that reduction in amplitude 
was due to a partial short where there was still some continuity between the IPG and 
the lead, but the wires were touching in the insulation also
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Abstract

Health-related quality of life (HRQOL) refers to an individual’s feelings, daily 
functioning, and coping strategies in response to his or her disease. Instruments 
that measure HRQOL may be utilized to quantify burden of disease. HRQOL 
is particularly impaired in patients with medication refractory Parkinson’s 
disease (PD), essential tremor (ET), dystonia, and cerebellar outflow tremor. 
For these patients, deep brain stimulation (DBS) is a viable alternative that 
may favorably impact their HRQOL.

Keywords: quality of life, deep brain stimulation, Parkinson’s disease, essential 
tremor, cerebellar tremor, dystonia

Introduction

The World Health Organization defines the individual’s health related quality 
of life (HRQOL) as “perception of their position in life in the context of the 
culture and value systems in which they live and in relation to their goals, 
expectations, standards and concerns” (1). Instruments used to measure 
HRQOL capture variables related to the subject’s feelings, daily functioning, 
and their coping strategies in response to their disease (2). They can be 
used to ascertain therapeutic benefit in clinical trials and quantify burden of 
disease (3, 4). There are two types of HRQOL instruments, generic and dis-
ease specific. Generic instruments are multidimensional questionnaires that 
cover a wide variety of areas and can be applied to many diseases and allow 
comparisons between diseases (2, 5). A limitation of generic instruments is 
that they may lack the sensitivity to detect change in longitudinal studies 
specific to a particular disease. Disease-specific HRQOL questionnaires are 
tailored to what may be important in a particular patient population. They 
allow more accurate information regarding the impact of a specific disease 
on the overall health burden.
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PD

In PD, there is a strong association with advancing stages of disease, motor 
complications, and prolonged off states as well as poorer perceptions of health 
and a deterioration in HRQOL (6). Dyskinesias may interfere with activities 
of daily living (ADLs), further impairing HRQOL, and increase healthcare 
costs (7, 8). Diphasic dyskinesias have been reported to be associated with 
worse HRQOL than peak-dose dyskinesias (9). Furthermore, young-onset PD 
patients have worse HRQOL, stigma of disease, loss of marital satisfaction, 
and worse depression (10). In addition to the cardinal motor features of PD 
and motor complications related to levodopa, nonmotor manifestations of PD, 
including fatigue, drooling, sleep dysfunction, sexual dysfunction, confusion, 
autonomic disturbances, and sensory disturbances all adversely affect HRQOL 
(11–13).Moreover, fatigue has also been associated with worsening depres-
sion and disability (14). As PD progresses, family members may become the 
primary caregivers, resulting in increased caregiver burden (15). The most 
troublesome symptoms experienced by the patients from a caregiver perspective 
are motor dysfunction and cognitive decline (15).

High-frequency DBS of the subthalamic nucleus (STN) is associated with 
marked improvements in motor symptoms of PD (16–19) and reduction in 
daily levodopa equivalents (19, 20). This therapy may lead to reduced levodopa-
induced motor complications (17–19, 21). DBS may therefore reduce the 
burden of disease and therefore have the potential to improve HRQOL.

Disease-specific HRQOL questionnaires for PD that have been used in 
various clinical trials have included the Parkinson’s Disease Questionnaire (PDQ-39; 
refs. 2, 5, 22, and 23), Parkinson’s Disease Quality of Life questionnaire 
(PDQL; ref. 24), Parkinson’s Disease Quality of Life Scale (PDQUALIF; ref. 25), 
and Parkinson’s Impact Scale (PIMS; ref. 26). A drawback of these question-
naires is that they are not designed to address specific issues important to 
DBS, such as device conspicuousness, cumbersome control, lack of qualified 
medical care, and potential complications (12). To address these issues, the 
Quality of Life Satisfaction Movement Disorder (QLSm-MD) and Deep Brain 
Stimulation Modules (QLSm-DBS) were developed (12).

STN DBS Effects on HRQOL in PD (Table 24.1)

The most commonly utilized HRQOL instrument used in assessing the treat-
ment effects of STN DBS is the PDQ-39 (27–34). In a randomized-pairs trial, 
156 patients with advanced PD were assigned to bilateral STN DBS or best 
medical therapy (33). At 6 months, there were significant improvements in the 
PDQ-39 summary index (SI) and Unified Parkinson’s Disease Rating Scale 
(UPDRS) part III in the surgical group. STN DBS resulted in improvements 
of up to 38% in the PDQ-39 subscales for mobility, ADLs, emotional well-
being, stigma, and bodily discomfort (33). In other studies, compared with 
pre-operative scores, as much as 62% improvement has been reported in the 
PDQ-39SI at up to 24 months of follow up (27–35). Dimensions assessing 
mobility, ADL, stigma, emotional well-being, and bodily discomfort showed 
consistently greater improvement. Social support, communication, and cogni-
tion were less consistently improved.

Utilizing another disease-specific HRQOL instrument, 34 patients were 
randomized to unilateral pallidotomy (n = 14) or to bilateral STN DBS (n = 20; 
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Table 24.1 STN DBS effects on HRQOL in Parkinson’s disease.

Reference Target N
HRQOL 

Tool
Follow-up 
(Months) HRQOL Improvements

(36) STN S = 20 PDQL 6 Mean total PDQL improvement of 13 and 18 
in P and S groups, respectively

P = 14
(37) STN 60 PDQL 12 Total PDQL 

improved 43%*
Systemic symptoms 

improved 34%*

Social function 
improved 63%*

Emotional function 
improved 29%*

PD related symptoms improved 
48%*

(38) STN 95 PDQL 3, 12 Mean PDQL total score improved from 
95.1 ± 17.2 to 120.9 ± 23.8

All subscores significantly improved.
(33) STN M = 78 PDQ-39 6 PDQ-39 SI:

S = 78 SF-36 S = 9.5 ± 15.3 *; 
M = 0.2 ± 11.2

Bodily discomfort
S = 11.3 ± 26.4*; 
M= −3.1 ± 18.1

Mobility 
S = 14.8 ± 27.7*; 
M = −0.8 ± 19.6

ADL SF-36
S = 20.7 ± 26.1*; 
M = −2.0 ± 17.9

Physical 
S = −6.4 ± 8.0*; 
M = −0.5 ± 7.5

EWB Mental
S =11.5 ± 23.7*; 
M = −0.8 ± 16.8

S = −2.4 ± 12.3*; 
M = −0.3 ± 9.4

Stigma 
S =11.1 ± 22.4*; 
M = −0.1 ± 17.6

(31) STN 20 PDQ-39 24 PDQ-39 SI 43.1 ± 13.1 to 
30.9 ± 13.0*

Mobility 65.8 ± 17.4 to 
48.5 ± 20.7*

ADL 48.8 ± 23.4 to 
26.5 ± 18.0*

Stigma 48.8 ± 28.9 to 
23.7 ± 23.0*

Bodily discomfort 57.5 ± 25.9 to 
39.9 ± 25.7*

(35) STN 59 PDQ-39 >24 PDQ-39 SI 41.7 ± 11.8 to 
32.7 ± 14.6 *

Mobility 56.3 ± 22.0 to 
45.1 ± 23.1*

ADL 49.4 ± 20.4 to 
33.4 ± 21.1*

Stigma 34.1 ± 21.8 to 
22.2 ± 21.7*

Bodily discomfort 50.6 ± 23.3 to 
32.6 ± 19.1*

(29) STN 17 PDQ-39 6 PDQ-39 SI 49%* Bodily discomfort 
40.64%*

Mobility 60.5%* Stigma 29.52%*

EWB 21.99%* ADL 69.21%*

(30) STN 16 PDQ-39 12 PDQ-39 SI 14%*

ADL 30%*

Stigma 21%*

(continued)
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(28) STN S = 11 PDQ-39 3, 6 PDQ-39 SI: mean improvement of 16.1* in surgically 
and −0.4 in medically treated groups.

Surgically treated showed significant improvements in 
mobility, cognition, bodily discomfort, ADLs, EWB, 
stigma. There were no significant improvements in 
subscales in the medically treated group.

M = 13

(34) STN 14 PDQ-39 12, 24 PDQ-39 SI improved 62%*

PDQ-39 subscales:
Mobility 53%* ADL 81%*

EWB 58%* Stigma 38%*

Bodily discomfort 63%* Com 60%*

(27) STN 26 PDQ-39 3 PDQ-39 SI improved from 42.8 
to 29.4*

(39) STN 16 SIP 6 Total SIP improvement of 58%*

N, number; STN, subthalamic nucleus; HRQOL, health-related quality of life; PDQL, Parkinson’s Disease Quality of Life 
questionnaire; P, pallidotomy; S, surgical group; M, medical group; PD, Parkinson’s disease; SF-36, Medical Outcome Short 
Form-36; ADLs, activities of daily living; EWB, emotional well being; Com, communication; SIP, Sickness Impact Profile; *, 
P < 0.05; PDQ-39, Parkinson’s Disease Questionnaire.

ref. 36). Both treatment groups showed similar improvements in mean PDQL 
total scores at 3 months, although there was a trend towards improvement in 
favor of the STN DBS group. This lack of significance was thought to be due 
to the lack of statistical power as the PDQL score was a secondary measure. In 
addition, the STN DBS treatment group was superior in improvement in dys-
kinesias and off UPDRS Part III scores. In a study of 60 consecutive patients 
treated with bilateral STN DBS, there was a statistically significant improve-
ment of 43% in total PDQL score at 12 months (37). Furthermore, all dimen-
sions of the PDQL improved: social function (63%), PD-related symptoms 
(48%), systemic symptoms (34%), and emotional function (29%). Furthermore, 
there was significant improvement in depression. In another study, 95 PD 
patients who were treated with bilateral STN DBS were assessed with the 
PDQL. At the 3-month follow up, the blinded off-medication UPDRS part III 
was improved by 51% and the non-blinded evaluation at the 12-month follow 
up was improved by 57%. At 12 months, there was significant improvement 
in PDQL total score (28%) and all subscores. There were only minor changes 
in cognition or mood after STN DBS; however, in seven patients there were 
declines in cognitive function. In those patients there was no worsening in 
HRQOL measures (38).

In addition to disease-specific HRQOL instruments, generic tools have been 
utilized. Spottke et al.evaluated 16 consecutive patients who were treated with 
bilateral STN DBS with the Sickness Impact Profile (SIP). There were signifi-
cant postoperative improvements of 58% in the SIP summary index and 67% 
in physical dimensions at 6 months (39). Psychosocial dimensions failed to 
reach significance. Items most improved after surgery, as measured by generic 

Table 24.1 (continued)

Reference Target N
HRQOL 

Tool
Follow-up 
(Months) HRQOL Improvements
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HRQOL instruments, included effects on body care and movement, ambulation, 
social interaction, sleep and rest, and recreation/pastimes.

Pallidal-DBS effects on HRQOL in PD (Table 24.2)

Thirty-nine patients with PD were treated with unilateral pallidotomy (n = 23), 
unilateral globus pallidus internus (GPi) DBS (n = 9), or unilateral ventral 
intermediate nucleus (VIM) DBS (n = 7; see later; ref. 40). The surgical option 
was selected based on the patient’s symptoms. In the unilateral GPi DBS 
treated group, there were significant improvements in mean SIP total score 
and SIP physical impairment score. There was only a trend toward improve-
ment in SIP psychosocial impairment. In addition, depression and anxiety 
also improved.There was no correlation between changes in neuropsychiatric 
measures or motor impairment and HRQOL.

Thalamic-DBS effects on HRQOL in PD (Table 24.2)

At 12 months, six of 11 patients with unilateral VIM DBS were assessed with 
the PDQ-39 (41). At follow up, only mean ADL and emotional well-being 
dimensions were significantly improved. The other dimensions and PDQ-39SI 
did not reach significance. In another study, seven patients were treated with 
unilateral VIM DBS (see earlier) and at 3 months there were non-significant 
improvements in mean SIP total score, physical dysfunction, and psychosocial 
dysfunction (40). This was in contrast to the pallidotomy and GPi DBS-
treated groups where there were improvements in the physical dysfunction 
and total SIP score. The lack of improvement in generic HRQOL question-
naires was possibly due to the fact that tremor does not affect HRQOL in PD 
patients as much as motor complications or the other cardinal features of PD. 
Alternatively, the SIP was not sensitive enough to detect longitudinal changes 
in tremor-dominant PD patients.

Predictive Indicators for QOL in PD

Several studies have examined predictive factors of both motor and nonmotor 
manifestations on HRQOL instruments. Tröster et al. found that improvements 
in depression significantly correlated with improvements in HRQOL, whereas 

Table 24.2 GPI and VIM DBS effects on HRQOL in Parkinson’s disease.

   HRQOL Follow-up  HRQOL
Reference Target N Tool (Months) Improvements

(41) VIM 6 PDQ-39 12 No significant 
     improvement in 
     HRQOL 
     measures.

(40) VIM 7 SIP 3 No significant 
     improvement in 
     HRQOL 
     measures.

(40) GPi 9 SIP 3 Total SIP 
     score improved.

N, number; HRQOL, health-related quality of life; SIP, Sickness Impact Profile; PDQ-39, Parkinson’s 
Disease Questionnaire; GPi, internal globus pallidus; VIM, ventral intermediate nucleus.
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changes in motor function did not (27). This was in contrast to other groups 
who have found that improvements in levodopa-induced motor complications 
and UPDRS scores correlated with improvements in HRQOL (29, 34). We 
found that more severe tremor, dyskinesias, akinesia, and postural instability 
at baseline strongly predicted HRQOL in PD patients after STN DBS (42). 
Another study found that only bradykinesia and tremor were significantly 
 correlated with HRQOL outcomes (35). In addition, pooled analysis of the 
GPi DBS, pallidotomy, and VIM DBS treatment groups revealed that the level 
of motor dysfunction at baseline correlated with pre-operative anxiety and 
pre-operative depression correlated with SIP psychosocial function at follow-up 
(40). STN DBS was associated with subtle declines in measures of verbal fluency 
and memory, color naming, and attention and an increase in emotional liability 
and cognitive complaints; however, other studies have failed to show a nega-
tive impact of these features on HRQOL (43). This suggests that features other 
than mild cognitive difficulties may play a more important role in determining 
HRQOL after DBS in PD patients.

ET

ET is the most common movement disorder encountered in practice, occur-
ring in 0.4 to 3.9% of the population (44). ET is characterized by postural 
and action tremor, but axial tremors may also be present (45). Up to 50% of 
patients with ET have disabling tremors even with optimal medical therapy 
(45). Severe tremor can lead to significant physical limitations and social 
embarrassment (46). Compared to controls, patients with ET have worse 
HRQOL with domains measuring neuropsychiatric complications being 
 significantly more affected over the age of 40 years (47). Tremor severity 
correlated with HRQOL outcomes (47).

In ET, VIM DBS is associated with a 50 to 100% improvement in extremity 
tremor (48–50) with resting and postural tremor being more improved than 
action tremor (48). Axial tremor is less commonly improved (48, 49, 51, 52). 
As would be expected, by improving extremity tremor, VIM DBS is associated 
with improved HRQOL, disability, and patient satisfaction. Utilizing a self 
reported questionnaire, the Tremor Activities of Daily Living Scale (TADLS), 
in patients with ET undergoing VIM DBS, there has been up to 58% improve-
ment in functional measures (53). In addition, there was a 54% improvement 
in clinician rated section of the TADLS (53).

Thalamic DBS Effects on HRQOL in ET (Table 24.3)

Most studies have utilized generic or modified PD HRQOL questionnaires. 
Recently, a disease-specific HRQOL instrument was validated for ET (54). 
Hariz et al. assessed 27 patients with ET and VIM DBS with the ADL tax-
onomy scale, Nottingham health profile (NHP), and a visual analog scale 
(55). At follow-up, there were significant improvements in ADL and the 
NHP dimensions measuring emotional reaction, social life, hobbies, and 
home maintenance and the visual analog scale. Although there were improve-
ments in disability and HRQOL, 7.4% of patients felt surgery did not meet 
their expectations. Another study evaluated 40 patients with unilateral VIM 
DBS and found that at 12 months there was significant improvement in 
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SIP psychosocial subscore, whereas SIP overall score showed no improve-
ment and the SIP physical subscore worsened (56). The worsening physical 
subscore occurred in the setting of improved tremor scores. This discrepancy 
was possibly due to the lack of sensitivity of the SIP for changes in tremor. 
In addition, the modified PDQ-39 showed significant improvements in ADL, 
emotional well-being and stigma; however, there were subtle non-significant 
declines in emotional well being, stigma and ADL between 3 and 12 months.

Dystonia

GPi DBS is effective in alleviating signs and symptoms in patients with 
segmental dystonia (57, 58), cervical dystonia (59, 60), tardive dystonia (61), 
and generalized dystonia (58, 62, 63). Because of impaired movement and 
disability, patients with dystonia have higher unemployment and lower self 
esteem (64–66). Depression, anxiety, and worsening disease severity are 
associated with worse HRQOL in dystonia (67). Longer disease duration and 
higher educational status likely result in better coping strategies and better 
HRQoL (64).

Pallidal DBS Effects on HRQOL in Dystonia (Table 24.3)

There are no disease-specific HRQOL questionnaires for dystonia and most 
studies have adapted modified PD or generic HRQOL questionnaires. Utilizing 
the SF-36 and Burke-Fahn-Marsden dystonia (BFMD) scale as outcomes, 22 
consecutive patients with primary generalized dystonia who had bilateral 
GPi DBS showed significant improvement in motor and disability scores 
at 1 year (63). These motor improvements were associated with improved 
overall HRQOL and measures of general health (16%), physical function 
(21%), and vitality (10%). There were no changes in mood or cognition. 
A series of 15 consecutive patients with mixed dystonia underwent bilateral 
GPi DBS. Follow-up was 3 to 12 months and included measures of cognition, 
mood, HRQOL, and motor scores. GPi DBS significantly improved dystonic 
symptoms and functional abilities. This correlated with improved HRQOL as 
measured by modified PDQ-39SI. There was no significant deterioration in 
cognitive or neuropsychiatric functions in patients with dystonia (68). Smaller 
series have shown improvements in generic and modified PD specific HRQOL 
questionnaires and motor outcomes in segmental dystonia (69) and cervical 
dystonia (70). There was no correlation between depression, anxiety, or degree 
of motor improvement on HRQOL measures.

Multiple Sclerosis (MS)

MS is associated with action tremor in up to 75% of patients (71–73). Even 
best medical treatment usually does not provide sufficient long-term tremor 
suppression (74). For medication refractory tremor, VIM DBS has been asso-
ciated with tremor suppression (75) and improvement in ADL (76). Although 
VIM DBS is associated with tremor suppression, less social embarrassment, 
and improved ADL, this is not necessarily correlated with improved overall 
disability (77–79). In MS most clinicians are concerned with physical prob-
lems whereas patients are most concerned with mental health, emotional 
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problems, and vitality (80–84). In addition to tremor, other causes of disability, 
which adversely affect HRQOL in MS patients are gait abnormalities, pain, 
depression, loss of ability to work, incontinence, and disease stigma. Tremor 
can further decrease HRQOL by interfering with ADL, resulting in disability 
(85). Furthermore, depression, cognitive impairment, fatigue, and anxiety are 
independent predictors of HRQOL in MS (86, 87), although their effects on 
HRQOL outcomes in DBS have not been studied.

Thalamic DBS Effects on HRQOL in MS

A study of 12 patients with MS treated with VIM DBS and followed for 12 
months showed significant improvements in resting (58%), postural (57%), 
and action tremors (70%), and overall tremor severity (63%). At 2 months, 
there were improvements in ability to feed oneself and a trend for improvement 
in dressing, but at 1 year the improvement in feeding was no longer significant. 
At 12 months, there were non- significant improvements in the SF-36 summary 
index or subscales. Although tremor was improved at 1 year, this did not correlate 
with improved HRQOL or ADL. These findings are consistent with previous 
reports of lack of efficacy in measures of disability in the setting of improved 
tremor with VIM DBS (77, 78). This is likely due to progression of MS, lack 
of appropriate tremor sensitive outcome measures, uncovering ataxia, unrealis-
tic patient expectations, or because MS tremor does not make an important 
independent contribution to disability.

Table 24.3 Quality of life in essential tremor and dystonia.

Reference Dx N HRQOL Tool
Follow-up 
(Months) HRQOL Improvements

(56) ET 40 mPDQ-39 SIP 12 Nonsignificant improvement in HRQOL 
measures

(55) ET 27 NHP VAS 12 NHP: Emotional reaction 12.3 ± 3.4 to 
7.1 ± 2.9*

VAS
Improvement in “life as a 

whole”
31.3*

Improvement in “social life” 36.3*

(63) DYT 22 SF-36 12 General health 16%*

Vitality 10%*

Physical function 21%*

(69) DYT 5 mPDQ-39 3–12 mPDQ-39 SI 65%*

EuroQol 1 EuroQol 1 56%*

EuroQol 2 EuroQol 2 400%*

(68) DYT 15 mPDQ-39 3–12 mPDQ-39 SI improved 66.3 ± 27.1 to 
41.6 ± 26.7*

N, number; HRQOL, health-related quality of life; SIP, Sickness Impact Profile; mPDQ-39, modified Parkinson’s Disease 
Questionnaire; Dx, diagnosis; ET, essential tremor; DYT, dystonia; NHP, Nottingham Health Profile.
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Cost Effectiveness of DBS

Advancing PD is associated with early retirement, premature death, higher 
drug costs, and increased economic and societal burden (88). The chronic 
and progressive nature of the disease has a detrimental impact and places an 
economic burden on society (89). DBS is effective in alleviating the cardinal 
motor symptoms of PD and improving QOL; however, in today’s medical 
climate decisions are partially based on cost effectiveness of treatment. The 
cost associated with STN DBS has been estimated to be $60,000 per patient 
over 5 years (90). Almost 70% of these costs are attributable to the initial 
cost of the equipment and the follow-up, and likely replacement cost for the 
impulse generator (pacemaker; ref. 90). The direct nonsurgical costs associated 
with PD care include hospitalizations, outpatient visits, auxiliary care, and 
medications. In a large study of 95 subjects, there was a cost reduction at 
6 months after STN DBS (38). The authors concluded that STN DBS would 
allow a return on investment in 2.2 years. A limitation in their estimates was 
the omission of the cost of replacing the neurostimulator battery (38). Another 
study found an initial increase in cost in the first year after surgery, which 
was offset by a greater than 50% reduction by the end of the second year 
together with improved motor function (91). In addition, patients with higher 
pre- operative medication costs had higher postoperative expenses. Pre-opera-
tive hospital admissions, disease severity, age, and duration of disease had no 
 correlation with postoperative costs (91).

