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Preface

Parkinson’s disease (PD) remains a major cause of neurological disability affect-

ing millions of patients worldwide. While pharmacotherapy remains the primary

treatment of PD symptoms, surgical therapies have enjoyed a resurgence in the

successful treatment of patients with advanced PD and complications of drug

therapy. In carefully selected patients, deep brain stimulation (DBS) is now con-

sidered one of the most important advances in PD therapy. Our expanding knowl-

edge of basal gangla physiology and refinements in neurosurgical technique have

combined to fuel the development of a procedure that has dramatically improved

the lives of numerous patients with severe, advanced PD. As with any novel

therapy, enthusiasm must be tempered with the knowledge derived from

ongoing research and clinical experience. Costs and surgical risks must be

weighed against quality of life and a realistic appraisal of the likelihood of

success. Since the very first literature on DBS for treating PD appeared in the

late 1980s, there have now been over 30 thousand procedures performed world-

wide. While there have been many articles published on DBS in the last five

years, the field is continuing to evolve and it is therefore timely to review the

current state of DBS therapy in PD. Contributors to this volume have been

involved with DBS from a variety of disciplines and have worked to refine the

procedure, carefully monitor its effect on motor and non-motor symptoms, and

better define both preoperative patient selection and post-operative management.

The text should be of interest to those practicing neurology, neurosurgery, reha-

bilitation medicine as well as to ancillary health professionals working in clinical

neuroscience.

Gordon H. Baltuch

Matthew B. Stern
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1

History of Deep Brain Stimulation

Shabbar F. Danish

Department of Neurosurgery, Hospital of the University of Pennsylvania, and
Department of Bioengineering, University of Pennsylvania,

Philadelphia, Pennsylvania, U.S.A.

Gordon H. Baltuch

Department of Neurosurgery, Hospital of the University of Pennsylvania,
Philadelphia, Pennsylvania, U.S.A.

INTRODUCTION

The development of deep brain stimulation as a surgical technique has been a cul-

mination of several technologies that have evolved over a period of many centu-

ries. The union of these technologies has occurred through the persistence of

dozens of motivated researchers whose contributions have brought the field to

where it stands today. This required more than the development of the stimulating

electrode—there needed to be a surgical target and an ability to precisely localize

that target. Furthermore, advancement in this technique required progressive

improvement in our understanding of the functional anatomy of subcortical struc-

tures relative to their roles in motor functions. We review the historical develop-

ment of the surgical targets for movement disorders, the advances in stereotactic

localization, and the application of electrical stimulation to these targets.

EVOLUTION OF THE SURGICAL TARGET

Parkinson’s disease (PD) was first described by James Parkinson in his famous

essay published in 1817 (1). Based on the observations of six patients over

time, whom he had never personally examined, his descriptions consisting of

1
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tremor, rigidity, postural abnormalities, and bradykinesia were remarkably accu-

rate. Initial medical therapy for PD was not introduced until almost 60 years later,

when Jean Martin-Charcot introduced belladonna drops as a treatment for exces-

sive salivation in these patients. However, it would be almost a century before

any surgical treatment for PD would be attempted.

Sir Victor Horsley (2) is credited with the first attempts to surgically treat a

movement disorder in the late-nineteenth century. Describing athetosis as result-

ing from abnormal cortical discharges, he performed the first cortical ablation

procedure for dyskinesia in 1890 (2). Over the next two decades, there would

be little modification to this surgical approach. There would, however, be

several other attempted surgical approaches for involuntary movements. The effi-

cacy of posterior rhizotomy for athetoid movements was described in 1912,

although the results were never reproduced (3,4). Other procedures included sym-

pathetic ganglionectomy and dorsal cordotomy (5–7). In the time period between

1911 and 1955, 22 different operations had been proposed in the treatment

of tremor (8).

It was in the 1920s and 1930s that knowledge of motor function made sig-

nificant strides. In the early 1920s, careful investigation of cortical stimulation

demonstrated two different types of motor responses from the premotor cortex,

and that complex movements occurred as a result of interruption between areas

4 and 6 (9,10). As a result, Foerster hypothesized that the effects were produced

by a system outside the pyramidal tract, an extrapyramidal system, in which the

globus pallidus produced athethoid movements. In 1927, Spatz (11) furthered

the concept of the extrapyramidal motor system, into which he integrated the

striatum, the pallidum, the subthalamic nucleus, the substantia nigra, the red

nucleus, and the dentate nucleus. In addition, he suggested that deficits in this

system were responsible for movement disorders, and thought it would be

logical to target treatment approaches to this system.

Even though the role of the extrapyramidal system had been introduced,

there were still strong proponents for the role of the cortex in producing involun-

tary movement disorders. P.C. Bucy and Wilson, both emphasized that the

destructive lesion must interrupt the underlying mechanism causing the move-

ment disorder, and used this as justification to continue cortical extirpation

over the next decade (12–15). The pioneer of the “pyramidal operation,”

however was Horsley who reported on the extirpation of the anterior central

gyrus in a patient with athetosis in 1890 (16). Although this procedure resulted

in resolution of athetosis, the patients were left with significant paresis or

paralysis in exchange.

Meyers is credited as the first in testing the hypothesis that the extrapyra-

midal system was involved in the production of movement disorders. He surgi-

cally resected the head and anterior segment of the caudate nucleus in a

parkinsonian patient via an anterior transventricular approach in which both

tremor and rigidity were partially improved. He went on to perform open surgical

interventions on various subcortical structures including the caudate, the internal

2 Danish and Baltuch
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capsule, the putamen, the pallidum, and the ansa lenticularis (17,18). Meyer

demonstrated that tremor and rigidity could be improved without the production

of paresis or spasticity. Open surgery of subcortical structures was further devel-

oped in the 1950s by a number of neurosurgeons, namely Fenelon of Paris, and

the issue then became one of accuracy (19–22). Although these neurosurgeons

are often credited with the introduction of lesion refinement by electrocoagula-

tion, this technique had been used in the cerebellum for PD in 1935 by

Delmas-Marsalet and Van Bogaert (23).

At about the same time as Fenelon, Guiot, and Brion were modifying the

approach to the basal ganglia, Dr. Cooper made an accidental discovery that

marked a milestone in the surgery for involuntary movement disorders. During

a pedunculotomy procedure in a man with tremor and rigidity, the anterior chor-

oidal artery was torn during sharp dissection. The procedure was aborted, and the

patient experienced complete relief of tremor and rigidity without the loss of

motor strength, confirming findings claimed by Meyer (24,25). Cooper had con-

cluded that ligation of the anterior choroidal artery resulted in infarction of the

globus pallidus, its afferent connections, and the thalamus. However, variability

in its distribution sometimes led to unpredictable results and eventual abandon-

ment of this technique (26–28).

At this point in time, surgery for involuntary movement disorders had seen

the development of over 20 procedures, of which pyramidal tract surgery domi-

nated until the acceptance of the extrapyramidal system and the evidence that

lesions in this area could provide benefit without paralysis. However, open

surgery of subcortical structures still carried a relatively high morbidity, which

necessitated the need for safer and more accurate procedures.

THE STEREOTACTIC METHOD

Although Horsley and Clarke are often credited with the development of the first

stereotactic frame, the foundation for this work had been laid down many decades

earlier. Paul Broca, best known for his work on cerebral localization, developed a

stereographic apparatus in 1868 (29). In 1889, Zernov developed an encephal-

ometer, which was successfully used to drain a post-traumatic cerebral abscess.

The Zernov device was the first to employ a system of polar coordinates for deter-

mining the spatial localization not only of surface but of certain deep brain struc-

tures, and was modified by Rossolimo in the early 1900s by the attachment of an

aluminum hemisphere on which there was a map of the cerebral sulci and gyri as

well as the subcortical structures. Neither Rossolimo nor Horsley and Clarke had

any knowledge of each other’s developments (30–32).

The Horsley-Clarke frame itself was invented by Robert Henry Clarke, the

neurophysiologist with whom Horsley collaborated on studies of cerebellar func-

tions. It was used for selective stimulation and electrolytic ablation of the deep

cerebellar nuclei in animals (33–35). The apparatus was designed to hold an elec-

trode and guide it in a three-dimensional Cartesian coordinate system, and was
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the first system based on this coordinate system. They were the first to call this

methodology “stereotactic” (31).

The first stereotactic frame built specifically for human use was designed

by Aubrey Mussen in 1918, a neuroanatomist and neurophysiologist who had

worked with Clarke (36,37). Although this frame was never used for a human

stereotactic procedure, it was used to develop a human stereotactic atlas

similar to Clarke’s original animal atlases (37,38). Kirschner developed and

used a stereotactic apparatus for the treatment of trigeminal neuralgia in 1933

by targeting the Gasserian ganglion, and achieved high precision (39,40).

Forty years later, Speigel and Wycis modified the Horsley-Clarke frame

and developed the stereoencephalotome for use in humans, in 1947 (41). The car-

dinal difference between this and the Horsley-Clarke frame was the use of intra-

cerebral versus superficial reference points (40,42). This was only possible at this

point due to the development and incorporation of ventriculography with the use

of the stereotactic frame (31,43). As a result, they were able to develop the first

modern stereotactic atlas of the human brain (44).

Several investigators around this time period independently pioneered

various stereotactic instruments. J. Talairach, Lars Leksell, T. Reichert and

Mundinger, Guiot and Gillingham, Rand and Wells, and Laitinen, among others,

all developed stereotactic instruments intended for human intracranial localiz-

ation, between 1948 and 1952 (32). Both Leksell and T. Riechert developed

arc-based stereotactic frames that relied on pneumoencephalography to visualize

the third ventricle (45,46).

THE END OF THE PYRAMIDAL TRACT ERA

In 1950, Mackay summarized the status of movement disorder surgery stating

that paralysis was an absolute side effect of surgery for involuntary hyperkine-

sias, and that surgery had little application in this field (47). However, due to

the tremendous advancement in intracranial localization, surgical targets could

be refined in a well-defined manner with more accurate precision that could pre-

viously be achieved. In addition to the development of the modern stereotactic

frame and brain atlas, Spiegel and Wycis are credited with the first stereotactic

pallidotomy and thalamotomy. Direct lesioning of the globus pallidus was an

improvement from the Cooper procedure, as it did not depend on the distribution

of the anterior choroidal artery. The clinical benefits, however, were disappoint-

ing, and long-term improvement was reported only for rigidity. Tremor and hypo-

kinesia were rarely improved (48,49). At this time, the target was localized in the

anterodorsal part of the globus pallidus. The most striking advance in localization

of the most effective area within the globus pallidus came from Leksell who after

an initial series of anterodorsal pallidotomies progressively moved the target to

the posteroventral pallidum. This target gave long-lasting relief of both tremor

and rigidity. It is surprising that these remarkable results received very little

publicity at the time (50). The pallidum as a target evolved simultaneously
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with the nucleus ventrolateralis (VL) of the thalamus, which was originally

proposed by Hassler. In the years that followed, the VL lesion replaced

pallidotomy as a treatment for tremor (51–53).

Thalamotomy was a more effective treatment for tremor than for rigidity,

and in this respect the perfect subcortical target had not yet been identified. In

1963, Spiegel and Wycis proposed to destroy the subthalamic area, namely the

zona incerta and the prelemniscal radiation—not the subthalamic nucleus as

we know it today, based on Meyer’s experience with lesions in the Field H of

Forel (54,55). Target accuracy, however, was still suboptimal. Hassler found

that the lesions they had intended as thalamotomies were situated in the subtha-

lamic area during postmortem histological analysis (56). The original rationale

for subthalamotomy was the alleviation of rigidity, but this objective was only

partially attained, and it proved to be more efficient against tremor when com-

pared with thalamotomy (57). Early results of subthalamotomy reaffirmed the

important conclusion that complete and permanent elimination of tremor could

be obtained without damaging the pyramidal tract (57,58).

ELECTRICITY, THE BRAIN, AND STIMULATION

Over the course of a little more than a century, significant advances had been

made that allowed deep brain stimulation to develop. The introduction of the

extrapyramidal system and the development of stereotactic methods provided a

foundation through which deep brain stimulation was born. Until about 1970,

the major techniques pertaining to subcortical structures involved ablative

methods, and the introduction of deep brain stimulation would come from a

different realm of neurological disorders.

It is important to acknowledge the groundwork that has allowed deep brain

stimulation to exist in its modern form. Over 200 years ago, Giovanni Aldini pub-

lished a highly influential book that reported experiments in which the principles

of Luigi Galvani and Alessandro Volta were used together for the first time. He

actively participated in a series of crucial experiments with frogs’ muscles that

led to the idea that electricity was the long-sought vital force coursing from

the brain to the muscles, and made the connection between electricity and mus-

cular contraction. But even before Aldini, significant observations had been made

connecting electricity and medical therapeutics. In 46 AD, Scribonnius Largus

introduced the use of the torpedo fish, also known as the electric ray, in the treat-

ment of chronic headaches. Soon after, Discrorides, a Greek physician extended

the use of the torpedo fish to the treatment of hemorrhoids (59). In the mid-

eighteenth century, Gottlieb used electrical stimulation to treat paralysis, and

Benjamin Franklin successfully treated a young girl with seizures using similar

principles (60,61). Duchenne, often considered the father of electrotherapy,

would apply Aldini’s concepts to therapeutic medicine in the mid-nineteenth

century (62). But as is often the case, science would rediscover these observations

many years later before becoming widely accepted.
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Although cortical electrical stimulation can be traced back prior to Aldini in

1801, he is often credited with the first applications of electricity to the human

brain. Aldini was able to stimulate the cerebral cortex of one hemisphere and

obtain facial muscle contractions on the side opposite to that of the stimulation.

This observation, however, had already been made by Hippocrates in 420 BC

(63). Aldini’s findings remained largely ignored and were rediscovered yet again

by Fritsch and Hitzig, who applied electrical microstimulation to the cerebral

cortex of dogs in the late 1800s (64). Fritsch had observed that irritation of the

brain caused twitching on the opposite side of the body, while dressing a head

wound during the Prussian–Danish war (63). In this same time period, several

others including Sherrington, Ferrier, Luciani, and Tamburini were performing cor-

tical stimulation experiments in animals, mostly in the context of localizing func-

tion and developing a sensorimotor map within the cerebral cortex (63,65,66).

The first formal stimulation studies in humans were performed by

R. Bartholow in the 1870s (67). He applied stimulation to the cerebrum of a

woman with deep cerebral abscesses and was able to invoke contralateral convul-

sions. Following this experimentation, the woman died after having several recur-

rent refractory seizures. As a result, he advocated that such experimentation

should not be repeated due to the harm that the intracerebral electrodes could

cause the patient.