One method to judge the therapeutic benefit of an expensive treatment is 
the use of cost utility analysis (CUA). CUA is a form of economic appraisal 
that focuses on the quality of health outcomes obtained by a specific treatment 
where health improvement is measured in quality adjusted life years (QALY) 
and results are expressed as cost per QALY gained (92). The expression of 
health outcomes as QALY gained allows CUA to incorporate both an increase 
in quantity of life and increase in quality of life (92). Consequently, CUA 
is relevant for evaluation of therapies where there is considerable impact on 
HRQOL through changes in disease severity (92,93). A semi-Markov decision 
model estimated a QALY of 0.72 with STN DBS compared to best medical 
treatment for patients treated at age 55, assuming benefits lasted 4 years and 
gradually waned over 5 years (94). The additional costs of surgery were 
estimated to be $35,000. The authors concluded that DBS is cost effective 
when it results in an improvement in HRQOL by at least 18%.

Preliminary studies suggest that in appropriately selected PD patients, DBS 
may be cost effective when compared to best medical treatment. Prospective, 
randomized, controlled DBS trials are needed to further elucidate the true 
economic gain.
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Part IV

Deep Brain Stimulation in 
Other Indications



Abstract

Deep brain stimulation (DBS) is an approved adjunct therapy for severe, 
medication-refractory movement disorders, though it is currently investigational 
in neuropsychiatry and other neurological conditions. In movement disorders, 
DBS targets are based mainly on rationales derived from earlier lesion procedures 
and on knowledge of anatomical networks thought to be involved in pathophysi-
ology of illness. In contrast to lesions DBS is nonablative and has the advantages 
of reversibility and adjustability. Thus, therapeutic effectiveness can be enhanced 
and stimulation-related side effects can be minimized during long-term patient 
management. Preclinical and clinical studies have shown effects of DBS on brain 
regions that are functionally connected to the stimulation target. Understanding the 
mechanism of action of DBS constitutes the current focus of a number of clinical 
and preclinical laboratories. Experience to date, which remains very limited, 
has suggested that DBS may offer hope to patients with severe and treatment-
resistant neuropsychiatric illness. Thus far, work in obsessive–compulsive disorder 
(OCD), the first neuropsychiatric condition studied using modern DBS devices, 
has shown consistently positive results across multiple small-scale studies. Work 
in treatment-resistant depression, where there also may be therapeutic potential, is 
at an earlier stage. Early positive results have generated cautious optimism in this 
group of patients. Further development of DBS for these and other illnesses with 
primarily behavioral symptoms will require thoughtful collaboration among 
multiple disciplines. Psychiatrists and neurosurgeons, in particular, have only 
recently begun working together in a limited way. These and other disciplines will 
need to enhance their interactions as part of dedicated teams for best outcomes in 
research and ultimately in clinical practice.

Introduction

Background

The term depression connotes a group of conditions that impose a serious 
public health burden (1). For unipolar major depressive disorder (MDD), 
conservative estimates reveal a population prevalence of 2.6 to 5.5% in men 
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and 6.0 to 11.8% in women (2). Most (50–85%) patients have recurrent illness 
(3). In addition to marked distress, depression can cause profound disability 
with pervasive impairment in marital, parental, social, vocational, and academic 
functioning (4). The Global Burden of Disease Study ranked depression 
as the leading cause of disability in adults in developed countries (5). For 
comparison, disability due to unipolar major depression is almost three times 
greater than that due to chronic obstructive pulmonary disease (6). Death from 
suicide is a major complication (7). Moreover, depression is associated with 
increased mortality from co-occuring illnesses, such as cardiovascular disorders 
or cancer (8, 9).

Conventional anti-depressants were largely developed after serendipitous 
observations that agents such as iproniazid and imipramine (originally developed 
for tuberculosis and psychosis, respectively) improved depression in patients 
treated for other illnesses. The insight that agents with effects on monoamine 
neurotransmitter systems improved depression led to successful attempts to 
“improve on serendipity” and ultimately resulted in discovery of drugs with 
fewer side effects. These drugs included selective serotonin transport inhibitors. 
Currently, more than 20 anti-depressants are commonly used in practice (10). 
Their efficacy in general depressed populations is well established. The drugs 
are usually grouped by their chemical classes or pharmacological actions, such 
as: tricyclics and tetracyclics, selective serotonin reuptake inhibitors (SSRIs), 
monoamine oxidase inhibitors (MAOIs), and other drugs affecting biogenic 
amine systems. In practice, medications from different classes are frequently 
combined, particularly in refractory cases (11).

Treatment Resistance

Conventional treatments, while they are effective, may have limitations. 
Medications, often used in conjunction with certain psychotherapies, alleviate 
symptoms in most but not all patients. Up to one-fifth of individuals with 
major depression have a poor outcome after 2 years, and about one-tenth do 
poorly even after 5 years of treatment (12). Severe depression that resists 
medication and psychotherapy is often treated with electroconvulsive therapy 
(ECT), which is still a therapeutic gold standard after 70 years. ECT, however, 
is associated with significant adverse effects, particularly a variable memory 
loss (13, 14), which can limit its acceptance. Moreover, ECT’s therapeutic 
effects are transient in a large proportion of patients, and so continuation or 
“maintenance” treatment may be needed (15). Although different definitions 
and levels of “treatment resistance” have been developed (16), it is clear that 
individuals with the most resistant illnesses, and those who have an inadequate 
response to medications, psychotherapies, and ECT currently have little 
prospect of lasting recovery.

Phenomenology

In both the clinic and in research, depression is usually treated as a categorical 
construct, albeit one that comes in several varieties. However, depressive states 
can also be described by placing affected individuals along different symptom 
dimensions, a method that is finding favor in research on other psychiatric 
disorders (including OCD). This general approach is increasingly recognized 
as having potentially important implications for the genetics, pathophysiology, 
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and treatment of depressive disorders. Factor analyses of depression rating 
instruments have resulted in different factor structures. This is not surprising, 
since the analyses can be influenced in part by differences in the scales them-
selves, and also in part by heterogeneity within studied patient groups. A full 
discussion of this emerging work is beyond the scope of this chapter but it is 
useful to note some of the symptom dimensions that have emerged from factor 
analyses of depression scales. They include various combinations of anhe-
donia (loss of pleasurable experiences), amotivation (impaired goal-directed 
behavior), depressed mood (a bias toward negative emotion), depressive cog-
nitions (pessimistic thoughts, feelings of guilt, low self-esteem, and suicidal 
ideation), anxiety, diminished energy, other somatic symptoms (sleep and 
psychomotor disturbances, food-intake and body-weight dysregulation), and 
cognitive impairments. Different symptom dimensions may be differentially 
associated with activity in certain brain regions and networks (17–19). Focal 
brain stimulation, which may prove effective for otherwise treatment-resistant 
patients, also may lend itself to modulation of networks that may underlie 
separable symptom dimensions.

Pathophysiology

Although the pathogenesis of depressive syndromes remains to be determined, 
evidence increasingly suggests that they result from interactions of genetic 
susceptibilities and environmental factors (20–25). The task of integrating 
emerging etiological insights with the study of brain circuitry that mediates 
neuropsychiatric symptoms is at an early stage of development, but is now 
firmly placed on the research agenda.

Work on neuroanatomical networks and their possible associations with 
psychopathology has a relatively long history. It was proposed two decades 
ago that pathological changes in activity within cortical–limbic–thalamic–striatal 
networks might disrupt normal reinforcement contingencies, and contribute 
to the affective components of both psychiatric and neurologic disease states 
(26). Cortico-basal circuits implicated in modulation of mood and reward 
signals have also figured prominently in neuroanatomical models of the patho-
physiology of depressive illness, which have been developed more recently, 
based largely on functional neuroimaging (27, 28). A recent review (29) 
described how this circuitry may relate to symptom improvement following 
lesion procedures that, while empirically derived (30), target different nodes 
within these networks.

DBS

Background

Several techniques to directly or indirectly alter the electrical activity of the 
brain are in current clinical use or in development for depression. In electro-
convulsive therapy, current is delivered to the brain across the large electrical 
resistance of the scalp and skull. Transcranial magnetic stimulation and mag-
netic seizure therapy magnetically induce electrical currents in brain tissue 
using an electromagnetic coil placed on the scalp. Vagus nerve stimulation,vin 
contrast, utilizes electrodes wrapped around the vagus nerve in the neck to 
activate its afferent projections to target nuclei and related neural circuits.
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Development of DBS for psychiatric illness, and specifically for depression, 
is not a new idea, although the devices are new and the theoretical models of 
depression-based neurocircuitry have advanced.For example, in 1948, Pool 
used implantation of a silver electrode in the caudate nucleus in an attempt 
to treat a woman with depression and anorexia (31).The introduction of 
significant technical refinements, over the past 15 years, particularly in DBS 
for the treatment of movement disorders has resulted in a renaissance in func-
tional neurosurgery. DBS has FDA-approved uses for the treatment of tremor 
(32–34) and Parkinson’s disease (35) and, under a Humanitarian Device 
Exemption, for dystonia (36, 37). This has spurred renewed interest in the use 
of such procedures for the treatment of other refractory neurologic conditions. 
Investigational uses in neurologic illness include epilepsy (38, 39), pain (40), 
cluster headache (41), tardive dyskinesia (42), Tourette’s syndrome (43), brain 
injury, and persistent vegetative states (44, 45).

DBS for movement disorders is also associated with benefit in several 
dimensions of health-related quality of life (46–48). There are numerous 
reports demonstrating the safety and efficacy of DBS surgery for intractable 
movement disorders. For example, studies of the outcome of DBS of the 
subthlamic nucleus and globus pallidus internus (GPi) for Parkinson’s disease 
have shown improvements of 41 to 67% in standardized ratings of motor 
symptoms (49–54).

In current practice, patients with tremor and Parkinson’s disease who are 
potential candidates for this treatment have severe illness that has proven 
refractory to the best conventional medication therapies. Advancing under-
standing of anatomical networks underlying the pathophysiology of movement 
disorders has fueled research in DBS as an investigational treatment. Coming 
full circle, the therapeutic effectiveness of DBS in movement disorders has 
opened a new window on these brain circuits and their potential roles in 
pathophysiology.

Similarly, neurosurgical intervention has remained a therapeutic option for 
patients with otherwise untreatable and severe psychiatric illness. Ablative 
procedures like cingulotomy and capsulotomy are best known in the United 
States (30). As in movement disorders, development of DBS for psychiatric 
illness, particularly the development of specific structural targets for stimulation, 
has derived, in part, from the clinical outcomes of ablative procedures.

Technical Aspects

Modern stereotactic surgery combines multiple imaging modalities, computerized 
surgical navigation, and physiological mapping to allow for targeting of intrac-
ranial structures (55). As opposed to epidural and subdural surface electrodes, 
DBS involves the placement of multi-contact brain leads in subcortical nuclei 
or in specific white matter tracts (56). Intra-operative physiological mapping is 
routine clinical practice for movement disorders, where targets are cell nuclei 
with characteristic physiological signatures (i.e., the GPi, subthalamic nucleus 
[STN], or thalamic nuclei). Several methods of intra-operative physiologic 
verification of the anatomical target exist: microelectrode recording (MER), 
semimicroelectrode recording, and macrostimulation. Both microelectrode 
and semimicroelectrode recording attempt to define the boundaries of a 
given structure based on the known spontaneous and/or evoked electrical activity 
of the target and surrounding structures. In some movement disorders, responses 
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to intra-operative stimulation may help guide the final positioning of the 
electrodes. In DBS for essential tremor, initial electrode placement is guided 
via stereotactic coordinates and microelectrode recording. Changes in neu-
ronal firing patterns are monitored as recording probes are advanced, which 
provide a guide to lead placement. With this approach, evidence that the 
electrodes have reached the desired target may be generated by concurrent 
activation of the electrodes and cessation of the patient’s tremor. In a second 
surgical phase, the surgeon places the implantable neurostimulator or pulse 
generator subdermally in the upper chest wall and connects it via extension 
wires tunneled under the skin to the electrodes in the brain.

Stimulation Technique

The electrode used for DBS is a “lead” with multiple electrode contacts that 
are the sites of stimulation. A commonly used lead is 1.27 mm in diameter 
(Medtronic 3387), and is implanted stereotactically with millimeter accuracy 
into specific brain targets. There are typically four or more electrode contacts 
on each lead. Usually one lead is implanted on each side in a symmetrical 
fashion, for bilateral stimulation. The devices, sometimes called “brain pace-
makers,” are undergoing rapid refinements by several companies (Medtronic, 
Inc. [Minneapolis, MN], Advanced Neuromodulation Systems Inc. [Plano, 
TX] or NeuroPace, Inc. [Mountain View, CA]). Currently, only the Medtronic 
devices are approved for brain stimulation while the others are investigational. 
Since the leads have independently programmable electrode contact sites, 
the anatomical extent of stimulation is adjustable. By configuring a positive, 
negative or no charge at each of the contact sites, the shape and size of the 
stimulation field can be varied. Chronic stimulation can be unipolar, bipolar 
or multipolar, as each of the electrode contacts may be used as an anode or 
cathode. The frequency, intensity, and pulse width are also programmable for 
each lead, within safety limits that restrict the maximum density of the electrical 
charge induced. The stimulators are programmed via a portable device that 
communicates with the implanted generator via telemetry. Stimulation can be 
delivered continuously or intermittently, cycling on and off during fixed time 
intervals. Patient self-programming devices are also available. These allow 
patients to activate and deactivate the stimulator via handheld controllers and 
to modify a subset of the stimulation parameters within given limits set by the 
programming clinician.

Mechanisms of DBS Action

Most likely, DBS exerts its effects via a number of differing but interrelated 
mechanisms that come in to play depending on the site of stimulation, the 
illness being treated, and the stimulation parameters used. There is evidence 
supporting a number of potential mechanisms. High-frequency DBS (100 Hz 
or greater) has been proposed to modify transmission, for example, via synaptic 
fatigue or “neural jamming.” Either of these phenomena would in effect 
produce a “functional lesion,” mimicking the effect of a therapeutic ablative 
lesion. The parallel is inexact, however, since, in movement disorders, the 
clinical effects of lesions and of DBS do not always correspond. The limited 
available data from psychiatric uses of DBS suggest a disparity in time course 
of effects in that the therapeutic effects of stimulation may appear more rapidly 
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than those of lesions. There are other possible mechanisms of action, including 
that stimulation does not inhibit information flow within key neural pathways 
but enhances it, reducing chaotic information processing via a phenomenon 
known as stochastic resonance (60).

Importantly, the net effect of DBS on the functional state of a structure or 
pathway may change as distance from the electrode increases. The clinical 
effects seen with brain stimulation reflect a complex combination of inhibition 
and activation of cell bodies and axons. They also depend on the orientation 
of the electrode, the cytoarchitecture of the structure being stimulated and the 
frequency, pulse width, and duration of stimulation. Active research in clinical 
and preclinical laboratories (61, 62) is expected to help identify which of the 
proposed physiological mechanisms are most relevant to the clinical effects 
of DBS. Additional avenues for research concerning the functional effects 
of DBS include PET in humans. For example, preliminary studies have been 
carried out concerning acute (63) and longer-term effects of DBS in OCD 
patients (57) and in depression (58). Work has also been done to examine 
potential predictors of response to DBS in OCD (64). Recent findings that 
DBS devices are compatible with certain MRI systems (65, 66) have opened 
the avenue of functional MRI (fMRI) research on neuroanatomical networks 
affected by DBS.

Adverse Effects

Complications of DBS can be separated into those related to the surgical 
procedure, device-related problems and the stimulation itself. Adverse effects, 
including clinical deterioration, which are observed in clinical trials, may also 
be related to the underlying illness. The major risks of device implantation 
include intracerebral hemorrhage and infection (67). Experience with DBS 
for movement disorders indicates these adverse effects range from about 2 to 
3% for hemorrhage to 4 to 9% for infection (68). Device-related complications 
include lead fracture, disconnection, lead movement, and lead malfunction. 
These have become less common with increasing surgical expertise and evolution 
of device technology.

Adverse effects due to stimulation are more common but reversible with 
changes in stimulation technique. The nature of these depends on the stimu-
lation target and surrounding structures. Many of these effects are transient. 
Stimulation-induced sensorimotor effects may include parasthesias, muscle 
contraction, dysarthria, and diplopia. Subthalamic DBS has produced marked 
affective changes in movement disorder patients (69, 70). Disturbances in 
memory, impulsivity or cognition have also been reported (71). Patients with 
primary neuropsychiatric illness who undergo DBS may therefore also poten-
tially experience untoward psychiatric effects. Distinguishing adverse effects 
of stimulation from symptomatology of the illness that is being treated may 
represent a challenge at times during a patient’s course.

Modern DBS in Psychiatry: OCD

As described elsewhere in this volume, the first contemporary reports of DBS 
for psychiatric illness focused on OCD. The rationale for development of 
DBS for OCD paralleled that for tremor, Parkinson’s disease, and dystonia, 
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whereby DBS was applied to the same structures where lesions had produced 
therapeutic effects.

While the pathogenesis of any psychiatric disorder remains unknown, there 
is a consistent body of functional neuroimaging evidence that implicates 
frontal-basal brain networks in OCD. The most common findings in untreated 
OCD patients are increased glucose metabolism or blood flow in the medial 
and orbitofrontal cortex (OFC) and anterior cingulate gyrus, the caudate 
nucleus, and, to a lesser extent, the thalamus. This implies a dysregulation in 
the basal ganglia and limbic striatal circuits that modulate neuronal activity 
in and between the OFC and the dorsomedial thalamus (72, 73). To  varying 
degrees the localized elevations in brain activity are, accentuated during symp-
tom activation. Effective treatment with medications or behavior therapy tends 
to normalize activity in these regions. Modulation of these circuits by DBS 
could exert therapeutic effects by reducing drives to engage in repetitive, stere-
otyped behaviors and by alleviating the negative emotional charge associated 
with induction of such behaviors (29).

Small-scale case studies of severely ill, treatment-resistant OCD patients 
treated with DBS of the anterior limb of the internal capsule and/or the adja-
cent striatum have been published. (57, 59, 74–77). These reports have sup-
ported the therapeutic potential of DBS in this population, and have suggested 
that DBS is generally well-tolerated (78).

For any surgical intervention for psychiatric illness, a key issue is long-term 
outcome. Therapeutic treatment decisions need to be made based on the prob-
ability that therapeutic effects will be durable while taking into account the 
burdens imposed by potential adverse effects. Based on our own experience 
and that of others with ablative lesion procedures for OCD (30), it is very 
likely that beneficial changes in symptom severity, functioning, and quality of 
life may develop gradually in individuals who have had chronic and severely 
impairing illnesses that have disrupted not only the patients’ functional capaci-
ties but also their family and social relationships.

To be judged adequately, the extent of benefits in multiple domains will 
require long-term follow-up. Our group (79) very recently reported on a series 
of OCD patients meeting stringent criteria for severity and treatment resist-
ance who underwent DBS in a ventral internal capsule/ventral striatal (VC/
VS) target. These patients had quadripolar stimulating leads implanted bilater-
ally in the VC/VS. DBS was activated in open fashion three weeks later. Eight 
patients were followed for at least 36 months. Group Yale-Brown Obsessive 
Compulsive Scale (YBOCS) scores decreased from 34.6 (mean) at baseline 
(severe range) to 22.3 (moderate range) at 36 months (p < 0.001). Four of eight 
patients had at least a 35% decrease in YBOCS severity (a stringent response 
criterion) at 36 months. In two other patients scores declined between 25 and 
35% (a 25% response threshold is commonly used in recent medication 
trials for OCD). Depression and anxiety also improved. Global Assessment of 
Functioning scores improved from 36.6 at baseline to 53.8 at 36 months 
(p < 0.001). This corresponded to improvements in self-care, independent liv-
ing, and work, school, and social functioning. Surgical adverse effects included 
an asymptomatic hemorrhage, a single intra-operative seizure, and a superficial 
infection. Psychiatric adverse effects included transient mood elevation that 
met the criteria for a hypomanic episode in one case. Notably, when DBS was 
interrupted by stimulator battery depletion, worsened depression was typically 
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noted first, followed by a more gradual exacerbation of OCD symptoms. 
These observations were in accord with hypotheses that neurocircuitry medi-
ating at least some components of depression and OCD may have important 
areas of overlap or convergence (29). Some patients gradually became able 
to successfully engage in cognitive behavioral therapy for OCD during DBS, 
which was not possible prior to stimulation. Moreover, two of the patients 
experienced persistent OCD improvement during periods of several months 
without stimulation, most likely representing lasting benefit from behavior 
therapy that was facilitated by DBS. On a mechanistic level, treatments that 
may modulate different primary neurocircuits might be expected to augment 
each other, since the cortico-basal-limbic networks most likely to be affected 
have reciprocal functional connections (80).

Affective Effects of Depth Electrode Stimulation 
in the Mid-20th Century

Recent observations of affective effects of DBS used for movement disorders 
are potentially important in pointing to brain regions or networks that might 
represent potential therapeutic targets for psychiatric indications. Those obser-
vations, together with early attempts to both map effects of focal brain stimula-
tion and use stimulation therapeutically highlight the multiple targets that may 
be clinically useful in this regard. A fuller understanding of target relation-
ships and potential points at which brain stimulation effects may converge 
at the systems level has relatively recently become a tractable problem, due 
mainly to technical developments. It is useful to consider efforts made during 
an earlier era with a view towards eventually integrating these with our evolv-
ing anatomical models and the effects of successful treatments. Starting in the 
early 1950s, Sem-Jacobsen (81) studied effects of acute and chronic (several 
days) stimulation in 220 patients over more than two decades. Most patients 
subsequently underwent lesion procedures for Parkinson’s disease but under-
went ablation for primary psychopathology. Across patient types, stimulation 
of sites throughout the frontal lobes induced affective changes with apparent 
selectivity for ventromedial areas. Positive effects ranging from mild relaxa-
tion and feelings of tranquility to mild to marked euphoria were observed 
twice as often as negative effects, which ranged from mild tension or sadness 
to marked sadness with overt sobbing. Very similar responses were elicited by 
unilateral stimulation on the right or left sides of the brain (81). These observa-
tions suggest that stimulation of many different brain loci can induce positive 
and negative affective effects. Effects of opposite affective valence (e.g., mild 
tension and sadness vs mild euphoria) were sometimes seen with stimulation 
at sites 5 to 10 mm apart in the same individual.

DBS has been conceived of as a treatment for psychopathology since at 
least 1948 when caudate nucleus stimulation was attempted for treatment of 
depression and anorexia (31). In work that began soon afterwards, Heath et al. 
(82) stimulated the “septal region” in psychiatric patients, an area including 
the ventral anterior capsule and ventral striatum. Heath chose this region, in 
part, because tumors in this region had been related to psychiatric symptoms 
(82). Stimulation was limited to 1 to 3 days after electrode implantation in 20 
patients with a formal diagnosis of schizophrenia with heterogenous symptoms 
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including delusions, hallucinations, poverty of speech, mutism, depression, 
and compulsions. Stimulation amplitude was 2 to 15 mA. Three of the 20 
patients had “no objective signs,” and two more “could not be evaluated” during 
stimulation. The others reportedly had the following acute effects: 13 of 15 
patients became more alert; there was increased motor activity and spontane-
ous speech production; previously inaudible or expressionless speech became 
louder with clearer enunciation. One of these, “who had been almost mute, 
became talkative and later almost hypomanic” (83).

Accompanying and subsequent behavioral changes after stimulation was 
turned off included improved social interaction and enhanced emotional 
expression: There was improved “ability to relate to other people, increased 
responsiveness to pleasure, gradual appearance of sense of humor, and more 
overt expression of anxiety and ambivalence,” There was also improved func-
tioning with “less negativism as everyday problems were approached more 
realistically and more interest was shown in ward activities.” Eleven patients 
described as generally “idle, seclusive, and withdrawn before operation, after-
ward participated actively in some or all of the ward activities.” Improved 
emotional responsiveness in social settings was “even more dramatic.” Twelve 
patients showed “significant improvement in their ability to relate to other 
people,” one outstanding aspect was the “emergence of pleasurable feelings.” 
Nine patients showed the “development of humor.” Monroe and Heath believed 
that “… patients who respond particularly well … [were those] whose main 
abnormalities seem to consist of flattened affect or disturbed motor behavior” 
(83). The time course and persistence of therapeutic benefit after stimulation 
ceased is not fully clear in this work although effects apparently could be 
transient. Some lasting or emerging benefit might have been due to concerted 
multidisciplinary therapies that were also used in these patients.

This work, carried out in the 1950s, did not use modern standardized diag-
nostic or severity measures or masked observer ratings thereby severely limiting 
interpretation. However, the observations of acute and subacute effects made 
by Monroe and Heath included behaviors that appear to have high face validity 
as manifestations of affective states, including enhanced production, volume, 
and prosody of speech; greater affective range, social relatedness, sense of 
humor; and more marked activation or hypomania.

Affective Changes After DBS 
for Movement Disorders

Background

Modern therapeutic uses of DBS for movement disorder patients have also 
sometimes produced dramatic effects on affective states. In one case report, a 
patient without a prior history of depression illustrated modulation of a mood-
regulating network by DBS in the region of the STN (84). When the stimulating 
electrodes, which were implanted slightly below the STN, were activated 
the subject experienced severe dysphoria that remitted when stimulation was 
interrupted. Other marked affective effects of DBS in STN, Fields of Forel, 
and zona incerta in patients with PD have been described (35, 85), including 
hypomania (86), merriment and involuntary laughter (51) and depressive 
dysphoria, anhedonia, apathy, and blunted affect (87). These findings are 
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extremely intriguing, although their relevance for development of therapeutic 
DBS for neurologically intact patients with primary depressive illness obviously 
remains to be determined.

DBS for Primary Depressive Illness

The terms primary and secondary illness tend to be used somewhat differently 
in psychiatry and neurology. Descriptive psychopathology in psychiatry 
often designates a diagnosis as “primary” when its symptoms are what a 
patient is most distressed by and that result in their seeking treatment. In 
this tradition, which understandably arose in a field where the pathogenesis 
of illnesses are so often unknown, symptoms that appear later in the  clinical 
course or are judged to be less pressing clinical issues are viewed as 
 “secondary” or co-morbid.

Advances in clinical neuroscience are gradually moving psychiatry toward 
a position more familiar to neurologists in which specific mechanisms are 
invoked to explain the pathogenesis and pathophysiology associated with key 
features of psychiatric disorders. Recently, researchers armed with a body of 
functional neuroimaging research have targeted neuronal networks implicated 
in both the normal experience of sadness, in symptoms of depressive illness, 
and in responses to treatment. Using PET, Mayberg et al. (58) observed a link 
between changes in metabolism in subgenual cingulate cortex (Brodmann 
area 25) and the response to antidepressant medications. They used DBS to 
target these networks in refractory depression. Six patients were selected for 
notable but not extreme levels of treatment resistance and for a relative lack 
of psychiatric comorbidity. Stimulation of white matter tracts adjacent to the 
subgenual cingulate was associated with rapid improvement with substan-
tial mean benefit one week after initiation of stimulation. Chronic DBS for 
up to 6 months was associated with sustained remission of depression in 4 
of the 6 patients (58).Three patients showed decreased metabolism in area 
25 compared with pre-operative baseline PET scans, which was consistent 
with responses observed after other therapeutic modalities for depression. 
Interestingly, the subgenual white matter tracts that were targeted appear to 
overlap with those targeted with ablative procedures to treat mixed depressive 
and anxiety pathology in the 1970s (88).

Other candidate target regions have recently been proposed (89) and are 
under investigation that follow in part empirical evidence gained from psychi-
atric neurosurgery. A group of ablative procedures with overlapping targets 
within cortico-basal-thalamic circuits (anterior capsulotomy, subcaudate 
tractotomy, and limbic leucotomy) have appeared to be effective in severe and 
resistant depression in multiple open studies, including large series of more 
than 1,000 patients for subcaudate tractotomy; refs. 30 and 90). The extent to 
which these different targets may possibly affect similar neuronal networks via 
relationships at the systems level is a key research question.

Added to those prior data are findings from our collaborative work 
of consistent improvement in co-morbid depressive symptoms in OCD 
patients undergoing DBS in the ventral anterior limb of the internal capsule. 
Improvement in affect and mood appeared to precede improvement in 
OCD. We therefore began long-term studies of DBS in this target in patients 
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with severe and disabling depression who were refractory to multiple trials 
of medications, medication combinations, psychotherapy, and bilateral 
 electroconvulsive therapy. Data are currently being analyzed but preliminary results 
indicate benefit in most of the patients who have been stimulated to date 
(Malone et al., in preparation). Induction of transient, reversible mood eleva-
tion, which has occasionally reached the diagnostic threshold for DSM-IV 
hypomania, has been the most significant adverse effect of active stimulation. 
This effect is intensity-dependent, and has become less frequent with 
changes in  stimulation technique.

A recent case report described the effects of bilateral DBS in the inferior 
thalamic peduncle (ITP) in a woman with refractory depression (Jimenez 
et al., World Stereotactic and Functional Neurosurgery Society Meeting, Rome, 
2005). Such stimulation, due to effects propagated via ITP fibers that continue 
rostrally in the ventral portion of the anterior limb of the internal capsule, 
would be expected to modulate projections of the dorsolateral prefrontal cor-
tex, the orbitofrontal cortex, and the ventromedial striatum to the dorsomedial 
and intralaminar thalamus. A substantial period of benefit followed insertion 
without stimulation suggesting some combination of a “microlesion” effect, 
placebo response, and possibly the course of illness itself since, unlike OCD, 
depression is typically episodic. Subsequently, however, the patient appeared 
to have long-term improvement associated with chronic DBS in this region, at 
relatively low stimulation intensities. This is of interest given that fibers coursing 
from rostral structures become more compact as they enter the ITP.

The effects of DBS of the STN in two patients with severe Parkinson’s 
disease who also had moderately severe OCD have been reported (91). 
Improvement in OCD symptoms was substantial within two weeks following 
the start of DBS (91). In one of these patients, OCD improvement was seen 
despite little change in parkinsonism. Similar effects were seen more recently 
in one additional case (92). A controlled trial of STN DBS is underway by 
a collaborative group of investigators in France. It will be interesting to see 
whether effects on co-morbid depression and anxiety symptoms in this trial 
will be similar to those observed after ventral capsule/ventral striatum DBS in 
prior OCD studies. There, rapid onset of anti-depressant or anti-anxiety effects 
with onset of DBS and rapid worsening in these domains after offset of DBS 
were observed, which seemed to precede changes in core OCD symptoms. 
Similar findings after stimulation of the “limbic” STN region would suggest 
convergence of circuits influenced at each target.

The effects experienced by patients treated with DBS for severe and resistant 
depression appear to be grounds for cautious optimism. However, relatively few 
patients have been studied. Moreover, the brain regions involved in dysregula-
tion of mood and other symptom dimensions of depressive illness are inad-
equately understood. Sadness and depressive illness are both associated with 
decreased activity in dorsal neocortical regions and relative increased activity 
in ventral limbic and paralimbic areas (93). In fact, increases in regional cer-
ebral blood flow and metabolism have sometimes been shown in the amygdala, 
orbitofrontal cortex and medial thalamus and decreases in the dorsomedial 
and dorsal anterolateral prefrontal cortex, subgenual anterior cingulate cortex 
(ACC) and dorsal ACC relative to control subjects (94). Dysregulation within 
functional networks including these areas has been hypothesized to explain 
the combination of clinical symptoms seen in depressed patients (i.e., mood, 
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motor, cognitive, and vegetative symptoms; ref. 18). These regions may be 
differentially affected in subtypes of depression (95). Other important regions 
include the hippocampus (96), insula (97), and midbrain monoamine nuclei. 
Underlying structural abnormalities may also contribute to these dysfunc-
tions (98–100). Other factors to be considered in interpreting responses to 
DBS include the state of the disease, the inherited traits of the individual and 
genetic susceptibility (101), and the type of response to treatment (i.e., how 
dimensions of depressive illness change). Mood, for example, is a continuous 
adaptive process. This implies that although certain localized activity changes 
may be identified, it is important to address the dynamic interplay within 
the system. The deactivations of subgenual cingulate with DBS reported in 
depression may be analogous to other anti-depressant treatments but they are 
also suggestive of a process of adaptation over time. Much work is still needed 
to understand the complex relationships between activity in different nodes of 
cortico-basal-thalamic-limbic networks.

Future Developments: Issues and Recommendations

DBS is now a conventional therapeutic option for intractable movement 
disorders. The efficacy of the procedure is well-established, although questions 
remain about mechanisms of action, optimal stimulation targets, and methodo-
logic techniques. While serious adverse events are possible, the overall side 
effect burden is favorable. The fact that interest in DBS is growing rapidly 
as a potential treatment for patients with severe neuropsychiatric illness is 
not  surprising. Such patients experience extreme distress and inability to 
participate in social and occupational life. There are strong parallels with the 
application of DBS for intractable neurologic illness and its potential use in 
neuropsychiatry but there are also differences. The most salient of these arises 
from historical experience. The special concern over the use of neurosurgery 
for psychiatric illnesses is the legacy of the widespread use of destructive pro-
cedures, particularly frontal lobotomy, in the mid-20th century. Many patients 
underwent such surgery before adequate long-term safety data were obtained 
and without careful characterization of their primary disorder. Tragic conse-
quences were frequent. These remain a vivid reminder of the need for caution 
in this area (102). Currently, the practice of psychiatric neurosurgery is much 
more refined, restricted and regulated. Candidates must meet stringent criteria 
for severity and for resistance to conventional multimodal therapies. DBS is an 
invasive procedure and, although it is non-ablative in nature and theoretically 
reversible when stimulation is interrupted, the evidence that it may be useful 
in psychiatric disorders is limited to approximately 50 patients worldwide for 
OCD and to fewer cases of major depression.

It is important to remember that, unlike the model for Parkinson’s disease, 
the development of animal models of human psychopathology has been very 
limited. There are, however, some potentially promising leads. Some recent 
work in model development has paralleled an interest in focusing on behav-
ioral symptoms that are components of syndromes (103) and of predisposing 
and associated factors (104). Such models, which represent major advances 
in conceptual sophistication and complexity, may enhance cross-species 
translational research.
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Future work in this area may eventually yield advances in animal models.
It is also notable that to date there have been few neuroimaging studies in 
patients with marked symptom severity and treatment resistance, in order to 
identify patients who might be considered potential candidates for neuro-
surgical interventions. It is possible that there may be subgroups of patients 
who differ meaningfully from the larger groups of patients with more com-
mon presentations, which have usually been studied.

Beyond that, the neurophysiological correlates of abnormal activity in 
patients with neuropsychiatric disorders as revealed by functional neuroimaging 
are not yet well established. There are some proposals that may have heuristic 
value in hypothesis generation in this regard. An example is the concept of 
thalamocortical dysrhythmia (TCD), which proposes that an increase in power 
of thalamocortical oscillatory activity in the theta range may underlie symp-
tomatology of a number of neuropsychiatric conditions (105). Understanding 
the role of synchrony and oscillatory activity may have important implications 
to the future applications of DBS in PD, movement disorders, and other neuro-
logical disorders. Studies using translational approaches, including integration 
of anatomical and physiological methods across species, are most likely to 
advance our understanding of how DBS might alter pathophysiology and thus 
exert therapeutic effects.

The clinical characteristics of patients with severe, chronic, and highly 
resistant psychiatric illness, which typically require multiple treatment modal-
ities, will require close and long-term follow-up. A study of DBS in four OCD 
patients, using a more anterior capsular target than that of Nuttin et al. (106), 
and a different stimulating electrode, reported significant benefit in three of the 
four patients with more than 35% reduction in YBOCS severity. Unfortunately, 
one patient in this series died by suicide during the trial. As noted earlier, 
co-morbid depression and demoralization, which can be severe, is the rule 
rather that the exception in such patients. In this patient, depression had been 
chronic before surgery and had shown some improvement during shorter-
term stimulation (57). While the relationship between DBS and suicidality in 
this patient is unclear, it serves as a stark reminder that individuals with the 
degree of illness severity with profound demoralization due to  illness-related 
degradation in quality of life, are at potential risk of suicide after as well as 
before surgical intervention as there have been suicides of patients on waiting 
lists for psychiatric neurosurgery. Adverse behavioral outcomes, including 
some cases of suicide, have also been seen in patients treated with DBS for 
movement disorders (107). Thus, close and expert monitoring and a long-term 
commitment to follow-up are essential for all DBS patients but the risks of 
adverse behavioral outcomes would seem greater a priori in patients treated 
for underlying psychiatric illness.

An interdisciplinary group of collaborators, which begun to systematically 
study the effectiveness and safety of DBS in psychiatric illness in the late 
1990s, has recommended that certain minimum requirements be met, for 
psychiatrists and neurosurgeons contemplating using DBS for psychiatric 
indications (108). This group recommended that, until FDA approval is 
provided, this work should be done only as part of an investigational proto-
col. This requires initial and ongoing review by an institutional review board 
or ethics committee. In the United States, there is additional review by the 
FDA via the Investigational Device Exemption (IDE) mechanism. As noted 
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above, careful psychiatric assessment is an extremely important requirement. 
Psychiatrists must make certain that patient selection is appropriate. Patients 
must meet operational criteria for the neuropsychiatric disorder under study 
and for the severity of that illness. Proven medication and psychosocial/behavioral 
treatments must have already been given in adequate therapeutic trials. We 
propose that potential candidates for psychiatric DBS also undergo a second 
level of consideration by an interdisciplinary review committee with appropri-
ate expertise, which should include bioethics, independent from the investigative 
team. Such research should be carried out at specialized  academic centers with 
extensive experience in the treatment of patients with the neuropsychiatric 
condition in question. The neurosurgical team should also have substantial 
experience with DBS as currently practiced. Very recently, our recommendations 
in this realm have been updated (108). Anticipating gradual expansion of 
research and clinical uses of DBS in psychiatry and stimulated by the emergence 
of vagus nerve stimulation, we have also sought to begin a discussion of issues 
concerning training and interdisciplinary collaborations raised by encouraging 
developments and future prospects of this field (109).

Conclusions

DBS is an investigational treatment in neuropsychiatry that has generated 
considerable interest. Although its mechanisms of action are incompletely 
understood, DBS can target precision regions and circuits within the brain 
proposed to be involved in the pathophysiology of some neuropsychiatric 
illnesses. It offers the advantages of reversibility and adjustability, which 
might permit the effectiveness of therapy to be enhanced or side effects 
to be minimized. Thus, DBS may offer a degree of hope for patients with 
severe and treatment-resistant neuropsychiatric illness. Most of the DBS 
work to date has focused on OCD where data from small-scale studies are 
encouraging. Early data from a few patients with major depression may 
also indicate some promise. Research to realize this potential will require a 
considerable commitment of resources, energy, and time across disciplines 
including psychiatry, neurosurgery, neurology, neuropsychology, bioengi-
neering, and bioethics. Indications at the time of this writing suggest that, 
with appropriate multidisciplinary work, cautious optimism concerning the 
role of DBS in psychiatric treatment is justified.
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Abstract

Obsessive–compulsive disorder (OCD) is a psychiatric disorder that often 
runs a chronic, fluctuating course. A minority of patients do not improve by 
any available psychopharmacological and/or psychotherapeutic treatment. 
Treatment-refractory OCD patients considered for stereotactic neurosurgery 
have a longstanding history of persistent and extremely incapacitating intru-
sive obsessions and repetitive compulsions. This disorder creates tremendous 
suffering and a deep sense of shame, resulting in social isolation and often 
depression. Although a specific brain abnormality has not been identified, a 
growing number of brain imaging studies have accumulated evidence for a 
neurobiological basis for OCD.

Eleven patients with severe, treatment refractory OCD were included in a 
double blind randomised crossover protocol. Electrical stimulation in the ante-
rior limbs of the internal capsules and striatal gray matter inferiorly induced 
clinically significant therapeutic benefit in this patient group, not only in 
severity of OCD symptoms but also on the patient’s mood scores. Technical 
aspects currently limit the use of capsular stimulation as a therapeutic option. 
This treatment option remains investigational for OCD patients and is not 
considered standard therapy.

Keywords: obsessive–compulsive disorder, neuromodulation, deep brain stimu-
lation, psychosurgery, anterior capsulotomy

Introduction

OCD is believed to be one of the most debilitating of the anxiety disorders. It 
affects approximately 2% of the general population (1). The cardinal symptoms 
of OCD are intrusive, persistent thoughts (obsessions) and/or repetitive behaviors 
(compulsions). Common themes are checking, washing and cleaning, exces-
sive need for order and symmetry, unwanted aggressive thoughts, and counting. 
Symptoms may occupy many hours daily and lead to serious impairment in 
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occupational, scholastic and/or social functioning. Most patients recognize 
the senselessness of their obsessions and compulsions but cannot dismiss the 
obsessional thoughts and continue to feel compelled to engage in rituals.

Co-morbid disorders such as major depression, personality disorders and 
anxiety disorders are frequently present and complicate and aggravate the 
clinical picture in OCD (2). Longitudinal research suggests that when OCD 
symptoms improve with effective treatment, depressive symptoms also 
disappear (3).

Treatment Options

Both pharmacotherapy and cognitive behavioral therapy (CBT) can be effec-
tive in the treatment of OCD, either alone or in combination (4). As a rule, 
treatment adherence is necessary for lasting symptom relief but, even when 
effective, side effects of pharmacotherapy substantially hamper compliance 
(5–7). The cognitive behavioral approach of exposure and response preven-
tion (ERP) yields significant and lasting therapeutic benefits for those OCD 
patients motivated to engage in the exercises (8).

Up to 7.1% of patients remain treatment refractory and run a chronic 
deteriorating course of OCD despite all available treatment (3). Spontaneous 
remission in severe, intractable and longstanding OCD is rare (2, 9).

Capsulotomy for OCD

Clinical evidence suggests an improvement rate of about 50% of otherwise 
intractable cases of OCD produced by neurosurgical lesioning in the anterior 
limb of the internal capsule, a technique called capsulotomy (10–14). Irreversible 
destruction of brain tissue remains an obvious drawback but is counterbalanced 
by the potentially beneficial therapeutic effect for the despairing patient who is 
disabled by severe, chronic, treatment-refractory OCD (15, 16).

Although the target symptoms of obsessions, compulsions and anxiety 
are successfully reduced, side effects remain a major concern. These include 
weight gain, memory problems, attentional slowing, lower performance intelli-
gence quotient, loss of initiative, disinhibition, elevated mood occasionally with 
an overshoot toward carelessness, emotional shallowness and, in rare cases, 
aggressive tendencies, poor impulse control and sexual assaults (11, 17–22).