Cortical stimulation had developed at this point with very little knowledge

of the true nature of the electrical impulse, mostly due to a lack of sensitive instru-

ments to measure and display electrical activity (68). Lord Edgar Adrian Douglas

and Yngve Zotterman are credited as having been the first to record the electrical

responses of single neurons in 1926 (69). This was made possible by the inven-

tion of the microelectrode by Ida Henrietta Hyde in 1921, which spurred the age

of discovery in neurophysiology from the 1930s to 1950s when the basic

principles of nerve and brain function were described (70).

Electrical recordings of the brain can be dated back to Richard Caton in

1875 who applied electrodes to the scalp and directly to the brain surface and

noted electrical changes taking place (71). About 60 years later, Hans Berger,

who had made the first human electroencephalogram recording, introduced intra-

cerebral depth electrodes for subcortical recordings (72). Subsequently, many

groups introduced electrodes deep into the brain to localize epileptic foci and

to explore therapeutic avenues in psychotic patients (73–75). Wetzel and

Snider published the first report using electrical recordings during movement dis-

order surgery with the specific purpose of neurophysiologically refining their

target location, in 1958 (76). In 1960, Ervin and Mark used evoked potentials

to verify the position of their electrode within the sensory thalamus. They stimu-

lated and recorded from the sensory thalamus prior to making a destructive lesion

(77). In 1961, Albe-Fessard used a low-impedance, concentric bipolar microelec-

trode to record from and differentiate various thalamic nuclei. This allowed them

to describe a contralateral somatotopic thalamic arrangement (78). Subsequently,

“tremor cells” with rhythmic cellular discharges synchronous to the parkinsonian
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tremor were identified (79–81). As a result, Guiot’s group was able to demon-

strate that most tremorigenic cells are located in ventralis intermedius (Vim),

making it a better target than ventralis oralis posterior (Vop), as was previously

advocated by Hassler (56,82,83). By the late 1960s, intraoperative microrecord-

ing had become a routine part of stereotactic surgery, the anatomy and physiology

of the human thalamus had been extensively explored, and Vim became the

optimal target location for tremor (84).

Although microrecordings and preablation stimulation for localization

were routinely used, stimulation as a therapeutic tool for movement disorders

had still not made their connection. Modern deep brain stimulation was “rein-

vented” to treat major depression, the same disease entity that was treated

when Aldini applied galvanism to treat a 27-year-old farmer (85). In 1948,

J. Lawrence Pool considered brain stimulation as an alternative to ablative psy-

chosurgical procedures. Although the patient suffered from advanced PD, the

surgery was directed at the depression and anorexia. The electrode was implanted

in the caudate nucleus through an open craniotomy and stimulation was carried

out via an implanted induction coil (86). At about the same time, Spiegel and

Wycis applied their stereotactic technique to the implantation of deep stimulating

electrodes to avoid the morbidity associated with open craniotomy (87).

Stimulation further developed as a technique through its utility in pain

control. Heath was the first to report pain relief after electrical stimulation of

the septal region (88). In 1966, Ervin et al. (89) used stimulation of the

caudate nucleus for pain relief. The thalamus was first introduced as a target

for pain control by Mazars and White, who successfully used acute stimulation

of the ventralposterolateral (VPL) nucleus for the treatment of bodily pain

and the ventroposteromedial (VPM) nucleus for facial pain. In 1973, the VPL

and VPM were chronically stimulated for the first time both by Mazars and

Hosobuchi (90–93). Targeting of the periaqueductal gray matter and periventri-

cular gray matter allowed further refinement of deep brain stimulation techniques

when it was introduced in 1977 (94–96).

After the introduction of L-dopa in the late 1960s, there was a sharp decline

in interest for the surgical treatment of PD. At that time, the Vim nucleus and the

globus pallidus remained the major surgical targets, and ablative procedures of

these targets continued. As a result, deep brain stimulation progressed as a

technique through its use in psychiatric and pain-control surgery.

CHRONIC STIMULATION FOR MOVEMENT DISORDERS

Although thalamotomy was an established target in the treatment of tremor, and

the effects of thalamic stimulation on tremor was well known, the idea to use

stimulation as a therapeutic modality did not emerge until Benabid’s preliminary

report in 1987 on stimulation of the Vim nucleus (97). His follow-up report

revealed a long lasting effect from chronic stimulation of Vim, but that it was

only effective for tremor and not for other parkinsonian symptoms (98).
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An important observation in this regard was that while tremor was significantly

reduced with Vim stimulation, dopaminergic medication was unchanged. As a

result, the overall quality of life was unchanged due to the lack of effect on the

other symptoms of the disease (99,100). Hence, as had been the case for over a

century, the search for a better target continued.

Although pallidotomy had been well established as a surgical target, it

would not be until Laitinen’s report in 1992 that the interest in the globus pallidus

would resurface (101). He reported a significant improvement in bradykinesia,

rigidity, and drug-induced dyskinesias. The proposal to attempt stimulation of

Laitinen’s target came from Siegfried and Lippitz, two years later (102). The effi-

cacy of chronic stimulation of the globus pallidus as a therapeutic alternative was

reported shortly thereafter by several groups demonstrating the beneficial effects

of pallidal stimulation on tremor, bradykinesia, and dyskinesias (103–106). It is

interesting to note that the effects of pallidal stimulation in humans were

well-documented almost 40 years earlier (107).

How did we get to the subthalamic nucleus as a target? Although thalamic and

pallidal targets had been explored before being studied in any animal models, the sub-

thalamic nucleus was only proposed as a target once experimental results revealed its

possible clinical efficacy. Barry Kidston, a 23-year-old chemistry graduate student

in Maryland, unknowingly synthesized 1-methyl-4-phenyl-4-propionoxypiperidine

(MPPP) incorrectly and injected the result. It was contaminated with 1-methyl-4-

phynyl-1,2,3,6-tetrahydropyridine (MPTP), and he developed parkinsonian symp-

toms shortly thereafter. Traces of MPTP were found in his lab, and its effects were

eventually discovered after testing the chemical in rats. In 1982, seven people in Cali-

fornia were diagnosed with PD after using MPPP contaminated with MPTP, which

was tracked down as the cause by J. William Langston (108). As a result, the devel-

opment of an animal model for PD became possible, and various subcortical struc-

tures and their relationships could be explored. Through the perseverance of

countless scientists, the pieces of the basal ganglia circuitry puzzle were pieced

together. In 1989, Albin et al. (109) related the pathophysiology of movement dis-

orders to the functional anatomy of the basal ganglia. Shortly after, it was shown

that lesioning of the subthalamic nucleus in MPTP-treated monkeys could dramati-

cally alleviate all the cardinal motor symptoms of PD (110,111). This allowed a devi-

ation from the traditional belief that subthalamic nucleus (STN) lesions always

resulted in disabling hemiballismus. Benabid and the Grenoble group pioneered

chronic stimulation of the STN for PD and reported their first patient in 1994,

based on the findings from animal experimentation (112,113).

THE LAST TWENTY YEARS

Since the introduction of deep brain stimulation almost 20 years ago, there has

been an immense resurgence in interest in the surgical technique. However, we

are still asking some of the same questions. How can we improve our targeting?

What is the optimal target? In addition, we have started asking some new
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questions such as how does deep brain stimulation work, and what other disorders

can deep brain stimulation be applied to?

As imaging technology has improved, there has been a continued effort to

better define subcortical structures. Most recently, it has been found that

improved magnetic resonance imaging may allow a greater visualization of

STN borders (114). Although the STN has been well established as the ideal

target for PD, the search for a better target still continues. Stimulation of the ped-

unculopontine nucleus has recently demonstrated acute improvements in motor

function (115). As a result of the success that PD treatment has enjoyed by

deep-brain stimulation, treatments for other disease processes have been

attempted. These have included dystonia, obsessive-compulsive disorder,

Tourette’s syndrome, and refractory depression (116–123).

Although a full discussion of these points is well beyond the scope of this

chapter, the intention is to highlight the fact that deep-brain stimulation as a

science is still very much in its infancy with enormous potential in the future.

Where we are going proves to be just as exciting as where we have already been.
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INTRODUCTION—THE ALBIN AND DELONG MODEL

Modern understanding of the basal ganglia (BG) dates to the Albin and DeLong

model, which proposed a functional relationship between the nuclei of the BG

[striatum, pallidum, substantia nigra, and subthalamic nucleus (STN)] (1,2). In

this model, the BG controls the initiation and execution of motor programs

through the interplay of the direct and indirect projection pathways, both of

which originate in the striatum (Fig. 1A). According to the model, activation

of the direct pathway results in inhibition of pallidal output and consequent

disinhibition of thalamocortical projection neurons. Activation of the indirect

pathway results in excitation of the internal segment of the globus pallidus
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(GPi) and subsequent inhibition of thalamic neurons. The interplay between these

two pathways was suggested to selectively enable appropriate actions (via the

direct pathway) and suppress inappropriate actions (via the indirect pathway).

Dopamine (DA) was proposed to modulate this interplay. D2 receptors

(D2R) were thought to be inhibitory and solely expressed by neurons in the indir-

ect pathway; thus, D2R activation would suppress the indirect pathway. Like-

wise, D1 receptors (D1R) were believed to be facilitatory and expressed only

in the direct pathway: as such, D1R activation would enhance activity in the

direct pathway. Loss of DA innervation, as in Parkinson’s disease (PD), would

D2 > D1? D1 > D2?
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Figure 1 Basal ganglia circuitry. (A) The Albin and DeLong model describes the basal

ganglia in terms of the direct and indirect pathways. Striatal neurons in the direct pathway

express facilitatory D1 receptors and act to increase thalamocortical activity. Striatal

neurons in the indirect pathway express inhibitory D2 receptors and act to reduce thalamo-

cortical activity. Loss of dopamine, as in Parkinson’s disease, leads to decreased direct

pathway activity (via reduced D1 facilitation) and increased indirect pathway activity

(via reduced D2 inhibition), resulting in impaired movement initiation and execution.

(B) The existence of the direct and indirect pathways postulated by the Albin and

DeLong model is somewhat controversial (122). Nearly all striatal cells coexpress D1

and D2 receptors, although it has been suggested that striatal neurons may predominantly

express one type of receptor. Additionally several feedback connections between BG

structures have been identified, including the reciprocal connections between STN

and GPe, which appear to support low-frequency network oscillations (4,123–125).

Abbreviations: BG, basal ganglia; GPe, external globus pallidus; GPi, internal globus pal-

lidus; PA-INs, parvalbumin-containing GABAergic striatal interneurons; SNc, substantia

nigra pars compacta; SNr, substantia nigra pars reticulata; STN, subthalamic nucleus.
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result in decreased DA receptor stimulation in both pathways. Thus, activity in

the direct pathway would be suppressed and activity in the indirect pathway

would be enhanced in PD. Albin and DeLong suggest that this bias of the BG

output in favor of the inhibitory indirect pathway leads to deficits in movement

initiation and execution. Conversely, over-stimulation of DA receptors (such as

following levodopa overdose or D2R blockade) would result in hyperkinesias.

The Albin and DeLong model was a fundamental advance in several

respects—it provided a solid foundation for understanding the function of the

BG, it accounted for the effects of DA on motor output and, perhaps most impor-

tantly, suggested targets (STN and pallidum) for treatment of PD. However, more

recent findings at the molecular, cellular, and circuit levels have tested the expla-

natory limits of the original Albin and DeLong model—especially, findings

regarding the effects of pallidotomy and deep brain stimulation (DBS) of BG

structures in PD. Although many aspects of the Albin and DeLong model still

drive current thinking, it has become clear that interactions within the BG and

between the BG and other areas (cortex, thalamus, and brain stem) are

complex (Fig. 1B). This complexity is particularly manifest when attempting

to understand the mechanisms of DBS for PD—for example, the Albin and

DeLong model predicts that PD symptoms would actually worsen with DBS,

given the recent finding that DBS of the STN increases STN output.

This chapter will review the ways in which our understanding of the anatomy

and functionality of the BG has expanded since the Albin and DeLong model was

published. We will do so with an eye toward understanding the mechanisms of DBS

of the STN for PD. First, we will describe the anatomy of the STN—its internal

organization, its relation to the rest of the BG, and the anatomy of surrounding

structures, which may be influenced by DBS. We will also discuss the physiology

of the STN and how observations of bursting and oscillatory activity have shown it

to be more complicated than originally imagined. Next, we will review several

more recent BG models and how these models contribute to our understanding

of the BG and the STN. Within this revised context, we will conclude by describing

the most current hypotheses of the mechanisms of DBS of the STN.

ANATOMY OF THE SUBTHALAMIC NUCLEUS

The success of STN DBS has contributed to the greatly expanded interest in the

STN. With this interest have come findings that the STN communicates with

several structures, unlike the Albin and DeLong model. We will discuss the

intrinsic anatomy of the STN as presently understood, and then detail the afferent

and efferent structures with which the STN is connected.

Intrinsic Anatomy of the Subthalamic Nucleus

The STN is located at the junction of the midbrain and diencephalon as a dense

kernel-sized collection of cell bodies. It is surrounded by several nuclei as well as
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dense bundles of myelinated fibers. Anteriorly and laterally, it is encased by fibers

of the internal capsule that separate the STN from the GPi. Superiorly, the fibers

of the zona incerta delineate the STN from the thalamus. The lenticular fascicu-

lus, carrying fibers from GPi, lies on top of STN. At its medial border, the nucleus

of the Fields of Forel, the Field H of Forel, as well as nigrostriatal fibers run adja-

cent to STN as STN merges into the lateral hypothalamic area at its rostromedial

aspect. Posteromedially, it borders the red nucleus, and its ventral limits are the

cerebral peduncle and the substantia nigra pars reticulata (SNr). The ansa lenti-

cularis, which travels from GPi to the ipsilateral ventral anterior/ventral lateral

thalamus (VA/VL) (thalamus) also passes STN ventrally. Other nearby fiber

tracts include the spinothalamic tract, trigeminothalamic tract, and the medial

lemniscus, which passes posteriorly to STN (Fig. 2) (3–5).

The STN was long considered to be a homogeneous structure, consisting

solely of projection neurons that were initially thought to be GABAergic but

Figure 2 Schematic representation of the major anatomical structures and fiber tracts

associated with the subthalamic nucleus. Abbreviations: CP, cerebral peduncle; FF,

fields of Forel; GPe, globus pallidus externus; GPi, globus pallidus internus; H1, H1

field of Forel (thalamic fasciculus); IC, internal capsule; LF, lenticular fasciculus (H2);

PPN, pedunculopontine nucleus; Put, putamen; SN, substantia nigra; STN, subthalamic

nucleus; Thal, thalamus; ZI, zona incerta. Source: From Ref. 3.
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are now known to be glutamatergic (6). Several studies have suggested the pre-

sence of GABAergic interneurons in the STN (4,7). The dendritic arbors of STN

projection neurons are usually oval with their long axis parallel to the long axis of

the nucleus (3,4). The axonal branching patterns of STN neurons vary depending

on projection site (8), which may affect their response to DBS. STN neurons

interact with each other via intra-STN collateral projections (4).

STN neurons appear to be functionally segregated, with sensorimotor,

associative, and limbic areas distinguished by their afferent and efferent connec-

tions. The limbic region occupies the medial tip of the STN. The associative

section comprises the mid-third of the remaining STN and is located ventral to

the sensorimotor region (4,9). All neurons with movement-related activity are

located in the sensorimotor region. These neurons appear to be somatotopically

arranged, with leg-related neurons located more dorsally, anteriorly, and

medially, and arm-related neurons more ventrally and laterally (5,10,11).

Efferent Projections

In-depth investigations of BG circuitry have revealed that the STN projects to

several areas in addition to the GPi and the SNr. As mentioned, the STN is seg-

regated into limbic, associative, and sensorimotor areas, which are distinguished

by their efferent targets. STN neurons in the limbic region project primarily to the

ventral pallidum (VP). STN neurons in the associative and sensorimotor regions

project to the external globus pallidus (GPe), GPi/SNr, and substantia nigra pars

compacta (SNc). Additional projections to the dorsal striatum (caudate and

putamen) have also been described (3,4,9). While the GPi/SNr and GPe still

represent the primary projection sites, it is likely that all of these projections

will need to be taken into account in order to understand DBS.

Individual subthalamic axons arborize throughout large portions of the palli-

dum, with a multitude of thin axon collaterals forming a relatively dense meshwork

around the dendrites of pallidal neurons (12). As such, single STN neurons can

strongly influence a large subpopulation of pallidal neurons in a uniform manner

(13). This ability could enable the STN to effectively regulate the gain of the palli-

dum, as discussed subsequently. Little is known regarding the contribution of the

subthalamo-nigral projection to the overall function of the BG. Studies in the rat

have suggested that STN neurons might regulate the response of GPi/SNr

neurons to subsequent striatal inputs (14). STN–SNc projections may regulate

DA release in the striatum (15). Subthalamo-striatal projections are scarce in com-

parison to those described before. In nonhuman primates, STN-to-caudate projec-

tions primarily derive from associative and limbic regions of the STN, whereas

efferents to the putamen originate in the sensorimotor region (3,4,13).

Afferent Projections

The STN receives massive projections from the cortex, GPe, and thalamus. Addi-

tional, though less numerous, inputs come from the centromedian-parafascicular
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complex of the thalamus, the substantia nigra, the dorsal raphe nucleus, and the

pedunculopontine tegmental nucleus, although the importance of these inputs is

largelyunknown.Welimitourdiscussion to thecortical andpallidal input pathways.

The existence of a direct cortico-subthalamic projection has been well-

documented in animals, whereas the full extent of this projection is still being

detailed in humans (12,16). In rodents, the primary motor cortex, cingulate

cortex, primary somatosensory cortex, and some areas of the prefrontal cortex

are the major cortical sources of inputs to the STN (17). In nonhuman primates,

the major projection arises from the primary motor cortex, which terminates in

the dorsolateral region of STN. The premotor cortical projections, including the

frontal eye field and the supplementary frontal eye field, terminate principally

in the ventromedial region (18). Similar anatomical relationships are being

explored in humans, as high-frequency stimulation of the STN has been shown

to affect the primary sensorimotor cortex, the lateral premotor cortex, midline pre-

motor areas, and the cingulate cortex (19). The cortico-subthalamic afferents seem

to respect the subdivisions of the STN into sensorimotor and associative regions.

Understanding of the pallido-subthalamic pathway has largely come about

via animal studies. In rodents and in primates, neurons from the lateral portion of

GPe target specifically to the lateral two-thirds of the STN, whereas those in the

medial part of GPe terminate in the ventromedial STN. In primates, the input

from GPe extends over the entire rostrolateral two-thirds of STN (4,20). The

GPe projects principally to the region of STN which contains neurons that

project back to GPe, and not to the region with GPi-projecting neurons. The pro-

jection from GPe is GABAergic and comprises the major inhibitory projection to

the STN (3,21).

The GPe-STN projection is an essential component of the indirect pathway

of the Albin and DeLong model, allowing striatal inhibition of GPe to be trans-

lated into STN excitation of GPi, thus counterbalancing the direct striatal inhi-

bition of GPi. This mechanism would require GPe projections to specifically

target STN neurons that project to GPi; however, there is conflicting anatomical

evidence as to whether this is the case (4,22). Accordingly, the function of the

indirect pathway, if it exists, may be more complicated than suggested by the

Albin and DeLong model. For instance, the GPe might interact with other struc-

tures to “focus” STN activity—that is, to select cell ensembles for activation (23).

PHYSIOLOGY OF THE SUBTHALAMIC NUCLEUS
AND BASAL GANGLIA

The Albin and DeLong model characterizes the interactions between BG struc-

tures as unidirectional, and basically either excitatory or inhibitory based on

firing rate. Recordings have shown that activity within and between BG structures

has additional degrees of complexity. This section will describe these activity

patterns, focusing on observations of bursting, synchronization, and oscillations

in the STN and BG.
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Various types of neuronal discharges have been distinguished in the STN,

including irregular, tonic, and bursting activity. It is estimated that 55% to 65% of

the STN neurons fire irregularly, whereas 15% to 25% fire tonically and 15% to

50% present bursting activity in primates (24). Neurons responding to movement

are either irregular or tonic and are found in the dorsolateral STN. Bursting

neurons do not respond to movement and are located in the ventral STN (5). In

patients with PD, STN neurons exhibit large amplitude spikes with an irregular

firing pattern (25). These have a mean firing rate of 37 + 17 Hz. The effect of

dopaminergic medication on the firing rate of STN neurons has been variable,

but generally leads to an increase in the percentage of spikes occurring in

bursts or irregular discharge patterns (26,27). Accordingly, DA does not lead

to a simple reduction in STN activity, as anticipated in the Albin and DeLong

model. STN cells with periodic behavior have been identified and further charac-

terized in the same patient population, being classified as either tremor cells (2–

6 Hz), cells with high (.10 Hz) frequency periodic activity, or as cells with both

tremor and high-frequency components (10). Synchronization of the high-

frequency periodic activity has been closely linked to limb tremor in parkinsonian

patients (10,28), and termination of high-frequency periodic behavior is observed

with dopaminergic treatment (27).

Synchronous activity has been shown to exist not only within STN, but also

between STN and other BG structures. One study demonstrated that high-

frequency stimulation of the motor cortex resulted in a normalization of mean

firing rate in the STN and GPi, and reduced synchronized periodic neuronal

activities between these two structures (29). This is supported in humans by

the observation that transcranial magnetic stimulation of motor areas results in

the excitation of subthalamic neurons and that responsive neurons were somato-

topically organized (30). More recently, there has been increased evidence for

anatomical segregation of processing streams between the cortex and STN, due

to the finding of multiple functional subloops distinguished by their frequency,

cortical topography, and temporal relationships (31).

Oscillations in the Basal Ganglia

Four major categories of oscillations in the local field potential (LFP) have been

observed in the BG: alpha (7–13 Hz), beta (11–30 Hz), high gamma (�70 Hz),

and very high-frequency oscillations (�300 Hz). Alpha frequencies develop in

the GPi and STN of monkeys treated with MPTP and are highly prevalent in

human PD patients (32,33). These oscillations correlate well with the appearance,

the cycle-to-cycle activity, and the termination of physical tremor, so it is

believed that activity in this band underlies parkinsonian tremor. In vitro work

has suggested that these low-frequency oscillations are the result of changes in

STN-GPe connectivity following DA loss (34). In agreement with this hypoth-

esis, a computational model of a simple GPe and STN network is shifted
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between uncorrelated spiking and correlated periodic bursting modes when the

synaptic strengths were adjusted to model DA loss (35).

Likewise, LFP oscillations and increased cell synchronization in the 11 to

30 Hz beta band have been observed in STN and GPi of PD patients and

MPTP-treated monkeys. These oscillations desynchronize with movement

initiation and dopaminergic medication (27,33,36) and are weaker in both

healthy monkeys (37) and dystonic patients without PD symptoms (38). In stria-

tum, oscillations in this range are present in healthy monkeys at rest, but desyn-

chronize with movement (39). These authors suggest that beta oscillations

represent baseline activity of the striatum and that this activity becomes desyn-

chronized as multiple patches of striatum are activated in order to initiate move-

ments. By extension, it may be that 11 to 30 Hz oscillations throughout the BG

represent a resting state of activity. The loss of DA in PD might inhibit the

ability of cell ensembles to separate from this activity and shift into a “prokinetic”

state for movement initiation and control.

Brown’s group suggests that the prokinetic state is characterized by oscil-

lations of approximately 70 Hz. Oscillations at this frequency increase with

movement initiation and levodopa treatment (36). This activity is coherent

with activity in motor cortical areas (33) and is only rarely seen in PD patients

off of medication. These studies suggest that approximately 70 Hz activity is

important for movement and is contingent upon a reduction in beta-band activity

(38). The same could also be true for 300 Hz rhythms, which have been observed

during self-paced movements in human PD patients on levodopa treatment but

not off of levodopa (40).

REVISED UNDERSTANDING OF THE BASAL GANGLIA

Beginning with the Albin and DeLong description, a number of models have

attempted to characterize the function of the BG. The idea that the BG carries

out “action selection” remains a central theme and is consistent with the akinesia

and bradykinesia in PD. In this section, we give an overview of other functions

that have been ascribed to BG [additional models are presented in Refs. (41)

and (42)].

Resource Allocation

One proposed role of the BG is regulating the allocation of motor resources

between competing systems (e.g., sensory, affective, and cognitive systems)

(43). This is essentially action selection, but it helps to explain at least two

characteristics of BG function: the BGs use of disinhibition versus direct exci-

tation, and the closed loop architecture of the BG. If all systems had direct excit-

atory access to the motor output, overload situations (in which all systems are

competing for the motor output) would result in the selection of all actions

with potentially disastrous results. The Redgrave group suggests that tonic
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inhibition of all but one action avoids this problem. In rest situations, the main-

tenance of tonic inhibition might be accomplished by the regular spiking of STN

neurons, which are tonically active in the absence of synaptic input (44). The

Redgrave group also suggests that the looped architecture of the BG provides

it with negative feedback to the source system, preventing the BG from becoming

overloaded. Robot models which select between competing desires (hide out of

fear vs. forage out of hunger) based on this concept have validated several

aspects of this theory (45).

Sequential Learning

Several models have explored the role of the BG in sequential learning. The

learning process consists of the conversion of a series of sequential movements

to a motor program that can be executed automatically. One of these models,

the Beiser and Houk model (46), described the BG as a collection of modules

working in parallel to encode a motor program in response to a series of environ-

mental cues. In this model, the BG are described as a collection of parallel

modules linking cortex, striatum, GPi, and thalamus, based on anatomical

descriptions of “parallel loops” in the BG (47,48). Each module represented an

independent loop through these structures. Striatal medium spiny projection

neurons (MSNs) responded to specific spatial patterns of cortical input and estab-

lished functional ensembles via inhibitory collaterals with other MSNs. The

looped architecture of the model permitted activity to be sustained and modified

while new environmental cues were presented, enabling several different action

sequences to be stored as unique patterns of BG activity.

Though this model used a very simplified representation of the BG, it was

able to capture two critical elements of BG function, which have subsequently

received support. The first of these was to cast striatal MSNs as pattern detectors

(49). An MSN can fire in response to activity in a small subset of its 10,000 to

15,000 inputs coming from a diverse set of input structures and integrate

inputs over a relatively long (50 msec) time scale (50,51)—making MSNs

ideal for such a role (46). The second critical aspect was ensemble activity in

the striatum—several experiments have indicated that the striatum is composed

of ensembles of neurons that respond selectively and independently (52–55).

The model of Berns and Sejnowski (56) focused more on the role of the

indirect pathway in supporting sequential learning. Interestingly, this model

relied on the feedback loop between GPe and STN to store patterns, indicating

a potential role for the oscillatory activity frequently observed in these structures

during recordings. Activity in the STN lagged activity in the GP, allowing the

network to string together individual “actions” into a sequence. Dopamine

reinforcement guided this process in a role similar to that of the temporal differ-

ence (TD) models described below. After learning, this sequence could be

recalled solely by cuing the first action in the sequence. A strongpoint of this

model was its ability to reproduce sequential learning deficits similar to those
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in PD, ability to correct this deficit with pallidal lesion (STN lesion was not

modeled), and inclusion of oscillatory activity in the BG.

Dimensionality Reduction

Based on the massive convergence in the cortico-striato-pallidal pathway,

Bar-Gad et al. (56a) suggest that the BG perform a dimensionality reduction oper-

ation in order to optimize action selection—it is estimated that there are four

orders of magnitude fewer neurons in the output nucleus (GPi) than in the

input (cortex) (57). In this model, the BG still select actions and do so in a

way reminiscent of Redgrave’s framework of resource allocation (the BG rep-

resent a central relay station through which all actions are selected). However,

the emphasis is on the compression and prioritization of incoming information

via principal component analysis, so that potential actions can be more effec-

tively sampled and selected. Dopamine optimizes the dimensionality reduction

and data storage process by sending a reinforcement signal to the BG. Accord-

ingly, loss of DA, as in PD, results in a network with limited storage capacity

and suboptimal action selection.

Dynamically Modulated Interactions Among Ensembles

Consideration of the ventral regions of the BG (nucleus accumbens, ventral STN,

and ventral pallidum) suggests a potential role for the oscillatory activity

observed in the BG. Recent studies have shown that during periods of awake

behavior, cells in PFC and striatum fire phase-locked to the hippocampal theta

rhythm. Along the longitudinal axis of the hippocampus, cells are organized

into functional ensembles, with each ensemble selectively firing during specific

behavioral components of a task. For example, as a rat navigates a maze, different

ensembles respond to specific locations, turns, and proximity to reward (58).

Similar ensembles have been identified in ventral striatum (54). Several studies

have suggested that during a perceptual or behavioral task, striatal cells or ensem-

bles temporarily lock to the ongoing theta rhythm, and these phase-locked ensem-

bles then contribute to the ongoing computation—whereas those ensembles

whose firing is not phase-locked to theta do not contribute (59,60). Thus, a

common theta rhythm, established by the hippocampus, but entraining cells in

cortex and striatum, seems to facilitate the coordination of cell groups across

structures. Similar mechanisms, potentially in other frequency bands (such as

high gamma), may direct the integration of information in the dorsal striatum.

Action selection could then be achieved via the phase-locking of cell ensembles

to dynamic modulation in the afferent input.