Capsular DBS for OCD

Development of electrical brain stimulation in the anterior limbs of the internal 
capsules (capsular stimulation) as a reversible treatment alternative for capsulot-
omy has opened a new avenue for research and treatment in OCD. The implan-
tation of electrodes in the brain does not significantly damage brain tissue and 
stimulation can be modified or discontinued in the event of side effects. With 
informed consent from the patient, electrical current can be switched on or off 
in an experimental setting, or can be applied using different stimulation param-
eters (contact selection, amplitude, pulse width, frequency) without the patient’s 
knowledge, in order to perform scientifically rigorous tests of efficacy.
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The rationale for the choice of the anterior limb of the internal capsule as the 
target for electrical stimulation in OCD is similar to that for its current use in other 
indications as a treatment in tremor and Parkinson’s disease, where the experience 
that ablative lesions produced therapeutic benefits was followed by high 
frequency deep brain stimulation (DBS) applied to the same structures.

Experimental design

Our protocol employs a two-branched, double blind, randomized crossover 
design. An episode with stimulation either switched on or off is followed by 
an episode of the opposite condition, with patient and evaluators blinded for 
the stimulation condition. Each patient serves as his own control. Behavioral 
measures were systematically assessed pre-operatively and during each phase 
of the randomization.

Patient Selection

All participating patients suffered from long-standing, severe, highly disa-
bling OCD (300.30 according to the Diagnostic and Statistical Manual of 
Psychiatric Disorders, fourth edition; ref. 23). Patients were screened and 
evaluated in the department of psychiatry of the University Hospital of Antwerp 
for complete psychiatric and neuropsychological assessment and underwent 
stereotactic neurosurgery in the University Hospital Gasthuisberg of Leuven. 
Both hospital Ethical Review Boards approved the study protocol.

Family history, present and past medical history and treatment surveys were 
documented. After scrutiny of the patient’s case, a multidisciplinary advisory 
board for neurosurgical treatment for psychiatric disorders decided on the 
suitability of surgical treatment according to strict criteria (24, 25), taking into 
account the written record, clinical examination, and formal referral from the 
patient’s treating psychiatrist. Inclusion criteria required a primary diagnosis 
of OCD, by Structured Clinical Interview for DSM-IV (SCID-IV), judged to 
be of disabling severity, with a Yale-Brown Obsessive-Compulsive Scale 
(Y-BOCS; refs. 26 and 27) score of at least 30/40 and a Global Assessment of 
Functioning (GAF) score of 45 or less. Reports of failure to respond to former 
OCD treatment were required: ineffectiveness or intolerance to adequate trials 
of at least three serotonin reuptake inhibitors and clomipramine, augmenta-
tion strategies with an antipsychotic drug, and an adequate trial of CBT. 
Age range was 18 to 60. Exclusion criteria were a current or past psychotic 
disorder, any clinically significant disorder or medical illness affecting brain 
function or structure (other than motor tics or Tourette’s syndrome), prominent 
cluster B personality disorder or current or unstably remitted substance abuse. 
Personality disorders were assessed with the Structured Clinical Interview 
DSM-IV axis II (SCID-II; ref. 28). Patients were to be able to understand and 
comply with instructions and provide their own written informed consent. The 
patient and a close family member were repeatedly and fully informed on both 
procedures (capsulotomy and capsular stimulation) and standard risks of both 
procedures were explained. If the patient did not improve after 1 year of cap-
sular stimulation the option of anterior capsulotomy was to be considered.

Medication was tapered to an attainable minimum at least 6 weeks before 
surgical intervention and kept at a constant level for the first year after electrode 
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implantation. Baseline evaluation included a full psychiatric assessment, a 
semi-structured interview, and rating scales.

Eleven patients (six female, five male), age 24 to 56 years, were enrolled 
between 1998 and 2005 (Table 26.1). Mean age at onset was 15 (range 9–24). 
Mean Y-BOCS score for severity of OCD symptoms before surgery, was 

Table 26.1 Patient characteristics at time of surgery.

M/F
Age onset 

OCD
Age 

surgery Most severe OCD symptoms
Psychopharmacologic 

treatment

C1 M 12 35 Obsession with the “sound of 
silence,” fear of hair growth

Lormetazepam (0.5 mg)

C2 F 24 52 Contamination, poisonous plants, 
checking, asking questions

Sertraline (150 mg/d)

Prazepam (60 mg/d)
Diazepam (10 mg/d)
Trazodone (100 mg/d)

C3 F 16 38 Obsession with “existence,” touching 
things, counting, washing rituals

Fluoxetine (20 mg/d)

Clomipramine (50 mg/d)
Lorazepam (3.75 mg/d)

C4 M 12 35 Extreme fear of poisoning others, 
obsessed with failing to assist 
people in need, checking, hand 
washing, cleaning rituals

Clomipramine (150 mg/d) 
Risperidone (6 mg/d)

Alprazolam (4 mg/d)
Lormetazepam (2 mg/d)

C5 F 14 40 Contamination (urine, feces, sperm), 
washing rituals, toilet routine, 
repeating sentences and questions, 
hoarding

Fluoxetine (40 mg/d)

Thioridazine (50 mg/d)
Alprazolam (4 mg/d)

C6 M 16 37 Intrusive aggressive images, checking 
behavior

Clomipramine (225 mg/d)

Olanzapine (20 mg/d)

C7 F 20 39 Order and symmetry, cleaning rituals, 
incompleteness

Clomipramine (75 mg/d)

C8 M 14 40 Obsessions with dirt and grease, order 
and symmetry, checking, washing, 
cleaning, repeating, incompleteness

Venlafaxine (300 mg/d)

C9 M 12 24 Obsessions about inadvertently 
harming others, checking, mental 
compulsions

Clomipramine (100 mg/d)

Risperidone (4 mg/d)

C10 F 9 29 Obsessions of causing harm to 
relatives by having wrong thoughts, 
compulsive “undoing,” compulsive 
praying, repeating sentences

None

C11 F 16 56 Obsessions about inadvertently 
harming others, checking

Clomipramine (225 mg/d)

Olanzapine (10 mg/d)
Chlorazepaat (40 mg/d)
Nitrazepam (10 mg/d)
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34/40 (range 30–38). Seven of eleven patients were clinically depressed at the 
time of inclusion. Mean baseline depression score, measured by the Hamilton 
depression score (17 items) was 23.8 (range 16–43). Two other patients had 
suffered from a depressive episode in the preceding year. Mean baseline global 
assessment of functioning (GAF) score was 33 (range 25–40). Mean DBS 
follow-up time for these patients was 38 months (rang 7–90).

Neurosurgical Device Implantation

Neurosurgical intervention in all patients was performed by the same 
neurosurgeon (Bart Nuttin) as fully described elsewhere (29–31). In all 
patients, quadripolar electrodes Model 3887 Pisces Quad Compact (1.27 mm 
in diameter, 4 mm contact spacing, 3 mm contact length, Medtronic Inc., 
Minneapolis, MN) were stereotactically implanted into the anterior limb of 
the internal capsule bilaterally (Figure 26.1). The four electrode contacts are 
numbered from 0 (most distal) to 3 (most proximal).

The implantation procedure was done using stereotaxy based on MRI and 
MR-angiogram to avoid passing unnecessarily through other important func-
tional areas and blood vessels. Prophylactic antibiotics were given. Operations 
were performed with the patient awake under local anesthesia.

In the first several treated patients, stimulation targets in the internal capsule 
were similar to those used in anterior capsulotomy (14, 24). The electrode 
was extended ventrally to the most inferior capsular fibers. Contact 0 was 

Figure 26.1 Axial T1-weighted MRI image showing the stimulating electrodes in 
the anterior limbs of the internal capsules at the level of the anterior commissure. The 
arrows point to the electrode tract
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very near to or in the nucleus accumbens, contacts 1 and 2 were situated in 
the internal capsule, and contact 3 was sited dorsally to the internal capsule. 
Bilateral electrodes were placed symmetrically via precoronal burr holes. 
In the coronal plane contact 0 entered the gray matter at the bottom of the 
internal capsule. After the third patient showed exceptional improvement 
(30), the electrode location used in this patient was used as the target for 
the following patients. The target was somewhat more posterior and medial 
compared to the published capsulotomy target. Surgery was performed in 
two stages: after an episode of 2 weeks of initial testing with externalized 
leads and external programming devices, the electrodes were connected to 
two implanted pulse generators (IPGs: Itrell II, SynergyTM or KinetraTM, 
Medtronic Inc.) with subcutaneously tunnelled connecting wires. Depending 
on the type of implanted IPG, the case of the IPG can be used as the 
anode. These IPGs were subcutaneously implanted in the subclavicular or 
abdominal region, in accordance with the patient’s preference. Immediate 
postoperative care included standard medical and surgical considerations 
used following any stereotactic neurosurgical procedure. Special attention 
was paid to signs or symptoms of potential surgical complications such as 
infection, haemorrhage, seizures, or altered mental status. Postoperative CT 
or MRI was obtained and matched to the pre-operative stereotactic MRI to 
document the placement of the electrodes.

Description of Acute Effects

The quadripolar electrodes Model 3887 Pisces Quad Compact allow a mul-
titude of options for contact combinations. Multiple, often transient, acute 
effects are observed with systematic exploration of various contact combina-
tions, either unilaterally or bilaterally. Some of these have been described 
previously (32). The exploration of these effects is a very time consuming 
activity. Frequent consecutive alterations in stimulation parameters induced 
weariness in all patients. Fatigue and sighing were often observed but it 
was unclear whether these effects were induced by stimulation using cer-
tain contact combinations or weariness due to the prolonged testing session 
Paresthesias, experienced as a warm feeling in certain body parts or the entire 
body, sometimes combined with perspiration and flushing, were observed in 
all patients although the contact combinations and threshold levels at which 
they appeared differed. Abrupt abolition of stimulation frequently caused a 
transient hot feeling, perspiration, and flushing.

Changes in affect were most prominent with bilateral stimulation. All 
patients reported sudden happiness, joy and a good feeling some seconds 
after stimulation was switched on with particular contact combinations. They 
smiled and laughed, sometimes extensively. When asked why they were 
laughing they often could not give a reason. They just felt an inner joy. They 
sometimes tried to swallow their laughter but this ended in a laughing fit. In 
four patients unilateral stimulation (both left and right) with the deepest con-
tacts produced transient contralateral contraction of facial muscles resulting in 
a typical hemi-smile with higher amplitudes. They could not counteract these 
muscle contractions at will. Bilateral stimulation induced the same happy feeling 
associated with a transient smile they could barely suppress at will.
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In five patients some contact combinations led to a worsening mood, 
depressive feelings and greater anxiety. Switching stimulation off abolished 
these feelings.

Six patients were more talkative and talked in a louder voice when stimu-
lated with specific (unilateral and bilateral) contact combinations. Transient 
verbal perseveration was observed with bilateral stimulation and dysarthria 
with unilateral stimulation.

Nausea, sudden epigastric sensations and a peculiar sensation in the throat 
were often although not exclusively reported with unilateral stimulation. 
Patients often placed hands over their stomach or throat, describing a “lump,” 
“tension,” or “queasiness.” Monopolar stimulation at several levels induced 
prolonged but transient muscle contractions in the cheek and neck leading to 
cramp in three patients. In one patient, torticollis was induced using bilateral 
stimulation with unequal amplitudes with head turning contralateral to the 
side of the highest amplitude. One patient reported a transient vaginal muscle 
contraction with bilateral stimulation while another reported transient sexual 
arousal.

Both bilateral and unilateral stimulation with the deepest contacts produced 
a transient smell sensation in three patients. In one of these patients the same 
contacts at slightly higher amplitudes induced a strange, uneasy feeling in the 
upper chest producing a fright “as if something invisible hit him.” He gave a 
visible start when this feeling occurred but quieted down easily. Four patients 
reported an itchy feeling in the back of the nose. Hyperventilation and gasping 
for breath occurred in 6 patients with unilateral right or bilateral stimulation.

Four patients reported transient unformed visual perceptions such as black 
or white specks and subtle changes in the color of the walls. Sometimes they 
had the impression that things moved a bit, that the walls were approaching, or 
that everything was hazy and deformed. These reports came mostly with uni-
lateral stimulation. Four patients reported auditory perceptions such as “water 
running,” “ringing,” “buzzing,” and “throbbing.”

Postoperative Contact Selection

To determine the most appropriate contact combination for stimulation, we 
used a 3-hour long, double-blind crossover protocol with three branches. 
This protocol was implemented in the first few weeks after surgery. After an 
initial screening for acute effects with many contact combinations, two con-
tact combinations with positive impact on mood, anxiety or obsessions and 
compulsions were chosen, based on observations of the evaluators and subjec-
tive reports of the patient. These two contact combinations were compared to 
stimulation off (STIM OFF) in three consecutive randomized sessions. During 
these sessions, the patient was exposed to a Behavioral Avoidance Test (BAT; 
ref. 33) after which he/she completed visual analogue scales (VAS) for obses-
sions (“To which degree do you have obsessive thoughts at this moment?”) and 
compulsions (“How strong do you feel the urge to engage in compulsive acts 
at this moment?”).

In the BAT, trigger situations that evoke obsessive thoughts are individually 
chosen and hierarchically ordered from “easy to confront” to “most difficult, 
certainly not feasible.” Patient and evaluator agreed upon a detailed and stepwise 
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gradual exposure script. Patients were instructed to expose themselves as far 
as they could, without overstepping the limits of their capabilities. After com-
pleting a step, they were invited to advance to the next one, but it was made 
explicit that they had full freedom to renounce. Patient and evaluator gave 
post-hoc preferences (BEST, MEDIUM or WORST) after the third session.

Five patients (cases 4–8) participated in these behavioral, crossover tests to 
determine appropriate contact combinations (Table 26.2). For one patient, the 
behavioral assessment was done at home, since her OCD symptoms (ordering 
and symmetry) manifested themselves only in that location. The other patients 
were tested in the hospital. VAS scores after exposure at the end of BAT are 
shown in Figures 26.2 and 26.3.

Table 26.2 Parameters and triggers used in postoperative acute tests.

Parameters

Randomization BAT: TriggerContacts
Left/right 
bilateral Freq (Hz)

PW 
(microsec) Ampl (V)

C4 Off — — — — 2 Container with 
chlorine tablets

1-2+ Bilateral 100 200 7 3
0-1-2-3+ Bilateral 100 200 7 1

C5 Off — — — — 1 Towel swept through 
toilet

0-case+ Bilateral 120 200 5 3
0-1-2-3+ Bilateral 120 200 6 2

C6 Off — — — — 3 Sharp scissors
0-1+ Bilateral 100 200 7 1
0-1-2-3+ Bilateral 100 200 7 2

C7 Off — — — — 2 Turning closet content 
upside down

0-1+ Right 100 210 4 3
0-1-2-3+ Right 100 210 5 1

C8 Off — — — — 3 Glass jar with butter
0-1+ Bilateral 120 210 3 1
0-1-2-3+ Bilateral 120 210 4 2

Freq, frequency; PW, pulse width; ampl, amplitude; BAT, behavioral assessment test.
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Figure 26.2 VAS obsessions for five cases in acute tests with different contact 
combinations. Labeling of the x-axis indicates the number of the case and the contact 
combination used in the session
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After the test sessions patient and evaluator agreed on a ranking of over-
all preference for each setting (STIM OFF and two contact combinations). 
Consequently the settings were classified as BEST, MEDIUM or WORST. The 
STIM OFF condition was always ranked WORST. Compared to STIM OFF, 
mean VAS obsessions decreased by 36% in the MEDIUM session and 53% 
in the BEST condition, while mean VAS compulsions dropped by 38% in the 
MEDIUM session and 49% in the BEST session compared to STIM OFF.

Randomized Double-Blind Crossover

The main objective of this research was to evaluate the effects of capsular 
stimulation on the severity of OCD symptoms. To differentiate a placebo effect 
from therapeutic benefit, patients entered a randomized double blind crossover 
trial with two branches: stimulation on (CROSSOVER-ON) and stimulation 
off (CROSSOVER-OFF) or vice versa in random order, as determined by an 
independent person tossing coins. Patients and evaluators were blinded for the 
stimulation. The protocol of the crossover trial was planned for two episodes of 
3 months each, but a safety procedure allowed for abbreviation of an episode if 
the state of the patient deteriorated beyond baseline condition or if the patient 
became suicidal. This crossover branch was then shortened and switched to the 
other condition, without unblinding the patient or evaluators.

Medication was kept at a constant level and no psychotherapy that focuses 
on OCD (e.g., ERP, flooding) was given until the end of the double blind 
crossover trial. Patients were allowed and even urged to continue supportive 
counseling.

Patients were considered responders if they experienced a drop in Y-BOCS 
of 35% during stimulation, compared to the stimulation “off” branch and if 
their clinical global impressions (CGI-I) score demonstrated an improvement 
of at least “much improved.”

The electrode implantation in one patient was complicated by an intracer-
ebral hemorrhage around the left electrode, which disturbed the target region. 
This patient experienced partial improvement of OCD symptoms after surgery 
without stimulation, probably due to a partial capsulotomy effect, but stimula-
tion induced additional therapeutic benefit over subclinical levels. Because of the 

0
10
20
30
40
50
60
70
80
90

100

C4_
OFF

C4_
1-

2+

C4_
0-

1-
2-

3+

C5_
OFF

C5_
0-

ca
se

+

C5_
0-

1-
2-

3+

C6_
OFF

C6_
0-

1+

C6_
0-

1-
2-

3+

C7_
OFF

C7_
0-

1+

C7_
0-

1-
2-

3+

C8_
OFF

C8_
0-

1+

C8_
0-

1-
2-

3+

VAS COMPULSIONS

Figure 26.3 VAS compulsions for five cases in acute tests with different contact combi-
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combined effect of lesion and stimulation, we excluded this patient from the 
crossover analysis.

Ten patients served as their own control in this trial with stimulation on 
(CROSSOVER-ON) and stimulation off (CROSSOVER-OFF). The stimulation 
parameters used for the crossover were chosen based on assessments and reports 
of changes in obsessive thoughts and compulsive behavior in daily life.

Contact combinations during the crossover trial were: bilateral 0-1-2-3-
case+ (n = 1), bilateral 0-1-2-3+ (n = 2), bilateral 0-1-2+ (n = 1), bilateral 
1-2+ (n = 1), bilateral 0+1-2+ (n = 1), bilateral 0-1+ (n = 2), unilateral right 
0-1+ (n = 1), bilateral 0-case+ (n = 1); frequencies were 100 (n = 7) or 130 
(n = 3) Hz; pulse widths were 210 (n = 5), 330 (n = 1), or 450 (n = 4) micro-
seconds, mean amplitude was 6.8 V (range 3.5–10.5 V).

Only four of 10 patients completed the full length of the CROSSOVER-
OFF episode. After 2 weeks (four patients), 3 weeks (one patient), and 5 
weeks (one patient) dramatic worsening of symptoms induced a premature end 
of one crossover branch. This implementation of the safety procedure always 
took place in the CROSSOVER-OFF branch.

The mean Y-BOCS (n = 10) at baseline was 33.8 (SD = 3.1). It decreased 
by 54% from 29.5 (SD = 9.5) during CROSSOVER-OFF to 14.0 (SD = 9.3) dur-
ing CROSSOVER-ON (Mean difference = 15.5; 95% CIdiff = 6.0 to 25.0). Mean 
HAM-D at baseline was 23.6 (SD = 7.9). It dropped by 61% from 24.5 (SD 
= 5.6) during CROSSOVER-OFF to 10.2 (SD = 7.2) during CROSSOVER-ON 
(mean difference = 14.3; 95% CIdiff = 5.8 to 21.0).

At the end of CROSSOVER-OFF, CGI scores for Improvement (CGI-I), 
compared to baseline before surgery were “much worse” (n = 1), “slightly 
worse” (n = 2), “the same” (n = 5), and “slightly improved” (n = 1). At the 
end of CROSSOVER-ON, CGI-I was “slightly improved” (n = 2), “much 
improved” (n = 3), and “very much improved (n =5) compared to baseline. 
Eight of 10 patients fulfilled criteria for responders.

Long-Term Follow-Up

After the first year of DBS, we continued to evaluate the long-term outcome 
of capsular stimulation. Standard visits were scheduled at 1, 3, 6, 9, and 12 
months in the first year. Thereafter, they were evaluated at least once yearly. 
Patients could ask for supplementary visits if they felt the need. If necessary, 
in the opinion of a member of the multidisciplinary team, additional visits were 
scheduled as well. Separate qualitative information was gathered from close sig-
nificant others, especially during the first years of stimulation, to complete data 
on current functioning and behavioral changes.

The mean number of visits for psychiatric evaluation after surgery was 11 
(range 6–15) in the first year, 5 (range 4–9) in the second year, and 4 (range 
1–7) in the following follow-up years 3 to 7. Multiple visits for adjustment of 
parameters were required: 14 (range 6–24) in the first year; 9 (range 4–15) in 
the second year; and 7 (range 1–14) in the following follow-up years 3 to 7. Two 
patients had their devices (electrodes, extension wires, and IPGs) removed, 
after 15 and 40 months respectively and opted for a subsequent capsulotomy. 
For the follow-up analysis in Figure 26.4, only the YBOCS scores of the 
patients who continue on DBS are included.
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At their last psychiatric evaluation, with a follow-up time of between 12 and 
84 months, mean YBOCS for the 11 patients (nine DBS, two capsulotomy) 
dropped by 65% from 34 (SD = 3.0) at baseline to 12 (SD = 10.3). At the most 
recent evaluation, of the nine patients who continue to receive capsular stimula-
tion, five have subclinical OCD symptoms (YBOCS score between 1 and 7), 
three have mild OCD symptoms (YBOCS score between 8 and 15), and one 
has moderate symptoms (YBOCS score between 16 and 23). On the CGI, 
one patient has only very mild symptoms, four patients have mild symptoms 
without functional impairment, three patients have mild symptoms with mild 
impairment in daily functioning, and one patient has moderate symptoms. 
As long as patients are stimulated no worsening of symptoms compared to 
baseline has been observed. It is only when stimulation fails or is switched off 
that symptoms have deteriorated to baseline levels (eight patients) or become 
worse than at baseline (one patient).