What Does Dopamine Do? Modulation and Reinforcement Properties

Dopamine seems to play two roles in BG function—reinforcement and modu-

lation. As a first approximation, it is convenient to partition these roles
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between the two activity modes that DA neurons exhibit—with the regular

spiking mode controlling modulation and the phasic bursting mode controlling

reinforcement. Since regular spiking has been shown to control tonic DA

levels, it can be further reasoned that spiking controls modulation via tonic

DA, whereas bursting controls reinforcement via phasic DA [61]. Most models

focus on one or the other of these roles—for instance, the Berns and Sejnowski

and dimensionality reduction models discussed previously use dopamine solely

as a training signal, which controls synaptic plasticity. Alternatively, the Albin

and DeLong model posits DA as a modulatory signal, controlling the relative

strengths of the direct and indirect pathways. There is strong experimental

evidence that DA plays both roles, and recent findings indicate how these two

separate roles may be integrated into a single cohesive model of DA function.

The concept of DA as a reinforcement signal is partially based on analogies

between DA neuron firing during instrumental learning and the computed predic-

tion error in TD reinforcement learning algorithms (62,63). In these algorithms,

an “actor” (the BG) and a “critic” (DA neurons) work together in order to learn

actions which will maximize reward—not only immediate reward but also long-

term reward (64). For a given action, the critic weighs immediate consequences

with the probability of future reward and sends a reinforcement signal to the

actor, which makes decisions based on maximizing this reinforcement signal.

DA neurons share several characteristics with the critic in TD algorithms—

they encode reward prediction errors, respond progressively earlier as learning

proceeds, stop signaling when learning is complete, and pause when reward is

withheld after learning has been completed (64–67). Importantly, DA has been

shown to affect synaptic plasticity (both potentiation and depression) in the

striatum (68–73).

However, the physical deficits in PD might seem to be more closely related

to problems with modulation rather than learning, especially given that levodopa

affects primarily the tonic DA levels postulated to control modulation (74). Dopa-

mine modulates several properties of MSNs—both intrinsic properties (sodium,

calcium, and potassium channels) and synaptic properties—though the reported

effects are complex and often inconsistent (75). In general, D1R activation

enhances MSN activity, whereas D2R activation decreases MSN activity, as in

the Albin and DeLong model. However, these effects may be voltage-dependent,

calcium-dependent, or both (76,77). Further complicating matters is the finding

that most MSNs coexpress both D1Rs and D2Rs (78–80). Synaptically,

however, a clearer picture is emerging. In vivo experiments in the ventral stria-

tum have shown that D1Rs and D2Rs differentially control hippocampal and

cortical inputs to the nucleus accumbens (81). In this study, D1R activation facili-

tates hippocampal inputs without affecting cortical inputs. Similarly, D2 affects

only cortical inputs, with increased D2R activation suppressing cortical inputs,

and decreased D2R activation facilitating cortical inputs.

Although the functional correlates of these findings need to be researched

in dorsal striatum, they do suggest that DA’s effects are primarily synaptic rather
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than intrinsic. Ongoing modeling studies in our lab support this conclusion, and

suggest that the intrinsic effects of DA on MSNs are not primarily intended to

change the response properties of MSNs. Instead, DA’s intrinsic effects may

control calcium influx into spines in order to control synaptic plasticity (82), in

agreement with previous suggestions (83,84). This places the focus of DA on reg-

ulating synaptic plasticity, with the modulatory effects of DA on MSN intrinsic

properties being the means to this end. Clearly, further research is needed to fully

explore this concept.

Current Understanding of the Basal Ganglia and Subthalamic Nucleus

In summary, the BG are important for action selection as well as other func-

tions—including but not limited to resource allocation, sequential learning, and

dimensionality reduction. Given the complexity of the BG, most models focus

on one aspect of BG function, out of necessity. Likewise, the role of the STN

is complicated, and proposals regarding STN function usually depend on

which BG function is being discussed. The STN may regulate the gain of the

BG, scaling the output as input levels increase or decrease (45), or it may regulate

the gain of the indirect pathway, as in the Albin and DeLong model (1,2). STN

neurons might regulate the response of GP and SN neurons to subsequent striatal

inputs (14). The ability of STN cells to spike regularly without synaptic input

may underlie movement inhibition during resting conditions (44). STN–SNc

projections may regulate DA release in the striatum (15). The STN may select

ensembles in the GPi through interactions with striatal inputs (23). With the

GPe, it may form a pacemaker that controls the timing of BG activity (34). Or,

the STN may support sequential learning by associating sequential steps in

cooperation with the GPe (56).

HOW DOES DEEP BRAIN STIMULATION WORK?

Inhibition or Excitation?

Based on the observation that STN DBS has similar clinical effects as STN

lesions, it was initially assumed that DBS must silence STN activity (85).

Within the context of the Albin and DeLong model, reduced STN activity

would reduce activation of GPi, which would disinhibit the thalamic projection

neurons. Thus, suppressing STN should increase movement. Several mechanisms

were proposed for how stimulation might inhibit the STN [reviewed in Ref. (86)].

Among these were the depolarization blockade hypothesis, which suggested that

repetitive stimulation of STN cells sufficiently depolarized the cell membrane to

inactivate sodium channels and prevent cell firing (87). Another influential idea

was the synaptic inhibition hypothesis, which proposed that stimulation preferen-

tially activates afferents to STN rather than the neurons themselves (88). Since

the majority of these afferents are inhibitory, the resulting effect would be a

suppression of activity (89).
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Several studies provided results supporting the hypothesis that DBS silenced

STN neurons. Extracellular stimulation of rat STN slices produced a long-lasting

(seconds to minutes) suppression of single-cell activity following cessation of the

stimulation (87). Later experiments showed a similar, though shorter duration sup-

pression of firing following high-frequency microstimulation in human STN (90).

These results agreed with similar experiments in human thalamus (86) and GPi

(88). Observations of activity during STN stimulation (using artifact removal)

did not reveal any spiking (90,91). In vitro studies of STN neurons revealed that

they express sodium currents that inactivate slowly during prolonged stimulation,

supporting the depolarization blockade hypothesis (92). Decreased mRNA

expression of cytochrome oxidase (a catalyst for aerobic respiration) indicated

that STN cell activity decreased during prolonged (45 minutes) stimulation (91).

Downstream recordings, however, painted a more complicated picture.

Since the STN is excitatory, suppression of STN neurons should reduce activity

in efferent structures such as the GPi and SNr. Although some studies found that

downstream activity was reduced (91,93), several others found it to be increased

(94–96). Similar experiments in GPi also suggested that DBS activates the target

structure (97). Microdialysis experiments in rats indicated that effective STN

stimulation increased glutamate concentration in downstream structures, indicat-

ing that DBS increases activity in the STN (98). Positron emission tomography

(PET) and functional magnetic resonance imaging (fMRI) studies in humans

during STN stimulation found increased blood flow in downstream structures,

again suggesting that STN activity is increased by DBS (99–101).

Accordingly, recordings within the STN suggested that DBS worked by

inhibiting STN neurons, whereas downstream recordings indicated that the

STN was actually activated by DBS. A modeling study by McIntyre et al.

(2004) showed how these apparently mutually exclusive findings might be recon-

ciled. By creating a detailed computational model of a thalamocortical relay cell

and exposing it to realistic stimulation patterns, this group was able to show that a

cell’s axon and soma can become decoupled during DBS. In other words, DBS

can drive the axon to fire at high frequencies independently of somatic activi-

ties—so somatic recordings might suggest that the cell is being inhibited when

in fact the output is increased (Fig. 3). Stimulation of inhibitory synapses by

DBS, as suggested by the synaptic inhibition hypothesis, enhanced this effect

by inhibiting the soma but not the axon. Depolarization blockade did not occur

below 200 Hz in the model—as with in vitro STN cells (102). Further studies

have indicated that this effect (activation of the axon regardless of somatic

activity) is achieved in STN and GP cells as well (103).

It must be emphasized that axonal activation is dependent on the cell’s

location relative to the electrode—cell axons within 2 mm of the electrode are

activated, whereas axons further away are suppressed (Fig. 3) (104). Accordingly

the net effect of DBS on the targeted structure is a complex pattern of activation

and inhibition. In the human STN, which is not much larger than the stimulating

electrode, it seems likely that the primary effect is activation of axonal projections
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at or near the stimulation frequency. It is not clear what effect the inhibition of

cells further removed from the electrode plays in the mechanisms of DBS.

“Information Lesion” and Other Current Theories

If DBS activates STN output, the clinical benefits of DBS cannot be explained

within the context of the Albin and DeLong model, and more complicated descrip-

tions of BG activity such as those discussed earlier must be invoked. The most

current idea is that DBS induces an “information lesion” of the STN. This theory

relies on the concept that the bursts and low-frequency (alpha and beta) oscillations

characteristic of the parkinsonian STN contribute to the physical symptoms of

tremor and akinesia. DBS is thought to force STN axons to spike at highly

regular intervals, rather than in irregular bursts. Using an analogy with information

Figure 3 Deep brain stimulation can activate the axonal output of a model thalamocor-

tical cell independently of somatic activity. The axon of the white cell is driven at or near

the stimulation frequency (top left, stimulation duration indicated by the black bar under-

neath the spike recordings), even though somatic recordings suggest that the cell is being

inhibited (bottom left). This effect depends on distance from the stimulating electrode (the

large black rectangle at left)—the axon of the black cell is not decoupled from the soma

and this cell is actually inhibited by the stimulation (top and bottom right). The net result is

a complex pattern of activation and inhibition, although given the small size of the subtha-

lamic nucleus (STN) compared to a stimulating electrode, it seems likely that the primary

effect is activation of STN output. Source: From Ref. 103.
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theory (105), it seems reasonable to conclude that regular spiking carries less infor-

mation than bursting and is, therefore, easier to ignore by downstream structures.

Several computational models have asked what effect replacing bursting

with regular spiking has on BG function, and whether regular spiking carries

less information than bursting. A simple network model suggested that irregular

activity in one neuron deleteriously affected information transfer between two

other neurons, whereas regular, high-frequency driving of the neuron restored

information transfer (106). Similarly, a reduced mathematical model of the

STN, GPe, GPi, and thalamus implied that regular spiking in the GPi (as

opposed to periodic bursting) improved the relay ability of thalamic cells

(107). A single cell model was able to link the frequency dependence of DBS

to increasingly regular spiking—effective frequencies led to regular spiking, inef-

fective frequencies did not—supporting the information lesion hypothesis (108).

Physiologically, few studies have been performed to investigate the

meaning of an information lesion. A potential effect of repetitive high-frequency

stimulation with no information content might be downstream synaptic

depression resulting in an effective lesion of the STN or its efferent structures

(103), although this would be inconsistent with the findings of downstream acti-

vation mentioned before (94,98). To this end, one study researched the induction

of synaptic plasticity following high-frequency (100 Hz) stimulation of the STN;

the results showed that relatively few (13/46) neurons exhibited any long-term

synaptic plasticity (109). However, studying downstream synaptic plasticity

might be an interesting way to quantify the information content of regular

spiking versus pathological bursting, as it has been shown that natural stimulation

patterns (presumably containing physiologically relevant information) induce

significant, highly variable changes in synaptic strength (110).

Recent research has suggested that the regular firing imposed by DBS may

be beneficial to BG function beyond simply canceling out pathological PD

activity. Optimal stimulation frequencies (120–180 Hz) are first harmonics of

the high gamma rhythms (�70 Hz) suggested to be essential for proper BG func-

tion (111). Effective stimulation frequencies may induce synchronization (either

in STN axons or in downstream structures) at 70 Hz (112). This idea appears to

agree with experimental observations in monkeys (94) and rats (96), in which

downstream cells responded to stimulation with regular firing but at lower

frequencies. This also suggests a common mechanism by which levodopa and

DBS might alleviate parkinsonian symptoms—the attenuation of pathological

oscillations (15–30 Hz) in favor of high gamma (60–80 Hz) oscillations (113).

Similarly, DBS might mimic �300 Hz oscillatory activity in downstream

neurons at roughly twice the stimulation frequency.

An alternative, though related, hypothesis is that the desynchronization of

pathological oscillations (rather than the replacement with higher frequency

oscillations) is the primary mechanism of DBS. The main support from this argu-

ment derives from computer modeling experiments using coupled oscillators

(114) and a reductionist network model of the STN (115). A stimulation protocol
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based on this technique, in which multiple electrodes are used to deliver

out-of-phase stimulation signals (consisting of the filtered local field potential)

throughout the target structure, has shown some promise in preliminary clinical

trials (115). A study finding decreased correlations between multiple STN cells as

well as decreased oscillatory bursting in single STN cells (116), during DBS in

primates adds some support to this hypothesis (although the results are difficult

to interpret given that STN somatic recordings do not necessarily reflect STN

axonal output during DBS, as discussed earlier).

It is also possible that DBS of the STN might activate the remaining (,20–

50%) dopaminergic neurons in SNc (or their efferent axons, which course near the

STN on the way to the rest of the BG). STN stimulation at low (20 Hz) frequencies

has been shown to increase DA cell firing rates and facilitate burst firing after an

initial (up to 30 minutes) pause (15). This study did not examine the effects of

higher frequency, clinically effective stimulation. Activation of SNc-DA

neurons or their efferent projections could explain why levodopa treatment can

be reduced with STN stimulation but not GPi or thalamic stimulation. It might

also explain why DBS is indicated only for patients with good response to

levodopa—since levodopa is broken down in the synaptic cleft of DA neurons,

a levodopa response suggests that at least some SNc neurons remain intact. The

few experiments performed to examine this hypothesis have been mostly positive.

DBS in rat STN has been shown to increase DA breakdown products (HVA,

DOPAC) and tyrosine hydroxylase (the rate-limiting enzyme in DA synthesis),

but not DA in 6-OHDA lesioned rats (117). A similar study measured a significant

increase in DA but not DOPAC (118). An in vitro rat slice study found that stimu-

lating the STN increased the firing rate of SNc neurons (119). Stimulation of the

entopeduncular nucleus (the rat GPi equivalent) does not increase metabolites or

DA, as would be expected given that levodopa cannot generally be decreased with

GPi DBS (117). Studies using PET in humans have not been able to find increased

striatal DA with STN DBS (120,121), though the authors note that the changes in

concentration may be too small to detect with this method.

In summary, it seems most likely that STN DBS works through a combi-

nation of mechanisms. It is generally believed that one of the primary mechanisms

of DBS is the overriding of pathological BG activity, specifically bursting and low-

frequency oscillations in the STN–GP network. The replacement of these activities

with higher frequency regular spiking may represent an information lesion or may

enhance “prokinetic” oscillations normally present in the healthy BG. Additional

mechanisms through which DBS might achieve its beneficial effects might be

via desynchronization of low-frequency “antikinetic” oscillations or stimulation

of dopamine-releasing cells in the SNc. It is also quite possible that DBS activates

other structures or fibers not considered previously, given the complex anatomy of

the STN and its nearby structures.