Complications and Adverse Effects

Side effects are a major potential concern with capsular stimulation. Surgically 
related adverse effects were observed in four patients. In one patient an intrac-
ranial haemorrhage around the left electrode track was detected the day after 
surgery. Although it gradually resolved on CT in the week following implan-
tation, it caused profound apathy that gradually resolved over 3 months. One 
patient had more than usual swelling of the face for four days after surgery. 
This was prophylactically treated with antibiotics for 1 week even though 
cultures of aspirated subcutaneous fluid remained sterile. One patient had a 
subcutaneous hematoma around both eyes, which resolved without special care. 
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One patient complained of major pain after implantation of the IPGs and 
needed pain medications for 5 days after surgery. Sensations in the region of 
the burr holes or the extension wires in the neck region varied from numbness 
(two patients) and tingling (four patients) to a transient stinging sensation 
when patients moved their head (five patients).

Acute Adverse Effects of Stimulation

Transient acute effects were often experienced immediately after starting cap-
sular stimulation. If side effects persisted stimulation amplitude was lowered 
or stimulation with the contact combination that induced them was aborted. 
Subjective feelings of joy and happiness or sadness, anxiety and nervousness 
or relief of anxiety, somatic sensations (smell, vision, hearing, muscular, 
throat, epigastric, warmth, tingling, vaginal contraction), sleepiness and dizzi-
ness and sudden peculiar thoughts (out of context, with sexual content) were 
reported on several occasions. Objective signs of laughing, crying, dysarthria, 
verbal perseveration, yawning, sighing, hyperventilation, dyskinesias, muscle 
contractions of face and neck, and flushing were observed.

Adverse Effects Linked to Battery Life or IPGs Switched Off

Due to the high current densities required in some patients to obtain optimal 
therapeutic benefit, battery life was restricted (between 5 and 18 months). The 
battery is an integral part of the IPG and the entire IPG unit requires replacement 
when batteries run down. This requires a minor surgical procedure under local 
anesthesia. Since OCD symptoms return with former intensity and patients 
abruptly become severely depressed within hours to days after battery failure, 
they require urgent replacement. Cognitive distortions may prevent them from 
identifying the cause of their suffering. After experiencing improvement with 
DBS, they often lost or could no longer evoke mechanisms they had previ-
ously developed to cope with severe OCD symptoms. Suicidal thoughts and 
desperate feelings dominated and crisis intervention was necessary on several 
occasions.

During the CROSSOVER-OFF period, one patient made a suicide attempt 
by overdosing with sertraline. Another patient experienced a severe wors-
ening of mood with acute suicidal ideation immediately after starting the 
CROSSOVER-OFF branch and when batteries ran out for the first time.

After battery replacement and reinstitution of the original parameters, we 
witnessed amplitude-dependent behavioral disinhibition in four patients. They 
felt very happy and euphoric but made tactless remarks and sometimes reck-
lessly acted on impulse. They were hyperactive but failed to plan and exhibited 
little concern about their illness or future. They lacked empathy and showed 
less concern for feelings of others. There was a lack of social restraint and an 
undue familiarity with strangers. Despite these marked behavioral alterations, 
they had no neuropsychological deficits and language and memory skills 
remained intact.

This abnormal behavior pattern subsided spontaneously after several days, 
but on one occasion, it continued for 2 weeks and normalized only after 
reduction of the stimulus amplitude. When questioned about this period the 
patient remembered the hyperactivity and happiness but denied disinhibition, 
recklessness, or aggression.
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Adverse Effects With Chronic Stimulation

After 1 year, weight increased in six patients (6 to 16 kg) and decreased in two 
patients (7 and 12 kg). Two patients each had two transient episodes of urinary 
incontinence that lasted for several weeks. Daytime incontinence was control-
led with oxybutynin. An episode of nocturnal urinary incontinence disappeared 
after discontinuing trazodone. Three patients reported changes in sleeping pat-
terns. One patient became active and energetic during daytime, but sleep need 
increased after 4 hours. She sleeps 12 hours nightly but requires a daytime nap. 
One patient experienced transient excessive fatigue during a 1-month episode 
following 5 hyperactive days occurring after battery replacement. He slept 
10 to 12 hours a night and took daily naps before surgery, mostly to let time 
pass more quickly. His sleep need remained essentially unchanged but after 
surgery he did not wish to waste time in bed any longer. One patient had very 
vivid dreams and nightmares during the first few months of stimulation.

Patients and family members sometimes reported changes in behavior dur-
ing stimulation. According to his partner, one patient became detached and 
maintained more of a distance while the patient denied being less emotionally 
involved. Nervousness, increased irritability leading to conflicts and verbal 
aggression, overconfidence, inaccurate risk assessment, and clumsiness were 
reported on several occasions. If complaints were persistent and intrusive, 
stimulation parameters were adjusted and were all reversible.

It is important to appreciate that all patients had suffered from suicidal idea-
tions at some point in the course of their illness before considering neurosurgical 
treatment, although at the time of surgery, suicidality was not prominent. 
One patient expressed suicidal thoughts after 57 months in the trial and took 
a small overdose of trazodone (three 100-mg tablets) together with alcohol. 
She was admitted to hospital for crisis intervention. She stated that she did 
not want to kill herself but marital conflicts were excessive and she needed 
rest. After 8 months in the trial another patient sent an e-mail threatening to 
commit suicide because his girlfriend left him. Crisis intervention and a course 
of interpersonal therapy prevented further harm. One patient complained of 
memory problems for some time after surgery but neuropsychological tests 
could not objectify this. Five patients reported an increase in sexual thoughts 
and fantasies, without increased frequency of sexual activity and one patient 
had a minor decrease in sexual interest.

Adverse Effects Linked to Hardware Failure

One patient required replacement of a malfunctioning electrode 45 months 
after surgery. She experienced a sudden, moderate increase in obsessions and 
compulsions, an increase in general anxiety and a severe worsening of mood, 
which prompted crisis hospitalization. X-ray documented an interruption in 
the left electrode just beneath the cranium. Traction on the electrode caused by 
a short extension wire was postulated as the cause. The electrode was replaced 
and the extension wire was substituted with a longer one. In one patient a con-
tact of the left electrode malfunctioned soon after implantation. As a result, 
not all contact combinations could be implemented and tested. This resulted 
in asymmetric stimulation parameters. Moreover, 17 months after surgery, a 
failure in the left extension wire caused complete abortion of left-sided stimulation. 
Both extension wires were substituted with longer wires.
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Conclusion

Research regarding electrical stimulation in the anterior limb of the internal 
capsule for treatment refractory OCD overcomes two major and reasonable 
objections against the use of stereotactic neurosurgical lesioning procedures 
in psychiatric disorders. Electrical stimulation is reversible and prospective 
double blind randomised controlled trials can be implemented to demonstrate 
efficacy.

In the multidisciplinary study reported here, eleven patients with severe, 
treatment refractory OCD were studied. We demonstrated in a double-blind, 
randomized crossover protocol that electrical stimulation in the anterior limb 
of the internal capsule produces clinically significant therapeutic benefit in 
patients with severe, treatment refractory OCD. Other groups, in smaller case 
series, have also demonstrated symptomatic improvement following capsular 
or nucleus accumbens DBS for OCD (34, 35). Capsular stimulation not only 
leads to a substantial decrease in the severity of OCD symptoms, it also has a 
beneficial impact on the patient’s mood scores. Although frequently observed, 
side effects are acceptable compared to capsulotomy. Some side effects, espe-
cially overconfidence and disinhibition, are amplitude-dependent, reversible 
and appear to be linked to the therapeutic benefits.

With continuous capsular stimulation, improvement in everyday quality 
of life is apparent but not always proportional to therapeutic effects on OCD 
symptoms. Issues not directly affected by symptom reduction may con-
comitantly influence improvement of psychosocial state, role functioning and 
social and economic status. A structured program of psychiatric aftercare and 
extensive psycho-education, both for patients and responsible caregivers are 
indispensable in this context.

Treatment of OCD patients with capsular stimulation remains investiga-
tional and is not considered standard therapy. It necessitates considerable 
commitment by a multidisciplinary team and motivated patients. To this end, 
we have participated in the formation of the “DBS-OCD collaborative group” 
(36). This multidisciplinary, multicenter group was established in an effort 
to combine expertise and limit indiscriminate and widespread application of 
electrical brain stimulation before adequate long-term safety data are available 
and to ensure adequate human subject protection while providing access to 
this treatment.
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Abstract

Cluster headache (CH) is the most severe of the primary headache 
 disorders. It affects approximately 1 in 1000 persons, and 20% of patients 
are  significantly disabled in spite of optimal medical therapy (1). Peripheral 
nerve ablation procedures have been performed for CH, with little benefit. 
Positron emission tomography (PET) using H2

150 as the tracer has shown a 
focal increase in cerebral blood flow in the ipsilateral posterior hypothalamic 
region during a CH attack (2, 3). Based on this finding, in 2000 a promising 
new surgical procedure for severe CH was introduced in Milan, Italy: chronic 
deep brain stimulation (DBS) of the posterior hypothalamic region (4). Three 
open-label case series have been published, two from European centers and a 
third from our own (5–7). Additional scattered case reports are beginning to 
emerge (8, 9). In the three case series, most patients received major benefit, 
but approximately 25% of patients were nonresponders.

Many aspects of this novel therapy remain to be elucidated, including the 
actual proportion of patients who respond favorably, the degree and duration of 
response, presurgical predictors of outcome, the mechanism of action, the time 
course of onset and washout of the therapeutic effect, optimal programming 
parameters, and the the safety of the procedure. Currently, no commercial DBS 
device has U.S. or European regulatory approval for this emerging indication. 
This chapter reviews the relevant features of CH, surgical indications for DBS, 
surgical techniques, clinical outcomes, and possible mechanism of action.

Keywords: cluster headache, deep brain stimulation, hypothalamus, stereotactic 
neurosurgery

Overview of Cluster Headache

CH is a primary headache disorder characterized by recurrent attacks of 
excruciating unilateral periorbital pain, usually with evidence of disturbed 
ipsilateral cranial autonomic activity, including lacrimation, conjunctival 
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injection, ptosis, or meiosis (10). Attacks may occur from once every other day 
to eight times a day and last 15 to 180 minutes. Attacks tend to occur at regu-
lar times of the day. The prevalence of CH is approximately 0.2% (1). In the 
episodic form of CH, affecting 80 to 90% of patients, attacks occur seasonally, 
with periods of complete remission. In the chronic form, affecting 10 to 20% 
of patients, remissions do not occur or last less than 1 month (11). During the 
active period of headache attacks, a CH attack may be triggered by sublingual 
nitroglycerin, which has also been used to experimentally trigger attacks (12). 
Alcohol consumption is also a common trigger and this history is considered 
useful diagnostically.

Prophylactic medical therapy of CH includes verapamil, ergot derivatives 
such as methysergide, lithium carbonate, divalproic acid, melatonin, and cor-
ticosteriods (11). Abortive medical therapy includes the use of 100% oxygen, 
injectable sumatriptan, ergotomines, indomethacin, intranasal lidocaine or 
capsaicin, corticosteroids and opiate medications (11). Among those patients 
who fail medical therapy, the chronic form is disproportionately represented, 
and those who have had chronic CH for at least 1 year are unlikely to have a 
spontaneous remission in the following year (13).

Prior to 2000, surgical therapy for CH was directed at interruption of the 
trigeminal nerve by chemical ablation, balloon compression, partial or com-
plete surgical sectioning of the trigeminal root (14), or radiosurgical ablation 
of the trigeminal dorsal root entry zone (15). The results of these procedures 
have been disappointing, with a low rate of persistent headache relief and a 
high rate of facial anesthesia. In addition, there are case reports of patients 
with CH who had no relief of pain with complete interruption of the trigemi-
nal nerve, despite having complete facial anesthesia, indicating that peripheral 
nociception is not necessary to the experience of pain in CH (16, 17).

Evidence for Hypothalamic Involvement in CH

The striking seasonal and circadian pattern of cluster attacks suggests 
involvement of hypothalamic centers. Recently, both structural and functional 
imaging have provided evidence for specific abnormalities in the hypotha-
lamic area in CH. Voxel-based MRI morphometry has shown an increase in 
the size of the ipsilateral posterior hypothalamic grey matter in 25 patients 
with CH, compared with 29 healthy controls (18). Positron Emission 
Tomography (PET) using H2

150 has shown increased regional cerebral 
blood flow (rCBF) in the ipsilateral posterior hypothalamus/periventricular 
gray area in nine CH patients during nitroglycerin-induced CH attacks, in 
comparison with eight control CH patients who were not having headache 
(2, 3). Significant increases in rCBF in this region have also been shown 
in an individual CH patient during a spontaneous headache, in comparison 
with the same individual without headache (19). The results of SPECT 
imaging in CH have been inconsistent (20). Functional MRI (fMRI) has 
been used to study isolated cases of headache disorders closely related to 
CH, included under the broader heading of trigeminal autonomic cephalgia 
(21–23). fMRI has shown blood oxygen level dependent (BOLD) contrast 
changes in the ipsilateral hypothalamic area during spontaneous pain 
attacks in these disorders.
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Indications for DBS

The European group who developed this procedure has published guidelines for 
surgical treatment (24). These criteria emphasize the need for the accurate 
diagnosis of the disorder, failure of standard medical therapy at maximally tolerated 
doses, and the exclusion of those in whom the natural course of spontaneous or 
episodic remissions would be mistaken for a DBS treatment response. Our own 
criteria, modified and expanded from the published guidelines, are as follows.

Inclusion Criteria

 1. Patients must meet the International Headache Society (IHS) diagnostic 
criteria for CH (10).

 2. At least six debilitating headaches per week, which should be rated by the 
patient at least 6 on a visual analog scale of 1 to 10.

 3. Inadequate relief from prophylactic therapy, to include: verapamil, lithium, 
divalproex sodium, methysergide, topiramate, gabapentin, nonsteroidal 
anti-inflammatory agents including indomethacin, and short-term use of 
corticosteroids.

 4. Inadequate relief from abortive therapy, to include: oxygen, sumatriptan, 
opiates.

 5. Chronic form of CH for at least 2 years, with headache always lateralizing 
to the same side.

 6. Successful completion of daily headache diaries over a 1-month period 
prior to surgery, to measure preoperative headache characteristics.

Exclusion Criteria

 1. Serious untreated psychiatric co-morbidity.
 2. Any medical condition that increases the risk of stereotactic neurosurgery, 

including untreated hypertension, coagulopathy, severe diabetes, serious 
cardiac or pulmonary disease, or medical need for chronic anticoagulation 
with coumadin.

 3. Any medical condition that greatly limits the life expectancy of the patient.
 4. A concomitant headache disorder distinct from CH, such as migraine, 

which affects the patient greater than twice per month.
 5. Any other serious chronic neurologic disorder (such as epilepsy, multiple 

sclerosis, degenerative brain disease).
 6. Inability to undergo screening brain MRI.
 7. Screening MRI showing a brain mass, prior stroke, brain atrophy out of 

proportion to age, small vessel ischemic disease, or ectatic blood vessels 
near the stereotactic target.

 8. Age less than 18 or more than 75.
 9. Pregnancy.

Pre- and Postoperative Evaluation

Our patients undergo a screening visit with a headache neurologist as well as the 
neurosurgeon to examine inclusion and exclusion criteria for surgical therapy. 
Prior to surgery, patients are required to complete headache diaries daily for 
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four consecutive weeks in the month prior to surgery, during the first 3 months 
after surgery, and during the 6th and 12th month following surgery. Patients 
were carefully instructed on how to score their daily headache diary: the time 
of day each headache episode occurred; the duration of the headache; the inten-
sity of headache on a visual-analog scale of 1 to 10 (1, slight pain; 10, worst 
imaginable pain); and the use of abortive and prophylactic medications. 
Patients were also instructed to make note of headaches that were not charac-
teristic of their usual cluster attacks, in order to screen for the presence of other 
concurrent primary headache disorders. Headache characteristics are averaged 
from headache diaries over a one month period. In our practice, patients are 
considered “responders” to DBS therapy if at the 1-year time point, there is a 
more than 50% reduction in headache frequency, intensity, or both, compared 
to the pre-operative baseline.

Surgical Technique

The surgical technique is similar to that used for placement of DBS electrodes 
into the basal ganglia for treatment of movement disorders: MRI based stereotaxy, 
microelectrode recording in the region of the MRI-defined target, and intra-
operative test stimulation using an external pulse generator to define voltage 
thresholds for stimulation-induced adverse effects (25). Intravenous sedation 
is used during the initial surgical exposure. Sedation is not normally used for 
microelectrode recording or test stimulation.

Defining the Brain Target by Brain Atlas and by MRI

Following placement of the stereotactic headframe (Leksell series G, Elekta, Inc.), 
MRI is performed on a 1.5T scanner (Phillips Intera, Best, the Netherlands). 
Two MR image sets are obtained: a volumetric gadolinium-enhanced gradient 
echo (3D-GRE) MRI covering the whole brain in 1.5 mm axial slices, which 
is mainly for trajectory planning and visualization of the anterior and posterior 
commissures (parameters: TR = 20, TE = 2.9, matrix = 256×192, flip angle 
= 3, NEX = 1); a T2-weighted fast spin echo (T2FSE) sequence, limited to 
the diencephalon and midbrain, in the axial plane at 2-mm slice thickness. 
The T2FSE scan is mainly for visualizing structural detail in the immediate 
vicinity of the brain target, the mammillothalamic tract (MTT) and the red 
nucleus. (parameters: TR = 3000, TE = 90, matrix = 268x512, NEX = 
6, bandwidth = 183 Hz/pixel, interleaved). Both image sets are imported into 
a stereotactic surgical planning software package (Framelink version 4.1, 
Medtronic-SNT, Boulder, CO), computationally fused, and reformatted to 
produce images orthogonal to the anterior commissure-posterior commissure 
(AC-PC) line and midsagittal planes.

As reported by the Milan group (26), the anatomic target in commissural 
coordinates is 2 mm lateral to the midline, 5 mm inferior to the axial plane 
containing anterior and posterior commissures, and 3 mm posterior to the 
midcommissural point. This target was selected to correspond to the brain 
region that showed increased rCBF on H2

150 PET during CH attacks in the 
study of May et al (3). The target is plotted in Figure 27.1 with respect 
to the appropriate axial slice from the Schaltenbrand and Warren human 
brain atlas (27). This brain slice (which is slightly oblique with respect to 
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the commissural plane) shows the continuous rim of grey matter lining the 
inferior wall of the third ventricle and the upper Sylvian aqueduct. This 
continuum includes the hypothalamus proper, the periventricular grey 
(PVG) and the periaqueductal grey. The asterisk in Figure 27.1 indicates 
the Milan DBS target, which has been the surgical target in all published 
series. Some anatomists consider the MTT as the posterior border of the 
hypothalamus (27, 28), but some human brain atlases depict the hypothalamus 
as extending several mm posterior to the MTT (29). There is no consensus 
among anatomists regarding the precise border between the hypothalamus 
and the PVG (28). Therefore, the “hypothalamic” DBS target published by 
the Milan group could be considered to be either in the posterior hypotha-
lamus or the anterior PVG.

To account for possible variations in diencephalic anatomy that may affect 
target coordinates as measured from the commissures, we utilize the T2FSE 
sequence to confirm that the intended target point is located 3 to 5 mm pos-
terior to the MTT and is medial to the anterior border of the red nucleus, on 
the axial plane 5 mm inferior to the intercommissural line. The AC-PC based 
coordinates are modified, if needed, to ensure that the anatomic target lies in 
a consistent relationship to the MTT and red nucleus.

A “default” trajectory through the brain is set at 60° from the AC-PC line 
in the sagittal projection and 10° lateral from the vertical in the coronal pro-
jection. This trajectory is visualized on the Gadolinium-enhanced volumetric 
MRI. Small adjustments in the arc and ring angles are then made to avoid 
traversing sulci, lateral ventricle, cortical veins, and dural venous lakes.

Figure 27.1 Anatomy of the hypothalamus, periventricular gray (PVG) and periaqueduc-
tal gray (PAG), from the Schaltenbrand and Warren human brain atlas (27). MTT, 
mammillothalamic tract; RN, red nucleus. The asterisk marks the target point for DBS 
in cluster headache, based on the work of Franzini et al. (26). Reprinted from ref. 7 
with permission
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27.6.2 Single Unit Recording

A single microelectrode penetration is made to the steretotactic target, whose 
primary purpose is to provide physiological confirmation of the appropriate 
trajectory and depth of the DBS electrode. Examples of spontaneous single 
unit discharge in the target region are shown in Figure 27.2. In our limited 
series, the target area is characterized by sparse, low amplitude, wide action 
potentials in a regular pattern at frequency less than 20 Hz and often less than 
5 Hz. The inferior boundary of the target is marked either by the interpedun-
cular cistern or the red nucleus, depending on the angulation of the lead and 
the patient’s individual anatomy. If the most distal segment of the recording 
shows electrical silence (characteristic of cisternal entry) or dense neuronal 
units with narrow action potentials and high frequency discharge 30 to 50 Hz 
(characteristic of the red nucleus), the recording is stopped and the lead depth 
accordingly adjusted slightly more superiorly. Continued advancement of 
a microelectrode into a region of electrical silence beyond the target is not 
recommended due to proximity to the basilar artery bifurcation and associated 
perforating branches.