The success of DBS for PD has lead to consideration of its use for a number

of disorders: depression, obsessive-compulsive disorder, cluster headaches,

and epilepsy are a few examples. For the most part, these disorders are less
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well-understood than PD, and the procedures are certainly less-established and

less available for research. Accordingly, if the technique of DBS is to be

further honed for clinical use, the brunt of work must be borne by research

into its application in PD. Progress in understanding the mechanisms of DBS

in PD will continue to have broad impact on our understanding of BG function

and the role of these nuclei in coordinated action.
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INTRODUCTION

Parkinson’s disease (PD) is a progressive neurodegenerative disease that is esti-

mated to affect between 100 and 200 per 100,000 people over 40 years of age, and

over one million people in North America alone (1,2). Although first described by

James Parkinson in 1817 in his “Essay on the Shaking Palsy,” (3) an effective

medical treatment was not discovered until 1967, when levodopa was introduced.

Prior to that, the main treatments for PD were surgical. The number of surgeries

on PD patients peated after Spiegel and Wycis introduced stereotaxis in 1947 (4),

allowing for more precise localization of surgical lesions in the basal ganglia. But

with the widespread use of levodopa, surgery for PD almost disappeared. Despite

the effectiveness of levodopa on motor symptoms in PD, long-term use of this

drug was associated with disabling side effects, such as dyskinesias and

wearing-off, which were difficult to manage medically. Interest in surgical pro-

cedures for PD resumed with the success of pallidotomy in the early 1990s (5)

and continued when Benabid and his colleagues published their findings on

high frequency deep brain stimulation (DBS) for the treatment of motor symp-

toms in PD (6). DBS of the subthalamic nucleus (STN) is now an FDA-approved

treatment for medically refractory PD.
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Over the last decade, the number of centers offering DBS worldwide has

increased, and more PD patients in the future will be faced with the decision of

whether or not to undergo this procedure. Critical to the success of DBS for

the treatment of PD is the proper selection of surgical candidates. There now

exists a significant amount of data that allow us to predict, in general, which patients

will derive the greatest benefit from this procedure, as well as which patients tend

to maintain the benefit from DBS long-term. This chapter will discuss the major

considerations that go into determining appropriate STN DBS candidates.

PATIENT SELECTION FOR SUBTHALAMIC NUCLEUS DEEP
BRAIN-STIMULATION: CORE CRITERIA

In 1992, the Core Assessment Program for Intracerebral Transplantations

(CAPIT) was published (7). The main purpose of this publication was to establish

a common diagnostic and methodologic evaluation program that could be used by

surgical centers to evaluate patients for transplantation procedures. However, as

ablation techniques such as pallidotomy gained more prominence, and as DBS

techniques became more refined, a need to publish core evaluation guidelines

for all surgical therapies was recognized. This resulted in a working committee

that eventually published their recommendations as the Core Assessment

Program for Surgical Interventional Therapies in Parkinson’s Disease

(CAPSIT-PD), in 1999 (8). In their guidelines, a set of clinical diagnostic criteria

for PD was established including definitions for levodopa responsiveness. In

addition, exclusionary cognitive and behavioral criteria were proposed, “off”

and “on” states were formally defined, and clinical rating scales for evaluation

of parkinsonian symptoms and dyskinesias were recommended.

While there is no standard screening for patients considering DBS surgery,

many surgical centers have adopted their own protocols that generally follow

these guidelines, especially with regard to the diagnosis of PD, responsiveness

to dopaminergic therapies, when to consider surgical options, and making sure

that there are no significant cognitive or behavioral deficits that preclude

surgery. These five points form the basis for the selection of DBS candidates,

and will be discussed individually.

Diagnosis of Parkinson’s Disease

A diagnosis of idiopathic PD is crucial to a successful outcome from STN DBS

surgery. Patients with atypical parkinsonian syndromes such as multiple system

atrophy (MSA) and progressive supranuclear palsy (PSP) are often referred for

consideration of DBS because there often are no other treatment options.

However, such patients tend not to respond well to DBS. Visser-Vandewalle

et al. (9) implanted STN electrodes in four patients with levodopa-unresponsive

MSA. While there were improvements in the Unified PD Rating Scale (UPDRS)

motor scores at one month postoperatively, the improvements in motor function
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declined over the next two years. The diagnosis in these cases was not confirmed

pathologically, but even if they were correct, the results suggest that the improve-

ments in motor function are not as sustained as they are in patients with PD. Tarsy

et al. (10) reported a patient with a clinical diagnosis of MSA whose parkinson-

ism did not improve with bilateral STN stimulation. Bilateral STN DBS was also

unhelpful in a patient with post-anoxic parkinsonism (11).

Okun et al. (12) recently reviewed the records of 41 patients who had been

referred to their center as deep brain stimulation failures. Twelve percent of these

patients had diagnoses that would not be expected to respond to DBS, suggesting

that many clinicians still need education regarding appropriate DBS candi-

dates. These diagnoses included MSA (2 patients), corticobasal degeneration

(1 patient), PSP (1 patient), and myoclonus (1 patient).

Two patients have been reported where the clinical picture was typical for

PD, but did not respond to STN DBS and were later discovered to have MSA, at

autopsy (13,14). These latter two cases underscore the fact that pathologically

proven atypical parkinsonian syndromes show little response to DBS, and empha-

size the difficulty that can sometimes occur in making an accurate diagnosis

of PD.

Early studies demonstrated that the accuracy of a clinical diagnosis of idio-

pathic PD was 76% when compared to postmortem findings (15,16). A later study

found that the accuracy could be improved to approximately 90% with the appli-

cation of more stringent diagnostic criteria (17). Movement disorder specialists

also have a high accuracy for the diagnosis of idiopathic PD, with a sensitivity

of 91.1% and a specificity of 98.4% (18). A variety of clinical diagnostic criteria

exist for diagnosing PD, including the criteria adopted by CAPSIT-PD

(7,8,15,19). While there are subtle variations between the different criteria, all

agree that the diagnosis requires the presence of two of the three cardinal

motor features (rest tremor, bradykinesia, or rigidity), with at least one feature

being bradykinesia. Another feature necessary for diagnosis is a clear-cut

response to dopaminergic therapies. Such a response is highly typical of

idiopathic PD—a poor response suggests an atypical parkinsonian syndrome.

Finally, patients should not have any features in their medical history or neuro-

logical examination that suggest any of the syndromes listed in Table 1.

The CAPSIT-PD committee also recommended that patients have disease

duration of at least five years before considering surgery. Such a requirement

improves the accuracy of diagnosing idiopathic PD, because the defining features

of some of the atypical parkinsonian syndromes, such as eye movement abnorm-

alities in PSP and autonomic dysfunction in MSA, may not appear until later in

the course of the disease (20,21).

Dopaminergic Responsiveness

Dopaminergic responsiveness is not only typical of PD but is one of the best indi-

cators of a good outcome from STN DBS. Charles et al. (22) evaluated 56
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consecutive PD patients three months after undergoing bilateral STN stimulation,

and found that improvement in motor symptoms from levodopa preoperatively

correlated with improvement from stimulation. Among individual motor symp-

toms, responsiveness of rigidity seemed to be the strongest predictor. Welter

et al. (23) studied 41 patients with bilateral STN electrodes placed for PD and

evaluated them postoperatively at six months. They demonstrated that the

lower the preoperative UPDRS motor score in the “on” drug state, the better

the effect from STN stimulation, again confirming that dopaminergic response

is a strong predictor of success from stimulation.

As would be expected, dopaminergic-resistant features are generally unre-

sponsive to STN stimulation. Several long-term studies have shown that axial

symptoms such as speech, gait, and postural instability continue to progress

despite changes in stimulation parameters and improvement of other motor

symptoms (24–27). In addition, Welter et al. (23) demonstrated that the severity

of the axial motor score in the “on” state was predictive of a poor outcome from

DBS. Axial symptoms in PD may be partly due to the progressive development of

nondopaminergic lesions in the brain (28), which may explain why DBS is not

effective for these symptoms. The one exception to the “dopaminergic respon-

siveness” rule is parkinsonian tremor, which may be refractory to anti-PD

medications but responds nicely to stimulation (24–27,29,30).

Thus, it is essential to carefully test dopaminergic responsiveness when

evaluating a patient for DBS surgery. Several DBS centers use a suprathreshold

levodopa challenge dose for this purpose (22,23,27,30). However, assessment of

dopaminergic response can be performed in other ways as well. Two recent

Table 1 Differential Diagnosis of Parkinson’s Disease

Corticobasal degeneration

Dementia with Lewy bodies

Dentatorubral-pallidoluysian atrophy

Drug-induced parkinsonism due to antipsychotics, antiemetics,

or other dopamine blockers

Huntington’s disease

Hydrocephalus

Multiple system atrophy

Neoplasm

Neurodegeneration with brain iron accumulation

Parkinsonism-dementia-ALS complex of Guam

Postinfectious parkinsonism

Post-traumatic parkinsonism

Progressive supranuclear palsy

Spinocerebellar ataxia

Toxins, such as carbon monoxide or manganese poisoning

Vascular parkinsonism

Wilson’s disease
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studies used the patient’s usual dose of anti-parkinsonian medications for preo-

perative motor assessments and found that the preoperative improvement in

UPDRS motor scores with this method also predicted a good response from bilat-

eral STN DBS (31,32). Pinter et al. (33) reported similar results using an apomor-

phine challenge as a predictor of response to STN DBS. This may be a useful

alternative to test patients who for some reason are unable to tolerate levodopa.

The evaluation of dopamine response should begin with an examination

using the UPDRS in the “off” medication state, defined as the condition after a

patient has not received anti-parkinsonian medication for at least 12 hours (7).

The proposed surgical candidate should then be given their challenge dose, and

when the patient has noticed a good response, an examination should be per-

formed using the UPDRS. At the very minimum, acceptable surgical candidates

should have a 33% reduction in their UPDRS scores (8).

When to Consider Surgical Evaluation

Because DBS surgery is not a benign procedure, it should be offered to patients

only when the risk to benefit ratio is favorable. At this point, surgery should be con-

sidered only when PD patients continue to suffer from levodopa motor compli-

cations despite optimal medical management. These complications can include

dyskinesias, wearing off, and on-off phenomena. As DBS has regularly been

shown to be effective in improving these motor complications even as long as

five years after surgery (24,25,34), patients with such advanced disease stand to

benefit most from this procedure. Other situations that may warrant

an evaluation for STN DBS include patients with disabling tremor and PD patients

who are intolerant of anti-parkinsonian medications because of severe nausea or

vomiting. Of course, many patients can delay the need for surgery with adjustments

in their medications, so a concerted effort should be made to alter the timing and

doses of dopaminergic medications before sending patients for surgery. A minority

of patients will choose not to have surgery after medication optimization.

Patients should be tried on maximally tolerated doses of carbidopa/
levodopa, dopamine agonists, and catechol-O-methyltransferase (COMT) inhibi-

tors prior to surgery. Other strategies for medication adjustments include:

1. A trial of amantadine for patients with dyskinesias.

2. Anticholinergics such as trihexyphenidyl or high dose levodopa (up

to 1500 mg/day) for patients with medication refractory tremor.

Clozapine may also be attempted (35).

3. For patients with wearing off between medication doses, switching to

regular release carbidopa/levodopa and shortening intervals between

doses.Apomorphine should beconsidered for patients withsudden “offs.”

4. For dyskinesias and on-off fluctuations, switching to regular release

carbidopa/levodopa, decreasing the dose and moving medication

intervals closer together may help. Low dose dopamine agonists and

COMT inhibitors may also be helpful.

Indications for Subthalamic Nucleus Deep Brain Stimulation Surgery 45



DK7019-Baltuch-ch03_R2_161206

5. For patients with severe nausea, adding extra carbidopa (25–100 mg)

or domperidone (not available in US).

It has been proposed that STN DBS could be potentially neuroprotective,

that is, slow down the progression of PD. The mechanistic theory is that STN

DBS, by suppressing the excitatory glutamatergic outflow of the STN, could

reduce glutamate-mediated excitotoxicity of the substantia nigra (36,37). If this

were true, then patients should obviously be offered DBS at an early stage of

their disease in order to prevent progression. However, while there is consider-

able evidence in the rat model of PD that lesioning the STN protects nigral

cells (38,39), there is no convincing evidence in humans that high frequency

STN DBS is neuroprotective in PD. A recent study demonstrated that PD still

progressed after bilateral STN DBS surgery in 30 patients using 18F-fluorodopa

(F-dopa) positron emission tomography (PET) (40). The striatal uptake of

F-dopa decreased at a rate of 9.5% to 12.9% in this study, a number consistent

with the normal disease progression rate reported in other F-dopa PET studies

(41,42). Thus, there is no justification at this time to send patients for STN

DBS because of possible “neuroprotective” effects. Similarly, there is no

evidence that operating on early PD patients delays or prevents levodopa

motor complications.

Cognitive Criteria

The presence of dementia or significant cognitive impairment is considered a

contraindication for STN DBS. Some centers may use cognitive screening

tools such as the Mini-Mental State Examination (43) or the Mattis Dementia

Rating Scale (44) to exclude patients from surgery. Most DBS centers use

detailed neuropsychological testing and determine the presence of dementia

using DSM-IV criteria, defined as the “development of multiple cognitive deficits

that include memory impairment and at least one of the following cognitive dis-

turbances: aphasia, apraxia, agnosia, or a disturbance in executive functioning.

The cognitive impairments must be sufficiently severe to cause impairment in

occupational and social functioning and represent a decline from a previously

higher level of functioning (45).” The exact neuropsychological tests used may

vary from center to center and are discussed in more detail in chapter 15.

Preoperative screening for dementia is mandatory. Demented patients may

be unable to provide appropriate feedback both intraoperatively and postopera-

tively. This may affect the ability of the surgical team to place the DBS electrode

optimally and would likely interfere with the effectiveness of postoperative pro-

gramming. More importantly, however, cognition in PD patients may worsen

irreversibly after DBS surgery, especially in more elderly patients (46) and

those with preexisting cognitive impairment (12,47,48). Long-term studies in

patients with PD undergoing STN stimulation have shown that cognitive

decline post surgery is not infrequent, ranging from 7% to 22% (24,26,49). In

the study by Funkiewiez et al. (49), the postoperative mental decline was
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thought to be related to the surgical procedure. The timing of the cognitive

decline to surgery is unclear in the other two long-term studies.

The exact changes underlying permanent cognitive deterioration due to

STN DBS are unclear, but may be due to a number of factors. Surgical trauma,

especially with a higher number of electrode passes, is a likely contributor.

Chronic stimulation, by itself, may cause downstream changes in neurotransmit-

ter activity, affecting thinking and memory. The stimulation may spread to adja-

cent structures involved in thought processes. Finally, a reduced cognitive reserve

due to advancing age is possible.

Behavioral Criteria

There are reports of patients becoming severely depressed after DBS surgery, to

the point where some even attempt suicide (24,30,50–52). It is of particular inter-

est that these adverse psychiatric results have been reported more often after

bilateral STN DBS surgery than after pallidotomy or globus pallidus (GPi) stimu-

lation. The reasons for this are unclear. Perhaps the electrical stimulation field

spreads to limbic fibers near the STN and results in depression (53). Some inves-

tigators have argued that these patients have a past psychiatric history that may

predispose them to postsurgical depression (50,54,55). Whatever the underlying

cause, there is not enough data to know which patients pose the greatest risk.

Until we discover which preoperative clinical factors are predictive of postopera-

tive depression, it is reasonable to exclude patients with uncontrolled psychiatric

illness from having DBS surgery.

Another reason to exclude unstable psychiatric patients is that they may

be unable to provide the feedback needed postoperatively in order achieve

optimal results. Furthermore, depression may confound interpretation of

motor symptoms in PD. There is one case report of a woman with medication

refractory depression after STN DBS surgery who needed electroconvulsive

therapy (ECT) (55). Ultimately, ECT was effective for her depression, but

increasing the stimulator parameters did not improve her motor symptoms

until her depression resolved. Depression can also cause significant impairment

of attention, memory, and executive function, resulting in a neuropsychological

evaluation consistent with dementia. Such a “pseudo-dementia” disappears

when the depression is controlled. Thus, if mood is not assessed or improperly

evaluated, it may result in the exclusion of a candidate who might otherwise be

appropriate.

OTHER CONSIDERATIONS

Age

Younger age has been reported to be predictive of a good outcome from DBS

surgery. In general, many surgical centers have been using 70 years of age as a

cutoff, because early studies looking at predictive factors demonstrated that
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patients under age 70 tended to show greater motor improvement than patients

over 70 (22,23). Why younger patients have better DBS motor outcomes is not

entirely clear, but makes some intuitive sense, as older patients have more comor-

bidities and may take longer to recover from surgery. Older patients are also more

likely to have cognitive impairment. Saint-Cyr et al. (46) demonstrated that

patients undergoing STN DBS over the age of 69 were more likely to have cog-

nitive decline postoperatively, even if they did not have signs of dementia on

preoperative neuropsychological testing. Levodopa tends to lose its efficacy

with age—suggested possibilities for this phenomenon include the presence of

increased non-dopaminergic, vascular, or other degenerative lesions in the

brain (56). Since DBS helps only levodopa responsive symptoms in PD, it too

may lose its effectiveness in older patients for similar reasons.

Russmann et al. (57) recently studied the effects of STN DBS in 13 patients

over age 70 and compared their results to 39 patients under the age of 70. Overall,

the patients over age 70 had their levodopa dosages reduced by 49% compared

with a 74% medication reduction in younger patients. In addition, the UPDRS

“off” motor scores postoperatively, were less improved in the older group than

in the younger group. Finally, postoperative gait and postural instability scores

while “on” medication worsened in patients over age 70, while in patients

under 70, they did not change. While these findings support an age-based

cutoff for surgery, the investigators pointed out that their older cohort was not

uniform in their response to DBS. Five of these 13 patients did not require any

dopaminergic medications after surgery. Thus, it appears that a strict age require-

ment for DBS may exclude some good candidates. When looking at possible

differences between these five patients and the eight who had a less robust

response, the patients with better results had better preoperative axial scores

“off” medication.

At this point, potential surgical cases over the age of 70 should be evaluated

on an individual basis. It will be important to identify factors that can predict who

will do well over age 70, although preoperative axial signs may turn out to be a

predictor of outcome in this age group.

General Health

The entire DBS implantation procedure is an arduous and lengthy process. From

the initial surgical planning, to microelectrode recording, to electrode and battery

implantation bilaterally, some patients can be in the operating room for eight

hours or more. The surgery is physically demanding, not only because of the

length of the procedure, but also because patients may be “off” of their routine

PD medications during much of the procedure. Furthermore, patients are

awake for a significant portion of the surgery, and must be able to provide appro-

priate feedback in the operating room. In order to tolerate this procedure, it is

essential that patients be in good general health. The presence of significant

comorbid medical illnesses, such as uncontrolled hypertension or diabetes,
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severe cardiopulmonary disease, or poor renal or hepatic function are relative

contraindications to DBS surgery.

In addition to being in good physical health, patients should also have

strong emotional support from their families or caregivers. The immediate post-

operative period, as the neurologist increases stimulation parameters while sim-

ultaneously decreasing medications, is a time of constant change and can

sometimes be frustrating, especially when patients expect to be better immedi-

ately after surgery. Patients may also need a significant amount of aid, as frequent

visits to the physician or nurse practitioner are often necessary for DBS program-

ming. Some patients and many caregivers will have difficulty coping with the

transition to a more independent and less physically dependent condition.

Family members need to be understanding of the entire experience, and a lack

of support can undermine an otherwise successful outcome.

Expectations of Outcome

Although selection of appropriate candidates is critical to the success of STN

DBS, a surgery may not be considered successful by the patient if their expec-

tations are not met. Therefore, it is important to make certain that patients

have a realistic expectation of the surgical results. The results of the dopamin-

ergic challenge can be a valuable tool in educating patients about the degree of

benefit that can be reasonably expected from surgery. For example, studies

have shown that STN DBS does not improve PD symptoms significantly

beyond their best preoperative “on” condition (24–27). Thus, if the patient

still needs to use an assistive device to ambulate when the medications are

“on,” then surgery will be unlikely to improve their gait. Surgery should not be

offered until the expectations of outcome are clearly understood by the patient.

SCREENING TOOL FOR SURGICAL CANDIDATES

The proper selection of candidates for STN DBS is best accomplished by an

experienced surgical center with a multi-disciplinary team that includes move-

ment disorders neurologists, neurosurgeons, neuropsychologists, neurophysiol-

ogists, psychiatrists, nurse practitioners, and nurses. Nevertheless, while many

PD patients evaluated for DBS surgery qualify for the procedure a significant

proportion do not. General neurologists and general practitioners provide much

of the routine care for PD patients in the United States, and are a major refer-

ral source for potential DBS candidates, yet many are unclear on the inclusion

and exclusion criteria for DBS. A retrospective analysis of 98 PD patients

referred to a single PD center for DBS evaluation found that approximately

30% of the patients evaluated were not suitable candidates for the procedure

(58). The most common cause for exclusion was the presence of cognitive

or psychiatric disorders, while mild symptoms were the second most

common cause.
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Okun et al. (59) specifically developed a screening tool for the evaluation of

DBS candidates that was targeted to aid community practitioners in identifying

the proper PD patients. The resulting questionnaire, entitled the Florida Surgical

Questionnaire for Parkinson’s Disease (FLASQ-PD), has five parts: (i) criteria

for diagnosing idiopathic PD, (ii) potential contraindications to PD surgery,

(iii) general patient characteristics such as age, duration of disease, and frequency

of dyskinesias, (iv) favorable/unfavorable characteristics such as cognitive func-

tion, and (v) medication trial information. This survey can be filled out in a few

minutes, and allows for a simple score that will assess the appropriateness of pur-

suing a full multidisciplinary PD surgical work-up. In general, the best candidates

have a score greater than 25, while patients with scores less than or equal to 15 are

unsuitable for surgery. The FLASQ-PD still needs to be validated prospectively,

but may turn out to be a useful triage tool in the future.

SUMMARY

STN deep brain stimulation is now a safe and effective treatment option for

patients with PD. In order to ensure a successful outcome, however, it is import-

ant to select the appropriate candidates for the procedure. The appropriate surgi-

cal candidate for STN DBS (Table 2) has a diagnosis of idiopathic PD with a clear

and sustained response to levodopa and suffers from complications of chronic

levodopa therapy or has a disabling tremor despite optimal medical management.

Furthermore, the potential candidate should have no dementia or active psychia-

tric issues. Ideally, the patient should also be young (i.e., less than 70 years of

age), although well-selected older patients can also respond favorably. Future

studies are necessary to clearly establish both positive and negative predictive

factors of surgical outcomes. Until that point, however, selection of patients is

best accomplished at experienced surgical centers.
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INTRODUCTION

Preparing the patient with Parkinson’s disease (PD) and their family for deep

brain stimulation (DBS) surgery is both an art and a science. It is imperative

that the patient and his/her family have confidence in the treatment team to

gain successful surgical outcomes and confidence in living with DBS technology.

The surgery itself is only one part in the journey of living with PD technology.

Realistic expectations, education, and interdisciplinary care planning will

provide the patient/family with the knowledge they need in the preoperative,

interoperative, and postoperative stages. This involves teaching the patient

about surgical risks and what to expect before, during, and after surgery. DBS

education and teaching should be considered a process that spans from the first

day of evaluation and continues through to follow-up, after the surgery.

The purpose of this chapter is to guide the reader through the key aspects of

patient education as it relates to DBS surgery for PD. This chapter will provide

the reader with methods to enhance patient/family education. Tables and

figures have been designed to assist the health care provider in preoperative
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and postoperative teaching. The chapter concludes with web-based DBS

resources for health care professionals, patients, and family members.

ASSESSMENT

The previous chapter discussed the method by which to ascertain the appropriate-

ness of a patient as a surgical candidate. The thoughtful selection of candidates to be

referred to the surgical team is essential to good clinical outcomes. Once a patient

presents to the surgical team the assessment for surgical candidacy continues. In the

beginning stages of DBS candidacy, the provider should have a discussion with the

potential candidate and perform a thorough assessment of a patient’s learning

method, decision making style, and knowledge base. Establishing a baseline of

the patients’ education needs is done prior to proceeding with DBS surgery plans.

Assessing a patient’s learning method is the first step. Often health care

providers assume that all patients would like information delivered in a factual

straightforward method. However, adult learners differ in how they process infor-

mation. Learning is mediated by the anxiety of anticipating the DBS procedure.

Assessing the patient for anxiety and learning needs can be difficult under this

emotionally changed situation. Next, assess the patient’s decision making

style. Ask the patient, “Who helps you make decision about your health care?”

This question is the key to involving an identified health care proxy in the

DBS education process. Thus, there will be a third party who will receive edu-

cation on the procedure and can clarify information for the patient. Assess the

level of knowledge regarding PD and the expectation of surgical procedure.

Patients should be able to describe that the surgery will provide them with

their “best on” time and that DBS surgery is a treatment for PD, much like medi-

cation has been a treatment. Furthermore, the patient/family should articulate

that DBS surgery is not a cure for PD. Patients and their families often view the

DBS surgical procedure as the answer to their prayers. Educating a patient/
family is essential in preparing the patient/family for realistic expectations for

DBS surgery.

Psychosocial Assessment

The successful DBS candidate has an intact psychosocial support system. The

ability of the patient to be supported emotionally, spiritually, and physically

through the DBS procedure is essential. Throughout this text we will use the

term family to describe the support system for the patient. Family care can be

defined as “anyone who shows up when illness strikes . . . and stays on to help” (1).

Education Procedure: Preoperative

The patient/family should be educated in the process of preoperative assessment.

The assessment may take several weeks to complete and the patient/family may

be anxious and voice concerns regarding “failing” the evaluation. Educating the
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patient/family in the need for thorough evaluation will diminish their apprehension.

The patient/family should understand that DBS surgery is not appropriate for every

patient and good clinical outcomes are predicted by careful preoperative assessment

(2). Keeping in mind that patients who do not meet the criteria for DBS surgery

often express feelings of disappointment and anger at being denied the procedure.

Patients and families should be given the opportunity to discuss their feelings and

maintain hope in living with a chronic progressive neurologic disease.

The patients sent for preoperative assessment have been selected by criteria

presented in chapter 3. In summary the neurologist has evaluated the patient by

confirmation of the diagnosis of idiopathic PD, degree of disability, optimization

of pharmacological therapeutics, cognitive status, surgical risk, medical stability,

and age. The preoperative testing further deduces the projected efficacy of DBS

technology through diagnostic, psychological, motor testing, and diary reporting.

On/Off Motor Testing

The most significant test of efficacy for treatment of motor symptoms by DBS

surgery is “on/off” motor testing. The patient will be well served through education

on this procedure. The primary goal of motor testing is to objectively observe the

patient in the “off” medication state and in the “on” medication state (2).

The procedure for on/off testing is as follows. The patient is instructed to

withhold dopaminergic medications for up to 12 hours. The patient typically

takes the last dose of dopaminergic medication at 8 PM and plans to arrive at

the clinic for an 8 AM appointment. Some patients are not able to comply with

this request related to akinesia in the “off” state. Assessing the patients’ ability

to tolerate an “off” state examination and evaluating the families’ ability to trans-

port a PD patient in the “off” state is important. If this request is unduly a burden

on the patient and family, the medication evaluation may be modified or omitted.

Once the patient arrives to the clinic in the “off” state, he/she will be rated

for motor function as defined by section III of the Unified Parkinson’s disease

rating scale (UPDRS). After “off” testing is performed, the patient is instructed

to take his/her usual dopaminergic medications and wait until he/she feels in a

good “on” state. Then the motor testing is repeated for comparison. The on/off

scores should demonstrate a 30% improvement from “off” to “on” state to

consider the patient for DBS surgery (3).

Efficacy of DBS surgery in PD is predicted by good motor functioning in

the “on” state. The presence of dyskinesias in the “on” state should not be a

concern, as dyskinesias are a side effect of dopaminergic therapeutics. Educating

the patient that dyskinesias often resolve after surgery, as the stimulation is opti-

mized and PD medications are reduced, is helpful in their establishing realistic

expectations. Several clinicians have reported the value of videotaping patient

during the preoperative on/off testing. The videotapes are beneficial in educating

the patient/family in the postoperative period to demonstrate the efficacy of the

procedure (4,5).
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Motor Diary

The goal of the motor diary is to have 48 hours of recorded on/off and dyskinetic

activity for the patient. Educating the patient/family in the completion of the

motor diary can improve the collection of accurate objective data. Patients are

instructed by a training video on the diary completion (4).

The patient will be instructed to complete 24-hour diaries, which are divided

into 30-minute time slots. Thus the patient will record measures of percentage of

(i) “on” time, (ii) “off” time, and (iii) “on” time with troublesome dyskinesias.