Lead Placement and Intra-operative Test Stimulation

Following confirmation of target depth with microelectrode recording, the per-
manent lead is placed. We have used the Medtronic model 3387 lead (contacts 
spaced over 10.5 mm) while others have used the smaller model 3389 lead 
(contacts spaced over 7.5 mm).Test stimulation is performed in bipolar mode 
using contacts 0-, 3+, 185 Hz, and 60 µs pulse width (model 3625 external 
tester, Medtronic, Inc., Minneapolis, MN). After cautioning the patient about 
potential stimulation induced sensations (double vision, dizziness, vertigo, 
mood changes) voltage is increased at 0.5 V/sec up to 6 V, during continuous 

Figure 27.2 Two second segment of single unit microelectrode recordings 6 mm dorsal, 
1 mm dorsal, and 0.5 mm beyond the stereotactic target
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examination of the patient’s cranial nerve function. Voltage threshold for 
oculomotor disturbance or subjective phenomena such as mood change are 
noted. The patient’s blood pressure and pulse are carefully monitored during 
test stimulation, although no changes in vital signs have been noted during 
our preliminary studies. A threshold for oculomotor disturbance (typically 
gaze paralysis, skew deviation, nystagmus or subjective double vision) of 2 to 
6 V is consistent with lead placement at the intended target. Some patients 
experience dysphoria at more than 3 V.

Lead Anchoring and IPG Placement

Leads are anchored to the skull with a lead anchoring device (Stim-lock, 
Medtronic Inc.). After scalp closure and headframe removal, general anesthesia 
is induced for placement of the lead extender and pulse generator (Soletra, 
Medtronic Inc., Minneapolis, MN).

Documentation of Electrode Locations

Postoperative MRI to demonstrate the location of the electrode tip is performed 
in all cases, according to the published safety guidelines for performing 
brain MRI in patients with implanted DBS systems (30, 31). Figure 27.3 
shows the typical location of the electrode tip on axial MRI, 5 mm inferior 
to the intercommissural line, from our series. In this axial plane, the mean 
(+/– standard deviation) distance of the lead posterior to the MTT is 4.8 
+/– 0.9 mm (N = 7 cases).

Figure 27.3 DBS electrode location on postoperative MRI (axial T2-weighted fast 
spin echo). The white arrows indicate the locations of the mammillothalamic tract 
(MTT) and the tip of the DBS electrode. Reprinted from ref. 7 with permission
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Device Programming

Programming parameters in our patients were based on the two previously 
published case series (6, 26): Monopolar stimulation, pulse width of 60 µsec, 
frequency 185 Hz, voltage 1 to 3 V (stopping short of the threshold for acute 
persistent stimulation-induced adverse effects). Devices were kept activated at 
all times postoperatively. Our detailed postoperative programming protocol is 
given in Table 27.1.

Clinical Outcomes

The short-term clinical outcomes of DBS for CH appear promising in many 
but not all patients. The most recent publication from the Milan series includes 
16 patients with a mean follow-up time of 23 months (5). Patients were not 
followed using headache diaries, quality of life measures, or other standardized 
tools. Ten patients were reported to be pain free, three more “almost pain free” 
while the remaining three are “improved.” Formal blinded trials with DBS 
on and off were not performed. However, several patients had inadvertent 

Table 27.1 Protocol for stimulator programming (Medtronic Soletra).

Programming visit Programming algorithm

Week 0 (1 week post-surgery) 1. Activate the device in monopolar mode
 using pw = 60 µsec, frequency = 185 Hz. 
 Record voltage threshold for stimulation-
 induced adverse effects (typically dizziness 
 or visual disturbance), at all contacts in 
 monopolar mode.

 2. Review postoperative MRI to determine
 which contact is closest to the intended 
 target (usually contact 0 or 1), and select 
 this contact. Slowly increase the voltage 
 up to 2.0 V, or to 0.1 V less than the threshold
 for persistent side effects, whichever is 
 higher.

 3. Verify normal impedances and battery
 life using the programmer.

Weeks 4, 8, 12, 26 1. Review headache diaries. If debilitating 
 headaches have persisted in the prior 
 month, increase voltage by 0.5 V, or to 
 0.1 V less than the threshold for persistent 
 side effects whichever is greater.

 2. If the patient has reached 3.0 V without 
 headache relief, switch contact choice to the 
 next most superior contact. Slowly increase 
 the voltage up to 3.0 V, or to 0.1 V less than 
 the threshold for persistent side effects, 
 whichever is greater.

 3. Verify normal impedances and battery 
 life using the programmer.

Abbreviations: PW, pulse width; V, voltage.
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inactivation of the device (due to electrical malfunction of the device) with 
recurrence of attacks, indicating that the benefit of stimulation was unlikely to 
be due to placebo. A detailed 4-year follow up on their initial patient cohort 
was recently published, showing that the headache attacks have been consistently 
eliminated with the stimulator on (17).

A group in Liege, Belgium reported on four of their six implanted patients 
with a mean clinical follow-up of 14.5 months (6). Two of the four are free 
of headache attacks; a third had the frequency of attacks reduced to less than 
three per month, while the fourth has had only transient benefit with each 
reprogramming session.

Our own series includes seven patients, with follow-up presently available 
on the first five (Table 27.2). Patients were followed using headache diaries in 
which the frequency, intensity, and duration of headaches were recorded daily 
for 1 month prior to surgery and for 1 month at the 6- and 12-month follow-
up times. The length of follow-up is 12 months for the first four patients and 
6 months for the final patient. Three of five patients (cases 1, 2, and 5) may 
be considered “responders” based on a more than 50% reduction in headache 
frequency, intensity, or both. One of the three responders (case 2) had been 
using sumatripitan injections to reduce the intensity and duration of each 
headache, and has not required any abortive therapy postoperatively due to the 
much lower intensity. Case 3 had transient complete suppression of headaches 
for 1 to 2 weeks following each re-programming session, but no persistent 
benefit in headaches, or reduction in abortive therapy, in the intervals between 
programming changes. He no longer uses the device. Case 4 has had a 30% 
reduction in headache intensity, which failed to meet the 50% threshold to be 
considered a “responder.”

In sum, these open-label series indicate that 50 to 75% of CH patients 
have substantial relief of headache symptoms 1 to 2 years postoperatively. 

Table 27.2 Outcome of hypothalamic DBS for CH in five patients. The 
 percentage change in headache parameters compared to the baseline preoperative 
status is given in parentheses. Headache intensity is rated on a 1 to 10 visual 
analog scale with 10 equal to the most severe possible pain, and 1 equal to the 
mildest perceivable pain. The mean values are averaged from all headaches 
in a 1-week period as reported on headache diaries completed daily at home. 
Cases 1, 2, and 5 are considered “responders” to DBS based on a more than 
50% reduction in headache intensity or frequency.

  PRE-OPERATIVE MOST RECENT F/U

    Mean HA  Mean HA
 Length of # HA intensity  # HA  intensity
Case no.   f/u (months) in week (VAS 1–10) in week (VAS 1–10) 

1 12 13 6.7 12 (−8%) 2.6 (−61%)

2 12 22 4.9 4 (−82%) 2.5 (−49%)

3 12 16 7.5 16 (0%) 7.5 (0%)

4 12 51 6.4 56 (+10%) 4.0 (−37.5%)

5  6 6 7.8 1 (−83%) 6.5 (−17%)
Abbreviations: f/u, follow-up; HA, headache; VAS, visual analog scale
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In those who benefit, headache episodes remain present but are decreased in 
intensity and frequency. Prophylactic and abortive medications are reduced 
in many cases. These early findings should be confirmed with controlled 
blinded studies. Since a proportion of patients with CH appear to not benefit in 
a significant way from DBS, a method of prospectively predicting response 
to therapy is needed.

Time Course for Stimulation-Induced Relief

The time course for wash-in and wash-out of the stimulation induced relief 
has been studied in detail in only one published case (17). This patient had 
the unusual occurrence of bilateral attacks and was thus implanted bilaterally. 
The devices were turned off several times over four years, and only turned on 
again when headaches recurred. The mean time for onset of headache suppres-
sion following DBS activation was 16 days (range 2–46 days) and the mean 
time for headache recurrence following DBS inactivation was 73 days (range 
2–290 days). The longest time for headache recurrence, 290 days, occurred 
on the side of the head where headaches were episodic, not chronic, and thus 
may reflect a temporary spontaneous remission on that side rather than a true 
prolonged washout time. Other patients in the Milan series, as well as those in 
the UCSF and Liege series were also noted to require days to weeks for onset 
of benefit, but the exact time course was not quantified.

Complications

Peri-operative Complications

The authors of the Milan series of 16 patients reported one asymptomatic third 
ventricular hemorrhage. In the Liege series, there were surgical complications 
in two of the six patients: one died of a large intracerebral and intraventricular 
hemorrhage several hours after surgery, and one could not complete the 
implantation due to a panic attack during physiological mapping of the target 
site. In our series of seven patients, there was a single surgical complication: an 
intra-operative transient ischemic attack (TIA) in the first case. This occurred 
immediately following intra-operative test stimulation using the deepest contact 
at 60 µsec, 185 Hz, up to 10 V. The patient was noted to be drowsy and hemiplegic 
on the side ipsilateral to the implant, which resolved completely in 5 minutes. 
Pulse and blood pressure were unchanged during the episode. Emergent head 
CT scan showed no hemorrhage. However, the DBS tip was noted to be slightly 
deep to the target, having exited the floor of the third ventricle, in the interpe-
duncular cistern at the midline. It is possible that test stimulation in the setting 
of the interpeduncular tip placement may have induced spasm of a contralateral 
thalamoperforating vessel, resulting in transient capsular ischemia and ipsilateral 
motor deficit. Contact 0 was not used in subsequent programming. TIAs did not 
recur in this patient and did not occur in the subsequent six patients.

Stimulation-Induced Adverse Events

In all three series, voltage-limiting stimulation-induced adverse effects were 
reported to be oculomotor disturbance or dizziness above 1.5 to 3 V. One 
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patient developed stimulation-induced bradycardia at therapeutic stimulation 
parameters requiring temporary cessation of therapy (17). Long-term stimulation-
induced adverse effects of unilateral implantation have been minor: In the 
Milan series, detailed blood pressure measurements showed that chronically 
stimulated patients developed asymptomatic orthostatic hypotension (32). 
Persistent mood changes have not been observed. In the Milan series, most 
patients experienced mild weight loss which was attributed to cessation of 
corticosteroids (5).

Potential Mechanism of Action

The anatomy of the target region immediately posterior to the MTT is 
complex. This area harbors cells containing melatonin as well as a variety 
of opiate peptides (28). The median forebrain bundle, which contains fiber 
tracts involved in all major ascending catecholaminergic systems, as well 
as hypothalamic efferent projections to brainstem and spinal cord, traverses 
this area. The fasciculus retroflexus, a pathway connecting the habenular 
nucleus with the serotonergic interpeduncular nucleus, also travels within 
the target region.

Although this complex anatomy raises many possible mechanisms, several 
physiologic studies have narrowed the possibilities. In the four implanted 
patients in the Liege series (6), chronic DBS had no effect on urinary excre-
tion of cortisol or melatonin, and no effect on plasma levels of oxytocin and 
vasopressin. There was no long-term effect on pressure pain thresholds in the 
supraorbital area, indicating that a general analgesic effect could not explain 
the headache benefit. Ten of the patients implanted in Milan have undergone 
PET imaging during acute activation and deactivation of the DBS device 
(33). Acute activation was associated with increased activity in the ipsilateral 
hypothalamus, ipsilateral thalamus, somatosensory cortex and precuneous, 
anterior cingulate cortex, and trigeminal nucleus. There was deactivation in the 
posterior cingulate and contralateral insula. Major structures of the descending 
anti-nociceptive system, including periaqueductal gray and rostral ventromedial 
medulla, were not affected, suggesting that the effect is not mediated through 
these descending systems in spite of their extensive hypothalamic connections. 
This PET study only examined acute effects of DBS (within minutes of activa-
tion). These acute DBS-induced changes may not reflect chronic changes 
underlying the HA suppression, given that the time course for onset of the 
anti-headache effect appears to be days to weeks.

Although the treatment of CH with DBS of the posterior hypothalamic 
region is a new approach, nearby brain targets have been previously explored 
for the treatment of other chronic pain disorders. A number of investigators, 
working mainly between 1975 and 1990, reported deep brain stimulation of 
the PVG for neuropathic pain syndromes. Young et al. (34) reported the PVG 
target to be 10 mm posterior to the midcommissural point and 3 to 4 mm 
lateral to the midline. This target is 8.5 mm superior and posterior to the Milan 
CH target. An autopsy study of seven patients who had undergone DBS for 
neuropathic pain confirmed that effective electrodes were located near the 
posterior commissure, well posterior to the CH target (35). Based on anatomic 
considerations, the Milan procedure is in a brain region that is distinct from 
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prior attempts at neuromodulation for other chronic pain conditions. Likewise, 
previously explored targets for ablative surgeries for pain were not identical 
to the CH target. Sano et al. (36) utilized hypothalamotomy for chronic neu-
ropathic pain, but his target was immediately lateral to the MTT and thus 3 to 
5 mm anterior to the CH target. The thalamic centromedian and parafascicular 
nuclei have also been lesioned for pain treatment, but this target is 6 to 8 mm 
superior and lateral to the CH target (37–39).

Summary

CH is the most severe primary headache disorder known. Ten to 20% of cases 
are medically intractable. DBS of the posterior hypothalamic area has shown 
effectiveness for alleviation of CH in many but not all of the 20 reported 
cases from two European centers and the five cases studied at UCSF. This 
surgical strategy was based on the finding of increased blood flow in the 
posterior hypothalamic area on H2

150 PET scanning during spontaneous and 
nitroglycerin-induced CH attacks. The target point used, 4 to 5 mm posterior 
to the mamillothalamic tract, is in the border zone between posterior hypotha-
lamus and anterior periventricular gray matter. Important questions remain 
to be answered, including a determination of the proportion of patients who 
respond to this therapy in blinded studies, measurement of wash-in and wash-
out times, pre-operative predictors of clinical success, risks of hemorrhage and 
stimulation-induced adverse effects, optimal location of the active contact, and 
mechanism of action. Further characterization of this stimulation procedure in 
humans and in experimental systems may also yield important physiological 
insights into the pathogenesis of this primary headache disorder.
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Abstract

Epilepsy describes a variety of disorders in which the brain produces recurrent 
seizures—events characterized by abnormal, hypersynchronous neuronal 
activity. Although numerous etiologies underlie epilepsy, ranging from genetic 
susceptibility to acquired lesions of the brain, the net result is a paroxysmal 
disruption of cerebral electrical activity. It therefore seems appealing to apply 
electrical stimulation to combat the storms of electricity that erupt in the epi-
leptic brain. Indeed, neurostimulation has been applied to epilepsy in a variety 
of ways, both in animal models and in humans with various forms of epilepsy. 
Approaches have included stimulation of cranial nerves, particularly the vagus 
nerve (the only Food and Drug Administration [FDA]-approved neurostimula-
tion therapy for epilepsy at the present time), and direct stimulation of cortical 
epileptogenic regions. This chapter focuses on the application of stimulation 
to deep brain structures in an effort to treat epileptic disorders.

Keywords: deep brain stimulation, DBS, epilepsy, seizure disorder

Overview of Epilepsy and its Treatment

To assess the application of deep brain stimulation (DBS) to epilepsy, an 
extremely heterogeneous group of disorders, it is useful to understand the 
syndromic classification of epilepsy (1). From the standpoint of brain stimula-
tion strategies, the most important means of epilepsy classification pertains to 
the extent of brain involvement at seizure onset. In the generalized epilepsies, 
the electrical disturbance appears to arise diffusely throughout the cerebral 
cortex. Associated seizure types include absence seizures (producing momen-
tary staring and disruption of awareness), myoclonic seizures (producing brief, 
lightning-like jerks of the body), tonic seizures (producing stiffening of the 
limbs and body), clonic seizures (producing repetitive jerking of the body), 
tonic-clonic seizures (alternating tonic and clonic activity), and atonic seizures 
(in which there is abrupt loss of muscle tone usually resulting in the patient’s 
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falling to the ground). In the localization-related epilepsies (also called partial 
or focal epilepsies), the initial zone of electrical abnormality is confined to a 
specific, focal region or regions of the brain. The most common brain region 
implicated in localization-related epilepsy is the temporal lobe, but any neo-
cortical or medial temporal (hippocampus, amygdala) region can serve as 
the nidus for seizure initiation. Seizure types include simple partial seizures 
(clinical events in which patients experience stereotyped symptoms, such as 
somatosensory changes, muscle twitching, or experiential phenomena, but 
in which conscious awareness remains fully preserved) and complex partial 
seizures (in which conscious awareness is impaired and often associated with 
behavioral arrest and automatic motor movements). Patients with localization-
related epilepsy may also experience secondarily generalized seizures, in 
which abnormal electrical activity in the brain begins focally but then spreads 
diffusely throughout the cerebral cortex, typically resulting in a tonic-clonic 
seizure with loss of consciousness.

First-line treatment of epilepsy is pharmacological in nature. Today, a large 
number of effective anti-epileptic medications are available and the majority of 
patients with epilepsy are able to achieve complete seizure control by taking one 
or more medications. A substantial number of patients, perhaps 30% or more, 
fail to achieve adequate control of seizures or are unable to tolerate the adverse 
effects produced by multiple medications (2). Patients with pharmaco-resistant 
epilepsy desperately need other treatments that are effective in controlling 
seizures, produce reliable and durable seizure control, and are free from intolerable 
adverse effects. For some of these medically refractory patients, surgical resec-
tion of the epileptogenic brain tissue can fully control seizures or reduce their 
frequency and intensity. However, not all patients are appropriate candidates 
for resective surgery and, for those who are, the likelihood of achieving a long-
lived seizure-free outcome varies from 95% for some syndromes to only 50% 
for others. Additionally, surgical resection entails irreversible removal of brain 
tissue, sometimes resulting in cognitive or other neurological deficits. For these 
reasons, availability of an effective and well tolerated non-destructive, non-
pharmacological approach is urgently needed to more effectively control seizures 
and improve quality of life. Neurostimulation strategies, including DBS, have 
therefore been pursued in an attempt to satisfy this large unmet medical need.

Approaches to DBS for Epilepsy

In applying DBS to the treatment of epilepsy, a number of different tactics and 
paradigms are available for consideration. Variables include location of the 
stimulating electrodes, configuration of the stimulating electrodes, stimulation 
protocols, and stimulation parameters.

Two general approaches to electrode location have been employed. One 
approach, which is applicable to localization-related epilepsies, seeks to locate 
the stimulating electrode(s) within or near the confirmed or suspected focus or 
foci that are generating seizures. The goal is to use local electrical stimulation 
to disrupt the ability of the epileptogenic neuronal network to initiate seizures 
or to limit spread of seizure activity beyond the confines of the site of origi-
nation. This strategy is best suited in cases where there is a discrete, readily 
identifiable, and accessible seizure focus. In the case of a neocortical focus, 
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cortical stimulation using electrodes placed in a subdural or epidural location 
might be undertaken, whereas with a hippocampal or amygdala focus, the 
approach would involve DBS using electrodes implanted into the parenchyma 
of the seizure focus. Other deep foci, such as the insular cortex, might also 
be accessed via a DBS approach. Stimulation located at the seizure focus 
becomes less practical, however, when the epileptogenic zone is widespread in 
its distribution; when multiple discrete epileptogenic foci are at play; when it 
is difficult to ascertain the localization or extent of the epileptogenic region; or 
potentially, depending on stimulation parameters needed to suppress seizures 
and their effects on normal brain function, when seizures arise from eloquent 
brain areas.

Another approach to electrode location utilizes stimulation sites implicated 
in the genesis or propagation of seizures but remote from the actual seizure 
focus or foci. This strategy would obviously be applicable to the generalized 
epilepsies in which no discrete seizure focus exists. It also has applicability to 
the localization-related epilepsies, where DBS of a central target might have 
anti-epileptogenic effects to mitigate the occurrence of seizures or might inter-
fere with seizure propagation within one or both cerebral hemispheres. Brain 
target candidates for this approach include various nuclei of the thalamus due 
to the widespread connectivity of the thalamus and its role in the entrainment 
of thalamocortical brain rhythms that have been implicated in at least some 
forms of epilepsy. Presuming that a location for stimulation has been chosen, 
the arrangement of anode and cathode configuration is likely to play a large 
role in the effects that are achieved and the morphology of the waveform used 
to deliver stimulation.

In brain stimulation for epilepsy, three general stimulation paradigms may 
be applied. These are continuous, cyclical, or seizure-initiated stimulation. 
Continuous stimulation, in which repetitive stimulation is administered around 
the clock, is the paradigm used for DBS in movement disorders. Continuous 
stimulation might also be useful in treating epilepsy in order to provide ongoing 
anti-epileptic effects at a seizure focus or within epileptogenic networks. 
Cyclical stimulation delivers repetitive stimulation for a specified epoch of 
time, interposed with periods free from stimulation. Modern neurostimulation 
devices typically offer the user the ability to program a wide range of on- and 
off-stimulation times. Such duty cycles can alternate rapidly (e.g., 1 second 
on stimulation, 1 second off stimulation) or less frequently (e.g., 5 minutes on 
stimulation, 5 minutes off stimulation). Duration of on- and off-stimulation 
times need not be identical. Cyclical stimulation could also be delivered with 
reference to the time of day so that a patient with nocturnal seizures might 
have stimulation initiated at night. Finally, a more sophisticated approach 
to the paradigm of stimulation is to deliver stimulation around the time of a 
seizure (3–5). Presuming that stimulation at a brain target could promptly and 
reliably terminate a seizure soon after its onset, seizure-initiated stimulation would 
deliver therapy on demand. This paradigm relies on the ability to accurately 
and rapidly detect the onset of a seizure or to predict in advance when a seizure 
is likely to occur (6). Coupling of a detection algorithm and delivery of contingent 
stimulation is sometimes referred to as closed-loop stimulation. A system 
delivering closed-loop stimulation could have the stimulation electrodes also 
serve as sensing electrodes or could have sensing electrodes at one site and 
stimulation electrodes at another.
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Deep Brain Targets for Epilepsy

Animal and human studies that have evaluated DBS to treat epilepsy at various 
targets are summarized here.