Each measure should be explained to the patient. The general rule is to historically

report four hours of “off” time and/or four hours of disabling dyskinesia within a

24-hour period to be eligible for DBS surgery. The diaries are also helpful in deter-

mining if current dopaminergic therapeutics has been optimized (5).

Neuropsychiatric Testing

Baseline cognitive functioning is critical in determining the capacity of the

patient to benefit from DBS technology. Patients/families should be educated

that this extensive testing is lengthy and can take up to four hours to complete.

This testing provides the patent/family/team with a baseline measure of cogni-

tive function. The ability of the patient to reason, concentrate, and interpret

abstract concepts will guide the treatment team in determining the viability of

DBS surgery. Furthermore, neuropsychological testing performed at follow-up

visit with help determines effects of DBS on cognition (6).

Medical Clearance

The patient should be medically cleared for the surgical procedure. Typically

medical clearance is provided by internal medicine. Patients should have optimized

treatment for other medical conditions prior to the surgery to prevent decompensa-

tion postoperatively. Patients with comorbid conditions should receive additional

clearance to determine risk of surgery and anesthesia. A noncontrast MRI of the

brain should be completed and reviewed, prior to surgery, to assess for anomalies,

which would be a contraindication to DBS surgery.

History

A careful history of medications, allergies, and medical problems will help guide

the team in preoperative and postoperative care.

Medication History

A thorough history of all over the counter, herbal, and prescription medications

should be recorded. Patients should be screened for substances that prolong

coagulation. Many common medications, vitamins, and herbals can result in

increased clotting time.
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Allergies

A careful record of allergies is essential in preventing complications. Often

patients will minimize allergic experiences and not discuss them with the treat-

ment team. Specific questions should be asked regarding allergic reactions to

betadine, antibiotics, tape, and latex. Medical records should be flagged with

identified allergies.

History of Comorbid Conditions

PD is a complex disease with both motor and nonmotor symptoms. Anxiety is a

common nonmotor symptom of PD and many patients are prescribed antianxiety

agents (7). Alerting the surgical team to the need for anxiety management in the

surgical suite can assist in providing comfort for the patient during a long surgical

day. Pain is reported in 50% of patients with PD and may improve with DBS

surgery. Evaluation of pain and pain management during the operative day

will enhance the comfort of the patients and improve recovery (8).

Advanced Directives

Advanced directives are standard for a patient who is preparing to have major

surgery. An advanced directive is a process of planning for health care. The

two documents to be prepared by the patient, prior to surgery, include the

Durable Power of Attorney for Health Care (DPAHC) and the living will. The

DPAHC is essential because the patient identifies a health-care proxy to speak

for them in the event that they cannot communicate any health care desires

(9). The DPAHC and living will should be entered in the medical record and

should be reviewed with the patient prior to surgery. Guidelines and paperwork

for the DPAHC and living will can be found on the World Wide Web.

EDUCATION OF DEEP BRAIN STIMULATION MODEL EQUIPMENT

The internal equipment shown in Figure 1 is reviewed with the patient. If a model of

equipment is available, allow the patient to see the lead wires, connection wires, and

the neurostimulator. The location of the dual channel neurostimulator should be dis-

cussed with the patient/family and the neurosurgeon. The neurostimulator is

usually placed in the upper chest on the right side, in an effort to preserve the left

side for a cardiac pacemaker, should one be necessary. However, this may not be

the ideal location for all patients. Special consideration may be taken to place the

neurostimulator elsewhere, dependent on the patients’ life style and activities.

Preserving Self-Image

As DBS surgery is a treatment to improve quality of life, preserving a patient’s

body image is paramount. Surgical scars and skull changes relating to the place-

ment of hardware should be reviewed. On top of the head, the patient will typi-

cally have two bilaterally placed scars and two quarter sized bumps that protrude
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from the normal shaped skull. The patient will have a scar about three inches

across where the neurostimulator is placed and an inch long scar behind the

ear, from the connection wire. The use of a wig or hats may be discussed if

the patient is uncomfortable with the scars shown on the head. The skin over

the connection wire can be irritated if rubbed by the glasses. The placement

of the glasses against the skin should be assessed in order to prevent skin break-

down behind the ear.

Risk of Infection

Teaching the patient about the risk of infection is important for prevention and

early identification. Infection can occur up to 12 months post surgery (10). If

the infection is identified immediately, it is possible to treat with antibiotics

and avoid removal of hardware. In general, if the infection migrates to the hard-

ware, it may be necessary to remove the equipment (10). The neurosurgeon will

evaluate the extent of equipment removal. If the device has been removed due to

infection, it is possible to reschedule the patient for DBS after the infection has

resolved (11).

Skin Preparation

To reduce the occurrence of infection patients can prepare the skin for surgery

using a surgical scrub, such as dynahex. The patient/family should be instructed

Figure 1 Deep brain stimulation (DBS) Medtronic model. Source: Courtesy of Medtronic.
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to use the surgical scrub on the top of the head and around the area identified for

implantation of the neurostimulator, for three days prior to surgery. Patients should

avoid contact of the surgical scrub solution around the eyes. Shaving the head prior

to surgery is discouraged, as there is not evidence to suggest that infections are

reduced (10). However, the patient may choose a short hair cut prior to DBS

surgery to assist in managing the care of the incisions in the postoperative stage.

Complications of Surgery

The complications associated with the surgery are listed in a Table subsequently.

These include infection, intracranial hemorrhage (ICH), stroke, deep vein throm-

bosis (DVT), cardiac complications, anesthesia complication, seizures, and

others (Table 1). These risks should be given considerable thought, as some com-

plications can cause permanent damage. The patient/family should weigh these

complications against the potential benefits. The patient should form an advanced

directive before undergoing surgery (11).

Day of Surgery

Patients typically arrive for surgery early in the morning on the day of surgery.

Orders have been given to the patient/family regarding nothing by mouth (NPO)

status and what medications they may take with a sip of water prior to arriving at

the hospital. Patients will be off Parkinson’s medications for the surgical day. The

rationale for being “off” medications is two-fold: (i) Dyskinesias can interfere

Table 1 Risks/Complications of Surgery

Infection—may result in device explantation

Pulmonary embolism, DVT

Subcortical hemorrhage

Stroke—loss of vision, weakness, paralysis, dysphagia, aphasia, and sensation loss

Seizure

Cerebrospinal fluid leak

Skin erosion

Memory loss or confusion

Personality change

Coma

Death

Anesthesia complications

Pneumonia

Heart attack

Pneumocephalus

Note: As with any major surgery, there is a risk of complications. Likelihood of complications is less

than 10%, very serious complications is 3% to 4%.

Abbreviation: DVT, deep vein thrombosis.
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with keeping the patient positioned correctly during the preparation for surgery and

(ii) testing of the stimulator interoperatively should be done without influence of

medications (see chap. 6). The patient should consult with neurosurgery regarding

instructions for non-PD medications that are currently prescribed. Likewise, patients

should be educated in the rare adverse reaction of neuroleptic malignant syndrome

(NMS) related to holding dopaminergic medications (22). The symptoms of NMS

include hyperthermia, severe muscle rigidity, change in loss of consciousness

(LOC) status, tachycardia, diaphoresis, incontinence, and elevation of creatine

kinase levels (12). Patients should be aware that this is a risk, and the development

of these and other related symptoms should be treated as a medical emergency.

Inter-Op Education

During the surgery, the patient will be an active participant in assessing the efficacy

of the DBS technology. The patient will be sedated during the drilling of the burr

holes, but will be awake during the targeting of the subthalamic nucleus (STN) and

positioning of the lead wires. In the operating room the patient may have the oppor-

tunity to hear the neurons fire and may be asked to perform motor tasks to assess

PD-symptom response to lead placement. The purpose of evaluating motor tasks

during surgery is to ensure optimal benefit of the lead positioning. The patient

will be under general anesthetic for tunneling the connection wire and neurostimu-

lator placement. Preparing the patient for this unique surgery is essential, as the

patient will be able to contribute as an observer and participant. Patients will

report hearing and sometimes feel the drilling of the burr hole. Remembering

that the patient is awake for much of this surgical procedure is important, as

they will be able to recall conversations heard in the operating room.

Having the surgery team aware of the patient’s medical and surgical history

can ensure that medications are managed appropriately in the operating room and

postoperatively. The patient will be assessed for comfort and considered for anti-

anxiety medications in the operating room. Keeping blood pressure managed is

imperative in stabilizing intracranial pressure (Chap. 9).

Post-Op Teaching

Wound Care

Care of surgical wounds and prevention of infection is reviewed with the

patient for care at home. Incisions should be kept clean and dry for the first

week following surgery. Sutures and staples are typically removed seven to 10

days post-op. Swelling and bruising around the eyes, behind the ear, and

around the neurostimulator is expected.

Headache

Headaches post-op are normal for post-op days and can last a week. The headaches

should respond to acetaminophen. If acetaminophen does not relieve the headache,

the patient/ family should be instructed on how to contact the treatment team.
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Pulmonary Embolism

With neurosurgery, there is a risk reported, up to 25%, of patients of post-op deep

vein thrombosis potentially leading to a pulmonary embolism (13). In an article

reviewing methods of prevention of DVTs, mechanical prophylaxis is the

best method, as heparin has the risk of causing postoperative intracranial hemor-

rhage (14).

Post-Lesioning Effect

Educating the patient/family in the phenomenon of post-lesioning effect is

important in the preoperative phase. The post-lesioning effect may dramatically

improve functioning after surgery and is a good indication of overall surgical

outcome. Patients should understand post-lesioning effect can last seven days

or longer and the return of PD symptoms, in the immediate postoperative

phase is not an indication of poor surgical outcome (2). Although one goal of

DBS surgery is to reduce the need for anti-Parkinson medications, the patient

should be educated in the combination role of pharmaconetics with DBS

therapy. Medications will continue to be part of the treatment strategy after

surgery. Optimization of the combination of the DBS device and PD medications

may take three to six months post surgery. This involves adjusting the setting of

the device and reducing medications as necessary (15).

Activities of Daily Living

The recovery period varies depending on patient’s response. General guidelines

are listed in Table 2.

Weight Gain

Symptoms, such as dyskinesias, tremor, and rigidity may improve post surgery,

decreasing caloric expenditure (16). Informing the patient of this risk, and dis-

cussing an exercise plan and diet modifications is appropriate presurgery.

Table 2 Guideline for Recovery/Activity

Precaution Guideline

Lifting precautions Nothing heavier than a gallon of milk for one month

Sexual relations As tolerated

Driving No driving for one month—reassess at one month

Working/employment As tolerated

Shower/bathing Hand held shower head may be useful to shower, careful to

keep incisions dry. No cream rinses

Sun exposure Wear a loose hat or head covering in the sun

Bowel habits Increase fiber in diet, stool softener, no straining with bowel

movements
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Length of hospital stay depends on the patient status and surgery compli-

cations. On average, patients can anticipate a two to five day admission (see

chap. 10). Post-op patients are not permitted to drive home from the hospital

and should arrange an alternative method of transportation.

Assessment of Gait

It is important for the patient to realize that freezing of gait problems and falling will

not generally improve with DBS surgery. If the symptoms did not respond to dopa-

minergic medication presurgery, there is no expectation that gait disturbances will

improve post surgery. Physical-therapy referral is encouraged after surgery to

retrain muscles, to teach normal gait mechanics, and strengthen muscles (15).

LONG-TERM STIMULATION MANAGEMENT:
PATIENT EXPECTATIONS

The following section focuses on preparing the patient/family for expectations of

living with PD after DBS surgery. By discussing this information with the

patient/family in the preoperative stage, they will gain additional knowledge

to prepare them for living successfully with DBS technology.

Food and Drug Administration MRI Warning (Table 3)

The Food and Drug Administration (FDA) has issued a warning regarding MRI

interfering with DBS systems. An MRI scan is performed after DBS surgery is

Table 3 FDA/MRI Warning

FDA Medtronic

FDA public health notice recommends

that physicians “explain to the patient

what MRI procedures are and stress

that they must consult with the

monitoring physician before having

any MRI exam to find out whether it

can be performed safely.”

MRI systems generate powerful

electromagnetic fields that can produce a

number of interactions with implanted

components of the active neurostimulation

system. Some of these interactions,

especially heating are potentially hazardous

and can lead to serious injury or death.

Implantation of the active brain stimulation

system is contraindicated for patients who

will be exposed to MRI using full body

transmit radio frequency coil a receive-only

head coil or a head transmit coil that extends

over the chest area.

Abbreviation: FDA, Food and Drug Administration.

Source: Courtesy of the FDA and Medtronics.
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completed to assess lead placement and to rule out complications of surgery.

This MRI is completed with a head coil, 1.5 Teslar MRI unit and the neurostimu-

lator turned off and voltage set to zero. This is the only type of MRI procedure

permitted post implantation. Patients should carry an FDA warning card and

an ID card from the vendor of the device, wear a medic alert bracelet and tell

health care providers about MRI precautions, in order to ensure compliance (17).

Diathermy Warning (Table 4)

Diathermy (the use of heat therapy) is contraindicated after surgery. Commonly,

diathermy is used in dentistry, but can be used for other therapies. There is a

serious risk that the diathermy therapy can produce heat, traveling up the connec-

tion wire and into the brain, resulting in destruction of brain tissue and possible

death (18).

Emergency Cardiac Care (Table 5)

Automatic defibrillation has the potential to interfere with a DBS system causing

dysfunction of the system and serious damage to the patient. If a cardiac arrest

occurs and if time permits, the patient should be defibrillated using posterior-

anterior positioning of cardiac pads (19). The use of a medic alert bracelet

should be used as a tool to alert other health care providers about the DBS

system. Patients should follow-up with their neurologist regarding cardioversion

to evaluate the function of the neurostimulator system (20).

Table 4 Diathermy Warning

Diathermy definition Contraindication

Diathermy is the use of high frequency

electrical current to generate heat

within some part of the body for

therapeutic indications. Energy from

diathermy can be transferred

throughout your implanted system,

can cause tissue damage and can

result in severe injury or death.

Shortwave diathermy, microwave

diathermy, or therapeutic ultrasound

diathermy (referred to as diathermy) is

contraindicated with an implanted

neurostimulation system. Injury can

occur during diathermy treatment

whether the neurostimulator system is

turned on/off.

Table 5 Emergency Cardiac Warning

Damage to pulse generators may be caused by external defibrillation. In the

event of a cardiac event:

Adjust the voltage to zero and turn the device off if possible

Place defibrillator pads at least two inches away from device

Use anterior-posterior positioning of cardiac pads
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Initial Programming

The timing of the initial programming session varies with the practice of each

treatment team. Interoperatively, the neurosurgical team may have tested for effi-

cacy of electrode placement and determined the contacts to be used in initial pro-

gramming. This information can be helpful to the programmer in configuration of

the electrodes for symptom management. Some teams choose to program

immediately postoperatively with low voltage and others choose to delay pro-

gramming until the postoperative lesioning effect has resolved (15).