Anterior Nucleus of the Thalamus

Thalamic nuclei are attractive targets for stimulation given their extensive 
connectivity with cerebral cortex and their potential ability to broadly modu-
late cortical physiological activity through stimulation of a discrete thalamic 
target. Animal models demonstrate frequency-dependent effects of thalamic 
stimulation on cortical synchronization, with higher frequency stimulation 
being capable of desynchronizing cortical activity (7, 8), a useful attribute 
when attempting to disrupt the hypersynchronous epileptic state.

The anterior nucleus of the thalamus has generated particular attention as a 
candidate region for anti-epileptic stimulation for several reasons. First, based 
on metabolic mapping studies in animal models, this region appears to be 
involved in generalized seizures (9). Second, by virtue of its role in the circuit 
of Papez, its anatomic connectivity seems highly relevant in seizure genera-
tion (10). Third, high-frequency stimulation of the anterior nucleus inhibits 
generalized seizures in a chemo-convulsant model in the rat (11). These and 
other encouraging observations have led to investigation of anterior thalamic 
stimulation in humans with epilepsy.

One small-scale study in five patients, some with generalized epilepsy and 
others with localization-related or multi-focal epilepsy, found a 54% mean 
reduction in seizure frequency after mean follow-up duration of 15 months 
(12). Long-term follow-up (mean duration 5 years) of these subjects plus one 
additional patient, during which multiple changes in stimulation parameters 
and paradigms were made, demonstrated at least 50% seizure reduction (13). 
In some cases seizure reduction occurred following implantation of the DBS 
leads, but before activation, suggesting a possible “microlesion” effect. In 
addition, benefit was seemingly delayed by 5 to 6 years in two patients, so 
that medication manipulation may have been at least partially responsible for 
improved seizure control. A separate study of five patients with intractable 
localization-related epilepsy treated with bilateral stimulation of the anterior 
thalamic nucleus using cyclical stimulation (1 minute on, 10 minutes off) doc-
umented improved severity of seizures in four patients and statistically signifi-
cant reduction in total seizure frequency in another (14). In a multi-center pilot 
study of bilateral anterior thalamic nucleus stimulation to treat 14 patients with 
pharmaco-resistant localization-related epilepsy or, in several cases, sympto-
matic generalized epilepsy, mean reduction in seizure frequency was 64% 3 
months following stimulator activation (15). Eight of the 14 patients experi-
enced a 50% or greater rate of seizure reduction. These findings persisted at 6 
and 12 months of follow-up. In this study, sub-group analysis suggested that 
patients with temporal and/or frontal lobe localization experienced the most 
robust level of seizure suppression.

Based on this preliminary work, a prospective multi-center, randomized, 
controlled study investigating stimulation of the anterior nucleus of the thalamus 
for epilepsy (the SANTE study) has commenced (16). In this study, patients 
with intractable localization-related epilepsy are receiving surgical implantation 
of DBS leads into the anterior thalamic nuclei and are then randomized in a 
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double-blind manner to receive an initial period of active stimulation versus no 
stimulation. When results of this study become available, they will provide valuable 
information concerning the efficacy of anterior thalamic stimulation and on a 
variety of other issues related to this approach to the treatment of epilepsy.

Centromedian Nucleus of the Thalamus

Physiologic studies in humans suggest a role for the centromedian nucleus 
of the thalamus in influencing reticulo-thalamic cortical neurons implicated 
in the genesis or propagation of generalized seizures (17). Several open-label 
studies from one research group have investigated stimulation of the centro-
median nucleus in patients with various types of epilepsy (18–23). Reported 
outcomes have been generally favorable, ranging from 50 to 100% reduction 
in various seizure types across the various studies. A report of 49 patients 
followed over 6 months to 15 years concluded that stimulation of the centro-
median nucleus was effective in reducing generalized tonic-clonic, atypical 
absence, and tonic seizures but did not control complex partial seizures (18). 
An additional study, using a double-blind, cross-over design in seven patients, 
demonstrated a mean reduction in tonic-clonic seizure frequency of 30% with 
stimulation compared to an 8% reduction during the off-stimulation period, a 
suggestive but statistically insignificant difference (24). During the open-label 
follow-up phase of this study, three of six patients had a 50% or greater reduction 
in generalized seizures.

Caudate Nucleus

Stimulation of the caudate nucleus in various animal models of epilepsy has 
been reported to decrease interictal and ictal epileptiform activity (25, 26). 
One study suggested a frequency-dependent effect, with lower frequency 
(<100 Hz) stimulation reducing seizure occurrence and higher frequency 
stimulation increasing seizure activity (26). No controlled human studies of 
caudate nucleus stimulation have been conducted, but an open-label study 
showed reduction of epileptiform activity in some patients (27).

Cerebellar Nuclei

Uncontrolled early studies cited considerable efficacy of cerebellar stimula-
tion in treating seizures (28). A double-blind, randomized, controlled trial 
investigated stimulation of the superomedial surface of the cerebellum in five 
patients with symptomatic generalized epilepsy syndromes. They found a 
significant reduction in seizure frequency during periods when patients were 
receiving stimulation but not during non-stimulation control periods. Other 
controlled studies, however, have failed to demonstrate significant seizure 
reduction with stimulation of the cerebellum (29, 30).

Hippocampus and Amygdala

Medial temporal (amygdalohippocampal) stimulation has been shown to sup-
press epileptiform discharges in animal models, human slice preparations, and 
in humans with epilepsy (31–33). In a short-term study, continuous electrical 
stimulation within the hippocampus prevented seizure occurrence and reduced 
the number of interictal epileptiform transients (34). An open-label study of 
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chronic bilateral hippocampal region stimulation in three patients with medial 
temporal lobe epilepsy found reduction of complex partial seizure rates ranging 
from 50 to 97% at 4 to 6 months of follow-up (35). No stimulation-induced 
adverse effects were identified. However, a double-blind, crossover design 
trial of unilateral hippocampal stimulation in four patients with refractory left 
medial temporal lobe epilepsy demonstrated only modest (mean 15%) reduction 
of seizures during stimulation (31). Also noted was an apparent carry-over 
effect in seizure suppression following cessation of stimulation and a long-term 
(4-year) benefit in one patient.

Locus Coeruleus

Two published case reports discuss the effects of locus coeruleus stimulation 
in humans with epilepsy. In a report of a single patient, stimulation was found 
to suppress generalized epileptiform activity (36). In a report of two patients, 
one experienced a 75% reduction in seizure frequency while the other experi-
enced prolongation in the time between onset of simple partial seizure activity 
and conversion to a more disabling seizure type (37).

Subthalamic Nucleus (STN)

Experimental data have led to the theory of an endogenous control system that 
modulates cortical excitability and exerts an anti-seizure effect. Components 
of this system include the substantia nigra pars reticulata and its GABA-
ergic inhibitory effects on the so-called dorsal midbrain anticonvulsant zone 
(DMAZ), a region ventral to the superior colliculi (38). Stimulation of the 
STN is postulated to exert an anti-epileptic effect through activation of the 
DMAZ. In a rat model of generalized epilepsy, high frequency stimulation of 
the STN aborted spontaneous seizures (39). A study of kainic acid-induced 
seizures in rats found that STN stimulation shortened the duration of general-
ized seizures but prolonged the duration of partial seizures (40). Physiological 
studies in humans demonstrate that interictal epileptiform spikes and epileptic 
seizures (captured on simultaneously recorded scalp EEG) can be recorded 
from the STN (41). In human patients with epilepsy, several case reports have 
suggested an anti-epileptic effect of STN stimulation. Subthalamic stimula-
tion in a child with epilepsy caused by centroparietal focal cortical dysplasia 
documented an 80% reduction in seizure frequency that continued to endure 
30 months later (42). Another report described three patients with sympto-
matic localization-related epilepsy and one patient with myoclonic epilepsy 
who received substantial benefit (up to 80% reduction in seizure frequency) 
following subthalamic stimulation, although one patient with a genetic frontal 
lobe epilepsy syndrome failed to respond (43). In another study, two patients 
with cryptogenic frontal lobe epilepsy, one followed for 6 months and the 
other for 18 months, had greater than 80% reduction in seizure frequency with 
chronic STN DBS (44).

Conclusions and Future Directions

Intriguing observations and data from animal and human studies appear to 
provide a compelling rationale for further study of DBS for the treatment of epilepsy. 
To date, however, most human studies have been very small in scale, uncontrolled 
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and unblinded, have included patients with heterogeneous epilepsy syndromes, 
have targeted a variety of anatomic sites, and have lacked a systematic 
approach to choice of electrode polarity, stimulation parameters, and treat-
ment paradigms. Thus, it is extraordinarily difficult to discern which targets 
of stimulation are likely to be successful, and for which epilepsy syndromes. 
The SANTE study discussed above will be the first rigorously conducted 
large-scale study of DBS for epilepsy and is expected to yield data that should 
provide greater insight into the promising but to date unrealized application of 
DBS to patients with epilepsy.
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Abstract

The success of deep brain stimulation (DBS) in movement disorders has 
prompted evaluation of its efficacy in the treatment of a number of other  disease 
processes. To truly assess the efficacy of DBS in these emerging  applications, 
an understanding of the neurophysiology of DBS is mandated. Device 
 optimization is also necessary to both adequately treat these diseases and to 
allow younger patients who may have the devices for decades to  function 
 relatively  normally. Ultimately, these systems may be augmented with other 
available  technologies to further growth in the fields of  neuroprosthesis, 
 cellular, and gene therapy. This chapter reviews the current uses of DBS, the 
understanding of underlying neurophysiology, and of devices. This  discussion  
is followed by  emerging applications, progress in device  optimization, and the 
future of  functional neurosurgery.

Keywords: deep brain stimulation, future, psychosurgery, technology, device 
optimization

Introduction

Over the last 10 years, DBS has emerged as a mainstay in the surgical treat-
ment of movement disorders. In fact, a recent prospective randomized-pairs 
trial has shown DBS to be significantly more effective than medical manage-
ment of patients with Parkinson’s disease (PD) at 6-month follow-up (1). The 
success of DBS in the treatment of movement disorders has prompted evalu-
ation of its efficacy in the treatment of a number of other disease processes, 
such as obsessive–compulsive disorder (OCD), depression, epilepsy, pain, 
eating disorders, and minimally conscious states (2).

To evaluate the success of DBS on these emerging applications, work 
must first be directed to understanding the effects of DBS on neural tissues 
and the optimal targets for each disease process. With the current somewhat 
limited insight into the effects of DBS in vivo, it will be difficult to accurately 
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determine the efficacy of the devices, as the treated disease processes expand 
outside the realm of movement disorders. Furthermore, a better understanding 
of the neurophysiology of DBS and the electrical properties needed to provide 
efficacious treatment will lead to optimization of the devices and improved 
outcomes for each treated disorder. The next logical step is the augmentation 
of these devices with other available technologies to further the growth of the 
fields of neuroprosthesis, cellular, and gene therapy. Because of the already 
widespread success and use of DBS as an empiric therapy, it is impossible to 
have “a bench to bedside” approach to such issues. Instead, research occurring 
in the laboratory and in the clinical setting will need to occur simultaneously 
and will hopefully complement other-ongoing research. Furthermore, the 
aforementioned areas of research will occur concurrently. This chapter first 
reviews the current uses of DBS, then turnstotle understanding of neurophysi-
ology, and devices used. We will finally focus on the emerging applications 
and future of device optimization and functional neurosurgery.

History of DBS

The first report of human cortical stimulation was published in 1874 following 
Fritz and Hitzig’s demonstration of localized electrical excitability of the cortex 
(3). However, it was over a century later before it was appreciated that chronic 
brain stimulation resulted in clinical benefits similar to those achieved with 
surgical lesioning, but were reversible (4). In the 1990s, Benabid et al. com-
bined implantable pacemaker technology with other technical advances which 
enabled placement of chronically implanted deep brain electrodes and followed 
this observation with the first reports of successful DBS (4, 5). Since that time, 
DBS has become increasingly used in the treatment of movement disorders. The 
first widespread use of DBS in the United States and Europe was for the treat-
ment of tremor (4, 5). Thalamic targets were the first to be assessed followed by 
stimulation of the globus pallidus internus (GPi), which was based on previous 
pallidotomy studies. Introduction of the subthalamic nucleus (STN) as a target 
was based on primate research (6, 7), which, previous to stimulation, had been 
considered a potentially dangerous location due to neurological side effects 
associated with surgical procedures in this site such as hemiballismus.

A controlled comparison of GPi DBS vs STN DBS (8) confirmed the 
comparable clinical benefits from stimulation at either site. Other small, ran-
domized comparative trials have also produced similar data (9, 10); however, 
definitive comparisons of safety and efficacy awaits randomized trials organ-
ized by the National Institutes of Health and the Veterans Administration. The 
first randomized controlled study comparing DBS to medical management 
was recently published and revealed a significant benefit of bilateral STN 
DBS over best medical therapy for the treatment of PD (1). The success of 
DBS in treating drug-induced dyskinesia and dystonia associated with PD led 
to assessments of its efficacy in dystonia. With the success of pallidotomy for 
generalized dystonia the globus pallidus became the primary target for primary 
dystonia, but thalamic and STN targets have also been used (11–15). In a 
recent controlled trial of pallidal DBS in 22 patients with primary generalized 
dystonia, there was a mean decrease of 51% in Burke–Fahn–Marsden dystonia 
scores at 1-year follow-up as compared to pre-operative scores (16).
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Gait disturbance and postural instability associated with PD, especially 
when poorly responsive to L-dopa, was only moderately improved with STN 
or GPi stimulation, leading researchers to investigate other targets for treat-
ment of these symptoms. Experimental stimulation of the pedunculopontine 
nucleus in animals increases locomotor activity (17, 18). Interestingly, it is 
low-frequency stimulation (i.e., less than 10 Hz) in parkinsonian monkeys that 
leads to increased motor activity (19). Two patients who underwent placement 
of bilateral DBS electrodes in the pedunculopontine nucleus had significant 
improvement in gait and postural instability at low frequencies (20–25 Hz; 
ref. 20).

Target selection for DBS in the treatment of movement disorders has been 
based primarily on results that previously occurred with lesioning, animal 
research, and lessons learned while treating other movement disorders. This 
trial and error methodology has for the most part been successful, although it 
has left clinicians and scientists wondering whether other more ideal targets 
may exist. This work has not always resulted in a clear consensus as to which 
target was best and whether different targets should be advocated for different 
symptoms. The use of trial and error methodology will be more problem-
atic as DBS leaves the arena of movement disorders, since psychiatric and 
behavioral disorders are even less well understood than movement disorders. 
Furthermore, lack of adherence to the scientific method in psychosurgery per-
formed in the 1930s and 1940s resulted in public outcries that led to virtually 
a complete collapse of the field for the past 60 years.

Psychosurgery

The term psychosurgery was first used by Moniz, a neurologist at the 
University of Lisbon. He worked with the neurosurgeon Almeida Lima to per-
form the first surgery to disrupt afferent and efferent pathways from the frontal 
lobe, results of which were published in 1936 (21, 22). This work resulted in 
the award of the Nobel Prize in 1949. In 1937, the neurologist Walter Freeman 
and neurosurgeon James Watts modified the European procedure of prefrontal 
ablation in the hope of producing more consistent results; in their procedure 
white matter tracts were transected by inserting a leukotome in a 1-cm burr-hole 
along the coronal suture superior to the zygomatic arch (23). Freeman then 
began performing transorbital frontal lobotomy (without a neurosurgeon 
present) by inserting the instrument into the orbital roof and sweeping it across 
the prefrontal cortex. (24).

It is important to note that at that time over half the hospital beds were taken 
up by psychiatric patients and, by the 1940s, $1.5 billion was required to treat 
mental illness (25). It was estimated that this procedure would save Americans 
$1 million per day in taxes to fund psychiatric institutions (26). The procedure 
soon was increasingly used by physicians without surgical training (27, 28). 
Once some of the abuses and adverse long-term effects of these procedures 
on patients were appreciated, a congressional commission investigated the 
procedures. However opponents successfully frightened and even misled the 
public into being so appalled by the concept of psychosurgery that even the 
finding of usefulness of the procedure and recommendation for its continued 
use by the commission could not prevent the procedure from falling out of 
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favor (29). Beginning in the late 1950s, public outcry in combination with the 
advent of antipsychotic medications caused the field of psychosurgery to be 
largely abandoned.

However, a few neurosurgeons at a handful of centers continued the 
practice. The most commonly treated psychiatric conditions were medical 
failures such as OCD. They were treated using a variety of procedures which 
selectively lesioned portions of the limbic system. Anterior cingulotomy, 
subcaudate tractomy, and anterior capsulotomy were all attempted. Therefore, 
the greatest experience neurosurgeons had with psychiatric disease was in the 
treatment of OCD, which has therefore been the logical starting point for the 
functional neurosurgeon’s venture into the realm of DBS treatment of psychi-
atric disease.

The anterior limb of the internal capsule near the ventral striatum was cho-
sen as the initial site for DBS placement based on the previous success with 
capsulotomy (30).

Small-scale controlled (31–34) and open studies (30, 35–37) have suggested 
that DBS of the internal capsule and/or the adjacent ventral striatal region 
improved symptoms in severely affected OCD patients who have failed other 
therapies. Based on long-term follow-up studies of Nuttin et al. (32), multi-
center studies have utilized the capsular target adjacent to the ventral striatum. 
Greenberg et al. recently published their 3-year follow-up on eight patients 
using the Yale-Brown Obsessive Compulsive Scale (YBOCS) (38). Fifty per-
cent of patients continued to have greater than 35% improvement in YBOCS 
at follow-up. These patients also had significant improvement in depression 
and anxiety measures at 3 years. Because of previous greater success with 
anterior cingulotomy as compared to anterior capsulotomy in the treatment of 
depression (39), together with PET studies suggesting abnormalities in metab-
olism in this area the subgenual cingulate, white matter was chosen as a target 
for DBS for depression (40). In a small open-label study, improved mood was 
reported in four of six patients with treatment-resistant depression (40).

Lessons Learned From Psychosurgery

Although DBS is obviously a far cry from the use of ice picks by non-surgeons 
to sever white matter tracts, many lessons can be learned from the history of 
psychosurgery. Most crucially, it is important to carefully select the patients 
that may benefit from these procedures and to monitor them closely in both 
the peri-operative period and during the long term. It is essential to have a sci-
entific basis for the choice of targets and alterations in methodology. It is also 
crucial not to let social pressures dictate the decisions to treat patients and to 
be able to defend choices of surgical intervention in appropriate cases.

The success of DBS in the treatment of patients with movement disorders is 
due in no small part to the multidisciplinary approach that has been used in the 
peri-operative management of these patients. The collaboration of the neuro-
surgeon and neurologist has developed over a long time with combined endeavors, 
not only to treat movement disorders, but also epilepsy, stroke, tumor, and 
other conditions. Relationships between neurosurgeons and psychiatrists are 
not as familiar and currently few centers have a well-developed collabora-
tion between the two specialties. Collegiality is essential for the successful 
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development of a functional psychosurgery program. Additionally, while the 
initial U.S. experience with DBS in movement disorders was restricted to a 
limited number of centers with well-developed teams especially trained to 
deal with patients, the pending FDA limited approval of DBS for OCD will 
likely impact the development of multidisciplinary psychiatric teams even 
in established movement disorder centers. Such a team must be established 
before DBS can be responsibly offered as a treatment option in order to assure 
proper patient selection and programming. Pre-operative testing and intensive 
initial programming are very time consuming and cannot be done independ-
ently by a neurosurgeon with a busy practice. Acute disruption of stimulation 
may lead to severe psychiatric effects (41). Furthermore, these patients have 
very complex issues and needs that necessitate the involvement of not only a 
general psychiatrist, but also a psychiatrist specializing in OCD.

The appreciation that depressive symptoms have improved in OCD patients 
following DBS has led to clinical trials assessing the efficacy of DBS in major 
depression. These case series and their effects are too small to adequately 
determine whether these improvements are epiphenomena, and very few of 
the emerging applications have the underpinnings of relevant animal models. 
Much like DBS in the treatment of movement disorders, a trial and error pro-
gression of target selection is occurring, based on past successes and observed 
clinical effects. Functional imaging has also played and will continue to play 
an important role in the refinement of targets for psychiatric disease. For 
example, Mayberg et al. (42) chose to target the cingulate region in their 
study of DBS for depression because of increased fluorodeoxyglucose (FDG) 
uptake in this area in some patients with depression.

While such a method of target selection in the treatment of movement disor-
ders has been relatively safe, this modality must be used carefully as we tread 
into the realm of psychosurgery. Our current understanding of psychiatric 
disorders is limited and greater appreciation of the neurobiology of emotion, 
addiction, and cognition is necessary before selecting precise targets. As cog-
nitive and emotional processing become better understood, the role of DBS 
in these diseases will likely increase. Most effects of DBS are reversible and 
the device can be turned off, removed, or repositioned in a more appropriate 
target as the field progresses. However, the potential for microlesioning and 
important long-term sequelae may also exist. The potential for cognitive and 
unpredicted neuropsychological sequelae is probably greater than in movement 
disorders surgery because the limbic system is being directly altered. DBS 
will likely be a useful tool in the treatment of some psychiatric conditions, but 
should be approached scientifically and cautiously.

A role for DBS in the treatment of addiction and eating disorders has also 
been suggested, although little published data is yet available in these fields. 
There is preliminary evidence in rodents that hypothalamic stimulation may 
lead to a reduction in weight gain (43). The social implication of the use of 
DBS in these fields is far-reaching, as two of the leading current health crises 
in the United States are obesity and tobacco addiction. Consider the recent 
explosion in the frequency of gastric bypass operations. Gastric bypass surgery 
had been performed for years with strict patient selection and peri-operative 
management with reasonable success. However, the “quick fix” of gastric 
bypass surgery over the last decade without careful peri-operative management 
has led to a number of surgical failures (44). Likewise, if DBS becomes 
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a treatment option for addiction and eating disorders and is used to treat large 
numbers of patients, poor peri-operative management will likely lead to its 
eventual failure, when indeed it might turn out to be efficacious if used in 
properly selected and carefully managed patients.

Other Emerging Applications

Epilepsy

Open-loop stimulation systems (i.e., those in which no feedback is present to 
alter stimulation parameters) were first introduced for the treatment of epilepsy 
in the late 1970s (45). Cerebellar hemispheric stimulation was used first (45). 
The advent of DBS led to investigation of a number of targets for the treatment 
of epilepsy. In animal models stimulation of the STN, anterior thalamus, and 
substantia nigra has been found to inhibit limbic seizures (46–48).

In humans, stimulation of the STN, caudate, hippocampus and thalamic 
nuclei have all been attempted for the treatment of epilepsy. In the first nine 
patients who underwent STN stimulation in uncontrolled studies, two-thirds had 
up to an 80% reduction in seizure frequency (49). In another series of patients, 
ventral stimulation of the caudate nucleus led to a reduction of epileptic 
discharges and electrical spread (50). In a third uncontrolled series, three 
patients with complex partial seizures had DBS electrodes implanted in the 
amygdalo-hippocampal region and all had a greater than 50% reduction 
in seizure frequency (51).

Stimulation of thalamic nuclei for the treatment of epilepsy has become an 
area of active investigation. An open series of 49 treated patients showed sub-
jective beneficial stimulation effects in those receiving centromedian-nucleus 
(CM) stimulation for various types of intractable seizures (52). However, an 
earlier, small placebo-controlled study of CM stimulation showed no signifi-
cant benefit (53). Bilateral DBS of the anterior nucleus (AN) in epilepsy has 
been promising in open-label studies. In a recently published follow-up of 
patients treated with bilateral AN DBS, five of six patients had more than 50% 
seizure reduction at 1-year follow-up and no changes in AEDs were necessary 
for the first 2 years (54). From years 3 to 5, one patient remained stable, three 
had one medication added, and two had multiple medication changes. A multi-
center study to assess efficacy of AN DBS is currently in progress.

Other Clinical Applications

Other potential applications of DBS are even more foreign to the general 
neurosurgeon. These applications are less well studied and often for diseases 
which have been refractory to medical treatment. The potential role of DBS in 
Tourette’s syndrome (TS), cluster headaches, and minimally conscious states 
has been investigated. Unfortunately, there are no reliable animal models for 
these disorders and the underlying neuronal circuitries and pathophysiology 
are poorly understood. Importantly, however, the targets for DBS in TS and 
cluster headache have been selected as a result of functional imaging findings 
(55–59).

There have been several recent reports of DBS for TS (60, 61). The centro-
median-parafascicular complex of the thalamus has been targeted bilaterally 
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in the majority of cases (62, 63), but the GPi (60, 62) and the anterior limb of 
the internal capsule (64) also have been targeted. Because of the small number 
of patients who have undergone surgery, the ideal target has not been defined, 
although short-term follow-up reveals that most patients have experienced 
some degree of tic reduction.

The DBS target selected for the treatment of cluster headache has been the 
posterior hypothalamus and the results of treatment in as many as 22 patients 
have been published (65–68). DBS of the posterior inferior hypothalamus was 
successful in the majority of these cases although one death did occur. A case 
series summarizing 21 patients examined the role of DBS in the minimally 
conscious state with 10 years of follow-up (69). In 19 of these cases, the tha-
lamic centromedian parafascicular (CM-pf) complex was targeted and eight of 
21 patients reportedly emerged from their minimally conscious state and were 
able to obey commands (69).

Although these case series represent potential uses of DBS in very different 
conditions and the efficacy of these treatments has not yet been well-defined, 
the alternative treatment options which exist for all of these diseases is very 
limited and conservative therapies have failed in a significant number of 
patients. In addition to further research toward establishing a precise target, 
multidisciplinary teams should be established before initiating treatment of 
patients with these disorders. Depending on the disorder being treated, team 
members should include a neurologist, pain management specialist, and reha-
bilitation specialist.

Future Technical Considerations

As applications for DBS continue to expand, the number of patients with 
implantable devices will grow exponentially. Although the need to replace 
DBS electrodes due to infection and other hardware complications has become 
less common with improvements in securing the devices and other technical 
advances, one estimate of the complication rate per electrode per year is 8.4% 
(70). Thus, the revision rates following DBS surgeries remain significantly 
higher than in other neurosurgical procedures and widespread use of these 
devices will mandate optimization of these devices to minimize re-operation 
rates and the overall cost of implantation.

With the advent of the Stimloc™ (Medtronic IGN, Minneapolis, MN) and a 
lower profile connector (Medtronic Model 7482), the frequency of lead migra-
tion and lead erosion has decreased. The connector should ideally be placed at 
the parieto-occipital junction 4 cm posterior to the pinna and therefore above the 
mastoid to minimize the risk of lead fracture (70, 71). We have noted a further 
decrease in erosion by covering the Stimloc with pericranium and the connector 
with temporalis muscle/fascia and have not experienced an erosion in the last 
300 leads placed (unpublished observations). Further technological advances 
will be mandated as DBS becomes increasingly used. Simple additions may aid 
in resolving the most common problems. Because of the potentially devastating 
effect of infection, antibiotic coating of the plastic may decrease the potential 
for infection. Because of the frequency of fractures at the distal end of the lead, 
a rescue option of additional contacts on the proximal end of the lead could 
save the need to replace the lead.
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Device Optimization

Daily Living

The Medtronic Soletra™ Model 7426 Neurostimulator (Medtronic, Inc.) 
is currently the most commonly used IPG and consists of a lithium-thionyl 
chloride battery, with a median lifespan of approximately 45 months (72). In 
general, PD patients will require a battery change every 3 to 5 years. However, 
pulse generators used in patients with higher energy consumptions, such as 
essential tremor and dystonia patients, have a significantly reduced life span 
(72, 73). While the rate of battery replacement has not been high in patients 
with PD, more frequent battery changes in patients with dystonia or ET would 
mean a minimum of 10 battery changes in a 30 year old with an average 
lifespan. In children with dystonia requiring a repeated change in hardware, 
the wisdom of DBS vs a lesion can be questioned (73).

The Medtronic Kinetra Model 7428 Neurostimulator, introduced in 2003, is 
a silver lithium vanadium oxide battery in a titanium case capable of accepting 
bilateral DBS through two quadripolar leads which connect into one pulse genera-
tor allowing for independent programming. It is FDA-approved for PD but the 
reimbursement is less, it is bulky, and has had some manufacturing problems so 
that it has not been used as frequently in the United States as in Europe. Vesper 
et al. have described the special programming features of the Kinetra system 
(74). The dual-channel Kinetra is more useful for dystonia because power 
consumption is linear and battery life is longer in the higher voltage range. 
However, it is not FDA-approved for use in dystonia at this time (75).

Research toward creating an implantable pulse generator (IPG) with a 
longer life span will no doubt continue, much as cardiac pacemaker technology 
has advanced from mercury-zinc batteries to nuclear to rechargeable lithium 
batteries (76). Although the demands on a cardiac pacemaker battery are dif-
ferent than those for an IPG, the ideal IPG will no doubt also have a high 
energy density and low internal resistance. Pacemakers also have memory, 
which allows for data storage and processing as well as remote telemetry. IPGs 
of the future ideally will be equipped with similar features.

Another major issue with current IPGs is the effect of electromagnetic inter-
ference (EMI) encountered during daily life and during medical care for other 
diseases. The magnetic switch of the IPG may be activated by a number of 
household items. Notorious culprits are refrigerator doors with magnetic locks 
that may turn the IPG on or off. Other household devices that may interfere 
include small motors, stereo speakers, some cordless telephones, and radios. 
Metal detection devices in airports or shopping malls can also affect the IPG. 
The Kinetra can shield the on/off switch from these external sources of 
electromagnetic interference (EMI) but the Soletra cannot.

These are all inconveniences but the real problem is from MRI exposure 
(www.medtronic.com /physician/activa/downloadablefiles/ M925038A_a_
001.pdf). It is clearly necessary to protect patients with implanted DBS systems 
from MR EMI because of the risk of heating the intracerebral electrode, which 
may cause brain injury. Henderson et al. (77) recently published a case report 
of a PD patient with bilateral STN DBS electrodes who underwent MRI of the 
lumbar spine and developed hemiplegia immediately after, presumably secondary 
to heating of the stimulating electrode. MR related heat generation is due to 

www.medtronic.com /physician/activa/downloadablefiles/ M925038A_a_001.pdf
www.medtronic.com /physician/activa/downloadablefiles/ M925038A_a_001.pdf
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a multitude of factors including the electronic characteristics of the general 
DBS system and the schematics of each individual DBS, the relationship of 
the DBS lead to the radiofrequency coil, and the field strength and amount 
of radiofrequency (SAR) delivered by specific MR equipment (78–82). It is 
crucial to realize that the SAR varies with MR model and software packages 
employed and thus may vary from scanner to scanner (80).

Body MRI is currently not advised in patients implanted with DBS and 
cranial MRI should only be performed in MR scanners configured to safety 
specifications determined by the manufacturer. Functional neuroimaging is 
potentially a very important asset for researchers to have in order to assess the 
effects of DBS and help select more precise targets for DBS in various dis-
ease processes. However, currently patients with implanted DBS systems have 
a limited ability to undergo functional MRI (fMRI) or high resolution MRI 
scans. The majority of functional imaging studies concerning the effects of 
DBS to date have used PET (83–88). The employment of fMRI, which has a 
higher resolution than PET, would be extremely useful. As more patients are 
implanted with DBS devices and other neuromodulatory devices, both MR 
technology and DBS systems will need to be adapted so these procedures can 
be performed safely and routinely, even in smaller hospitals or MR centers. 
For more details regarding MRI safety see the chapter by Baker and Phillips 
in this volume.

While difficulties among DBS patients concerning MRI will most commonly 
be encountered by the neurosurgeon, these patients may also have difficulty 
undergoing other medical procedures. A patient implanted with DBS who 
underwent diathermy for pain control after dental work entered a vegetative 
state due to electrode heating (89). The safety of cardioversion in the DBS 
patient has also been questioned. One case report documents that cardioversion 
in an ET patient with unilateral DBS resulted in a thalamotomy lesion (90). 
However, cardioversion has been performed safely in a patient with bilateral 
STN DBS (91) and there have been case series of patients who have been 
safely implanted with both DBS systems and pacemakers (92, 93). However, 
great care must be taken in the implantation and programming of these patients 
as safety specifications have not been published and the potential for adverse 
interactions of these devices continues to exist.

The device specifications published by Medtronic, Inc. also warn concern-
ing the use of gamma radiation and high output ultrasonic aspirators such as 
those used for lithotripsy, electrocautery, and electroconvulsive therapy in 
patients with implanted DBS systems. The safety of DBS patients undergoing 
transcranial magnetic stimulation, which can be used to better define human 
neurophysiology in both normal and disease processes is also undetermined. 
Although it would be difficult, if not impossible, to design a DBS system 
which would not interact with any of these systems, bioengineers need to take 
into account that as the applications of DBS expand and implanted patients 
become younger, these devices must be compatible with other frequently 
encountered medical technologies.

Lead Technology

The electrode lead and the means by which it delivers current will also be 
adapted over time as the principles of electrical stimulation are better understood. 
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The current electrodes used are the Medtronic 3389 and 3387 models, which 
are quadripolar. Each contact is made of cylindrical platinum/iridium alloy 
that is 1.5 mm long and 1.27 mm in diameter. Electrodes are available with 
individual contacts spaced 1.5 mm apart, typically used for Vim or GPi DBS 
(Medtronic Model 3387) or contacts spaced 0.5 mm apart which are often used 
for STN DBS (Medtronic model 3389). The proximal portion of the electrode 
consists of four nickel conductor wires insulated with a polytetraflouroethylene 
jacket (94). Our understanding of the effects of these electrodes on surrounding 
brain parenchyma and of the impact of stimulation parameters on neuronal 
response is currently limited.

Most studies examining the impact of the electrodes on surrounding brain 
tissue have been post-mortem case reports. Autopsy data exists for 12 patients 
with electrodes with PD (95–99), one patient with ET (100) and one with chorea-
acanthocytosis (101). These reports have shown very limited neuropathological 
damage induced by chronic DBS implantation and stimulation. However one 
study which examined explanted DBS electrodes using electron microscopy, 
showed a foreign body multinucleated giant cell-type reaction, which occurred 
after 3 months of implantation (102). The researchers hypothesized that this 
reaction may have been due to the polyurethane component of the electrodes’ 
surface coat and that by altering tissue impedance or distorting current distribu-
tion, the resultant reaction and local gliosis may be responsible for the tolerance 
that may develop following chronic stimulation (102). However, to date this 
report is unique and other researchers have not documented foreign body giant 
cell reactions (97–100). The material sciences may develop improved leads that 
are more durable, less inflammatory, and would provide satisfactory stimulation 
but resist EMI. As our understanding of electrode properties on brain parenchyma 
increases, lead technology will be adapted accordingly. Medtronic, as part of 
a post-market surveillance program, is conducting a “Brain Autopsy Research 
program.”

Future lead characteristics are likely to change. When DBS technology was 
first invented, neural engineering design tools were limited (101). Another 
potential area of development is the alteration of electrode geometries in order 
to more precisely deliver targeted stimulation. Finite element models (FEM) 
have been used to assess the effects of varying the height and radius of the 
contacts on electrodes on the volume of tissue activated (VTA) at stimulation 
parameters used in clinical settings (103). Compared to the dimensions of 
contacts in standard 3387 or 3389 electrodes, increases in contact height led 
to an increase in VTA, while increasing the radius led to a decrease in VTA 
(103). The shape of the VTA was also affected. FEM, in combination with a 
three-dimensional representation of Vim have also demonstrated that relatively 
minor modifications in contact height and diameter, within manufacturing 
limitations of the current electrode tubing, could result in increased VTA by 
28% without spread of stimulation to surrounding areas (103). In addition to 
altering contact dimensions, customizing the spacing and number of contacts 
can offer additional improvements in stimulation (103). With the use of 
computer modeling techniques, lead technology may be customized based on 
targets in the near future.

Multiple leads can also be coordinated to optimize beneficial effects. There 
has been some success using dual-lead technology in controlling tremor in 
patients, by passing electrode current between both electrodes (104). In one 
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report, the electrodes were inserted in parallel and connected to a dual receiver 
(Mattrix, model 3272, Medtronic, Inc). The most effective stimulation parameter 
used contact 1 on the second electrode as the cathode and contact 1 on the 
first electrode as the anode (104). The authors noted that the development of a 
Y-shaped extension cable with two active connections, would make dual lead 
technology possible with pulse generators that are currently used (104).

Other potential modifications involve altering the current itself. Available 
leads are circumferential and the spread of current is reasonably symmetrical. 
In the future, by bisecting or quartering the lead current, it could be distributed 
toward areas of optimal effect and away from areas that induce side effects. 
Directing a side arm could have the same effect. Microelectrode arrays could 
potentially more effectively stimulate targets. In general, increasing sources 
of competition in the field of DBS technology should help improve the safety 
and efficacy of these devices.

Stimulation Technology

The electrical field generated by DBS affects the surrounding neural proc-
esses in a variable fashion related to the distribution of extracellular potentials 
and depolarization/hyperpolarization (105–109). The result may be activation 
or inhibition depending on the neuronal subtype, the neuronal process being 
stimulated, and the nucleus involved (109). These questions are impossible 
to answer through the use of historical experimental models and will likely 
be resolved only through well-developed neural modeling systems. Some 
preliminary data has been collected by combining physiological data obtained 
from diffusion tensor imaging combined with finite element models (109, 
110). If DBS technology can be developed which enables targeted activation 
of specific nuclei, cellular subtypes, and neuronal processes by altering elec-
trode geometries, a great number of alterations and potential clinical benefits 
are possible (111).

Improving our understanding of the effects of stimulation parameters on 
specific neural activity will also greatly alter the field of DBS and expand 
potential applications. The current stimulation parameters which are usually 
employed (monopolar or bipolar stimulation; 1 to 5 V stimulus amplitude; 60 
to 200 5s stimulus pulse duration; 120 to 180 Hz stimulus frequency), much 
like target selection, are the result of trial and error (112–115). Past successes 
of this methodology were effective because of the immediate responses of the 
diseases being treated, such as tremor control in PD or essential tremor, but 
may not be possible in emerging applications in which clinical benefit may 
occur over longer periods of time. A better understanding of the mechanisms 
of stimulation and its effects on neural activity will require multi-modality 
research techniques including histochemical analyses, electrophysiological 
recordings, functional imaging and neural modeling. The potential exists that 
DBS hardware and stimulation parameters will no longer be generic and will 
be customized for disease processes, affected nuclei, and ultimately perhaps 
even individual patients (109).

It may also turn out that constant stimulation may not be the best therapeutic 
mode. Currently DBS is an open-loop system, in which no feedback is present 
to alter stimulation parameters as needed. Development of sensor technology 
in the DBS system could improve the efficacy of DBS in the treatment of 
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diseases such as epilepsy or possibly TS, where seizures or tics occur 
intermittently. Currently, another form of neuromodulation, the Neuropace 
system (RNS, NeuroPace, Inc., Mountain View, CA), is being investigated in 
a multi-center study. This device consists of an IPG, one or two quadripolar 
subdural strip or depth leads, and a programmer. It is capable of analyzing 
the patient’s electrocortigram and then triggering electrical stimulation when 
specific electrocortigram characteristics programmed by the clinician as ictal 
events occur. An initial small open label study reported that seven of eight 
patients using this system had greater than 45% reduction in seizures (116). 
However, specific and sensitive algorithms will need to be developed which 
optimally detect ictal activity before true efficacy can be determined. As discussed 
earlier, there has been initial success in open label studies with chronic DBS of 
the anterior nucleus of the thalamus for epilepsy in an open-loop system (54, 
117). The employment of this target in a remote closed-loop system resulted in 
a 40% seizure reduction in a small number of treated patients (118).

Technology enabling DBS to be used as part of closed-loop systems is 
available, although the details and practical aspects remain to be refined. For 
example, stimulation for movement disorders could potentially be controlled by 
feedback concerning ongoing motor activity. Further beyond the horizon may 
be the employment of DBS technology in the augmentation of brain–computer 
interface systems (BCI). Some existing BCIs use invasive electrode techniques 
(119–125) to obtain recordings from populations of individual neurons. The 
ability of these electrodes to stimulate as well as record may have some 
benefit in facilitating learning and rehabilitation. Preliminary studies have 
shown that electrical stimulation of the cortex may improve motor outcome in 
impaired individuals (126–128). Although much work is needed to optimize 
microelectrodes for BCI and ultimately to develop BCIs which are capable of 
three-dimensional control, it is possible that eventually a combination of BCI 
technology with high-frequency stimulation may lead to further advances in 
neurorehabilitation.

Combination of DBS With Alternative Technologies

In the more immediate future, clinicians will have the ability to combine DBS 
systems with delivery systems technology, much as endovascular technologies 
have advanced with the advent of drug eluting stents (129, 130). Several potential 
types of adjuvant therapies may be possible including drug infusions, gene 
therapies, and stem cell implantations. Microdialysis work in models of DBS 
have demonstrated that increases in extracellular glutamate are induced by STN 
DBS at frequencies up to 60 Hz and that progressive GABA increases which 
parallel frequency amplitudes also occur (131). Microinjections of muscimol, 
a GABAa agonist, administered intra-operatively in 10 patients undergoing 
DBS demonstrated tremor suppression in two patients (132). Thus, the potential 
exists for drug infusions used as adjunctive therapies that could selectively 
activate specific neurotransmitter receptors or neurotrophic factors. Work in 
gene therapy has included gene transfer of tyrosine hydroxylase and aromatic 
acid decarboxylase (AADC), two enzymes involved in dopamine synthesis, as 
well as co-regulators of the process such as GTP cyclohydrolase and vesicular 
monoamine transporters in animal models (133–144). Possibly the most 
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promising thus far is the transfer of the aromatic acid decarboxylase (AADC) 
gene which resulted in increased striatal dopamine levels in response to systemic 
L-dopa in primate models of parkinsonism (145). The introduction of growth 
factors has also shown promise. The infusion of glial-derived neurotrophic 
factor (GDNF) into the putamen of five patients with PD resulted in significant 
motor improvement (146). A phase II trial was initiated and at 6-month follow-up, 
the GDNF-treated patients failed to show significant changes in their off medi-
cation UPDRS III scores. However, methodological differences between this 
study and previous open label studies may have led to some of the discrepancy 
(147). The results with fetal neural transplantation for PD to date have not been 
well received because of lack of efficacy compared with results of sham surgery 
and the appearance of intractable dyskinesias (148). Work with neural trans-
plantation is ongoing utilizing stem cells, retinal pigment epithelial cells, and 
auto-transplanted dopaminergic cells (149–151). Closed-loop low-frequency 
stimulation of transplanted cell populations could augment the effectiveness of 
these therapies. As advances are made in these therapies, the potential exists 
to use them in combination with DBS both because DBS systems of the future 
may offer a delivery mechanism, and because stimulation itself may result 
in more responsive cellular milieu (152, 153).

Conclusions

The future of DBS has enormous possibilities. The question is which areas will 
offer the greatest clinical benefit. The future success of DBS is dependent on 
refinement of target and patient selection and the development of multidisciplinary 
teams specific to the diseases being treated. Much work will be directed at 
device optimization to enable customized stimulation delivery and developing 
systems that will be more compatible with activities of daily living in the real 
world environment. The potential for adjuncts to DBS are limitless and will no 
doubt be a major focus of research for years to come. Although DBS has the 
potential to become a basis for treatment of a number of disease processes, great 
caution, due diligence, and basic and preclinical research will be needed to truly 
assess the efficacy of implant stimulation in a scientific fashion.
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