The patient/family should be familiar with the staff assigned to program-

ming the neurostimulator and be assured that the treatment team will be

working collaboratively to optimize symptom control, and utilizing both DBS

technology and traditional pharmacotherapy. Providing the patient with written

instruction for programming sessions is helpful in setting the stage for their

role in the treatment team (Table 6 programming).

The commitment to the long-term management of DBS technology should

be discussed. The patient/family should receive information on the need for a

long-term relationship with a health professional, skilled at programming the

neurostimulator. Appointments for programming may be frequent in the first

six months for programming and medication changes. Later, appointments may

be scheduled as routine office visits in the years to follow. Although, there is

some debate about the effects of DBS on the progression of PD, it is important

to remind the patient/family that there is no present evidence to suggest that

DBS arrests the progression of PD. Stimulation parameters will be adjusted for

disease progression, just as medications have been adjusted prior to surgery.

Life span of the Kinetra neurostimulator is two to five years. The timing of

neurostimulator replacement is dependent on parameters set by the programmer.

At each programming session, the patient should be advised on the status of the

Table 6 Patient Education for Programming Sessions

The patient is an important member of the treatment team. The following guidelines are

designed to assist the patient in being prepared for programming sessions.

Write down questions ahead of time to ask your heath care provider at the programming

session.

Bring a list of all medications. Please include prescription medications, over the counter

medications, herbals, vitamins, and supplements. Include the dose and what time you

take the medications.

Get a good nights rest and eat before coming to the programming session.

Make a list of your most troublesome symptoms.

Call your health care provider before the initial programming session to ask if you should

be “on” or “off” medications.

Allocate sufficient time to be at the programming session. Ask your provider for length

of visit.
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neurostimulator battery and the projected life. Thus loss of efficacy can be

avoided with a planned outpatient surgical procedure to replace the neurostimu-

lator in a timely manner before it becomes depleted.

The advances in DBS technology have led to the development of hand-held

devices to assist the patient/family in stimulation management. In preoperative

teaching the patient/family will benefit from an understanding of the hand-

held device, which will be issued postoperatively. The hand-held technology

available to the patient will be determined by the choice of equipment implanted

by the neurosurgeon. For example, the Kinetra neurostimulator, manufactured by

Medtronic, has a companion hand-held device that gives the patient the opportu-

nity to adjust neurostimulator parameters: voltage, pulse width, and frequency

(Fig. 2). The device has a lighted coding system to perform a system check on

the neurostimulator. The hand-held devices are a remarkable addition in mana-

ging Parkinson’s symptoms in the community, thus reducing unnecessary

office visits and promoting patient independence in self care. However, as with

PD medications, the patient/family should execute adjustments following

specific guidelines discussed with their health care provider. Each hand-held

device is accompanied by an instruction booklet, for patients.

Patient/families frequently have questions regarding environmental inter-

ference with DBS equipment. The most beneficial source of information on

this topic is the Medtronic web site. This web site provides the patient/family

with current information on commonly asked questions regarding living with

DBS technology. The web site includes a patient manual, which explains how

the DBS system works, tips for caregivers, risks, benefits, troubleshooting, and

electrical interference. A table is provided in the Medtronic patient manual,

which identifies common equipment and procedures that may produce electrical

interference with the neurostimulator (Table 7).

Figure 2 Neurostimulator and hand-held patient

programmer. Source: Courtesy of Medtronic.
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The most frequently asked questions from patients/families involve

routine medical procedures such as electrocardiogram (EKGs) and dental

work. Neurostimulators may cause electrical artifact with some portable

EKG monitors. The interference is greater in patients with bilateral neurosti-

mulator implants. The procedure for decreasing the interference with the

EKG machine is to turn the neurostimulator off with the hand-held device.

The hand-held device should be used to turn the device on after the pro-

cedure is completed. Routine dental work can be performed with the use

of prophylactic antibiotics prior to dental procedures (21).

With rapidly changing technology, the World Wide Web has become a

valuable resource for patient education. The Medtronic Company maintains an

up-to-date website with information for patients and health professional.

Through the Medtronic portal, the patient can read the section on commonly

asked questions and locate health care professionals qualified to program neuro-

stimulators. Rewired for Life is a nonprofit organization, which maintains a

website for patients/families who are interested in information on DBS.
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INTRODUCTION

With 3000 deep brain stimulation procedures performed annually in the United

States alone, technique for the procedure will clearly have some variability.

In this chapter, we will describe our technique using the Leksell frame and

Medtronics Stealth Station image guidance systems for implantation of unilateral

or bilateral subthalamic deep brain stimulator leads. We will also describe how

we perform placement and connection of the internal pulse generator. This pro-

tocol can be adapted for use with other frames and systems.

PREOPERATIVE PREPARATION

Patients are instructed not to take aspirin, plavix, coumadin, or other hemolytic

agents for an appropriate interval prior to the surgery in order to ensure normal

coagulation during the perioperative period. Parkinsonian medications are

discontinued either the night prior or the morning of surgery depending on the
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severity and quality of the patient’s symptoms. Other medications, and in particu-

lar those for blood pressure, are administered the morning of the surgery.

Due to the risk of thrombo-embolic event in the perioperative period (1,2),

we administer 5000 units of subcutaneous heparin and place TED hose (Tyco

Healthcare, Mansfried, Massachusetts, U.S.A.) upon admission to the hospital

on the day of surgery, which is approximately one hour prior to frame placement.

Intravenous lines are placed and perioperative antibiotics are administered prior

to entering the operating room.

LEKSELL FRAME FIXATION

In the operating room, viscous lidocaine saturated cotton is used to anesthetize the

ear canal, while telemetry, pulse oximetry, and cuff blood pressure monitoring

devices are placed. The preassembled Leksell G-frame (Elekta Instruments, Atlanta,

Georgia, U.S.A.) is then temporarily held with ear bars to the patient’s head under

conscious sedation using propofol with the patient in the sitting position propped

with pillows. The tilt of the Leksell frame is parallel to the lateral canthal-meatal

line, which is itself parallel to the anterior commissure-posterior commissure

(AC-PC) line. The scalp areas for the four pin sites are cleansed with topical

alcohol and infiltrated with lidocaine/marcaine. The frame is then fixed via four

sharp pins at these sites and the temporary ear bars are removed. Ideal frame place-

ment centered at the midline and parallel to the canthal-meatal line will result in no

pitch (up/down), roll (tilt), or yaw (turning right or left) displacement. The magnetic

resonance imaging (MRI) localizer is attached to the frame and the patient is taken

for MRI with telemetry monitoring after placement of a Foley catheter.

MAGNETIC RESONANCE IMAGING

Imaging for targeting is performed using a 1.5 Tesla MRI unit (Signa, General

Electric) (3). The optimal modes for visualization of target anatomy are the

fast spin echo inversion recovery and the standard T2 weighted sequences. If

the surgeon additionally wishes to make a three-dimensional model of the

cortex showing surface vessels, as seen in Figure 1, for planning of the coronal

burr hole entry point, then gadolinium-enhanced images should also be obtained.

Sagittal images are obtained first, to identify the AC-PC line. The scan

angle is then set such that axial images are obtained parallel to the AC-PC

line, and coronal images are obtained orthogonal to it. Details of the scanning

parameters are given in Table 1.

TARGETING VIA INDIRECT LOCALIZATION ACCORDING
TO THE SCHALTENBRAND ATLAS

First, the anterior commissure and posterior commissure are identified and the

distance between the two points is measured. This intercommisural length

should approximate 24 to 30 mm.
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Next, we determine the frame coordinates of the anterior and posterior

commissure. Beginning with an axial section parallel to the AC-PC line superior

to the level of the subthalalmic nucleus (STN), straight crosshairs are drawn from

the corners of the Leksell frame to establish the midpoint of the frame, as seen in

Figure 2. In an ideal scenario, the frame is perfectly centered on the head, but

more often small allowances have to be made. By convention, the center of the

Leksell frame is designated with coordinates 100, 100, 100 in the X, Y, and Z

planes. X increases in value to the left, Y increases in value moving anterior,

and Z increases in value moving inferior. The anterior and posterior commissure

can then be assigned values by measuring their distance from the center of the

frame. For example, if the frame is off center by two millimeters to the left,

which means the AC-PC line is 2 mm to the right, then the resulting X for

Figure 1 In the lower right quadrant, a gadolinum-enhanced reconstruction of the cortex

is shown. Appropriate thresholding allows visualization of the superficial veins, aiding

proper placement of the burr hole. (See color insert.)
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both AC and PC will be 102 (Fig. 2). The difference between the Y values

from AC to PC by definition must equal the intercommissural length. For

example, if the intercommissural length is 28 mm, and AC is at a Y of 116,

PC should be measured at a Y of 88. The Z distance is obtained by adding

40 mm to the average of the height of the section measured at the frame on

each side (Fig. 2).

The midcommissural point is the point at the center of the AC-PC line. The

STN should be located 12 mm lateral, 2 mm posterior, and 5 mm inferior to this

point. As an example, if the X for AC and PC is 99, the target STN X on the left

would be 111 and for the right STN X would be 87. Occasionally, in a smaller or

more scaphocephalic head we will adjust the lateral distance to 11 mm, and in a

larger head we will adjust to 13 mm laterally. Target STN Y can be obtained

either by averaging the AC and PC Y values then subtracting 2, or by adding

half the intercommissural distance minus 2 to the PC Y value. For example, if

AC Y is 116 and PC Y is 88, then STN target Y is 100. The STN Z value is

obtained by adding 5 to an average of the AC and PC Z values. If for example,

Table 1 Magnetic Resonance Imaging Parameters for Preoperative Localization

of the Subthalamic Nucleus

Sequence Scan timing Scanning range Acquisition timing

Sagittal T1 TE ¼ 23 FOV ¼ 27 Freq ¼ 256

TR ¼ 34 Sl-Th ¼ 4 Phase ¼ 192

ETL ¼ 2 NEX ¼ 2

RBW ¼ 15.63

Oblique inversion recovery TE ¼ 30 FOV ¼ 27 Freq ¼ 256

TR ¼ 4000 Sl-Th ¼ 2.0 Phase ¼ 192

TI ¼ 180 NEX ¼ 2

ETL ¼ 18

RBW ¼ 15.63

Axial T2 TE ¼ 90 FOV ¼ 27 Freq ¼ 256

TR ¼ 3000 Sl-Th ¼ 2.5 Phase ¼ 224

ETL ¼ 7 NEX ¼ 2

RBW ¼ 15.63

Coronal T2 TE ¼ 130 FOV ¼ 27 Freq ¼ 256

TR ¼ 2500 Sl-Th ¼ 2.5 Phase ¼ 224

ETL ¼ 14 NEX ¼ 3

RBW ¼ 15.63

Post gadolinium T1 TE ¼ 23 FOV ¼ 27 Freq ¼ 256

Flip ¼ 10 Sl-Th ¼ 1.3 Phase ¼ 256

RBW ¼ 31.25 NEX ¼ 2

Abbreviations: ETL, echo train length; FOV, field of view; Freq, frequency; NEX, number of excitations;

RBW, receiver band width; Sl-Th, slice thickness (in mm); TE, echo time; TR, time to repetition.
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the AC and PC Z values are both 92 (and hence the midcommissural point has a Z

of 92), then the target Z value will be 97 mm.

TARGETING VIA DIRECT LOCALIZATION ON THE MRI SCAN

The principle behind direct targeting is that a straight line drawn through the

anterior margin of the red nucleus will bisect the STN as shown in Figure 3.

Also, a line drawn through the middle of the red nucleus will lie at the

posterior edge of the STN.

Direct targeting is not used to calculate the target STN X value, since this is

calculated to be 12 mm from the midline. Direct localization to calculate the

target STN Y and Z values can be performed on both the axial and coronal

MRI. Crosshairs are drawn to identify the center of the frame. A straight line

is then drawn through the anterior margin of the red nucleus and the distance

from the center of the frame to the straight line is measured to obtain the

target Y value. The Z value is obtained by measuring the height at the sides of

the frame, and averaging these two values and adding 340 mm to obtain the

height in the center.

Figure 2 AC and PC coordinates are obtained via manual targeting at the magnetic

resonance imaging console. The intersection of the cross hairs indicates the center location

of the frame. Lateral, anterior–posterior and superior–inferior offsets are measured as

outlined in the text.
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TARGETING WITH THE STEALTH

The coordinates for the STN target can also be obtained with FrameLink

Software for the Medtronic (Minneapolis, Minnesota, U.S.A.) Stealth-Navigation

System. The MRI is uploaded into the Stealth Station computer and the coordi-

nates of the stereotactic frame, anterior commissure, and posterior commissure

are registered. The computer then calculates the coordinates of the bilateral

STN targets in the X, Y, and Z planes.

We generally use a point on the coronal suture at the mid-pupillary line as

our entry point. This provisional entry point is marked on the MRI image so that a

simulated trajectory can be visualized going through the cortex on the MRI scan.

We use a three-dimensional reconstruction of the cortex and its overlying veins to

avoid placing our entry point directly on top of a large vein (Fig. 1). The azimuth

(medial–lateral) and declimation (anterior–posterior) angles for the entry point

to the target are then calculated by the computer and manually adjusted as

needed. In an ideal simulated trajectory, the electrode traverses gyri rather than

sulci en route to the target to minimize the risk of local hemorrhage. In patients

with large ventricles, the simulated trajectory will almost invariably traverse the

ventricle. We attempt to minimize the loss of cerebrospinal fluid (CSF) during the

Figure 3 A tangent drawn at the anterior border of the red nuclei intersects subthalamic

nucleus (STN) and permits an independent assessment of the anterior–posterior as well as

superior–inferior coordinates of STN.
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operation to prevent ventricular collapse and brain shift via placement of gelfoam

over the entry point. We do not generally move the burr hole laterally to avoid

the ventricle.

The Stealth system software can also superimpose a digitized

Schaltenbrand and Wahren Atlas image on the MRI scan from the patient, as

shown in Figure 4. This superimposed image can be used as a framework to

assess the accuracy of the Stealth coordinates.

The coordinates obtained through indirect, direct, and Stealth guided

methods are then compared. Some evidence suggests that targeting based on the

red nucleus is most reliable for STN localization (4,5), so we tend to weigh the

direct localization data most heavily in determining the optimal target coordinates.

PLACEMENT OF THE GUIDING CANNULA

Upon return from MRI to the operating room the patient is positioned supine with

the head slightly flexed and fixed with a frame adapter in the Mayfield head-

holder. Mild propofol sedation may be administered for patient comfort and

Figure 4 A typical overlay of the Schaltenbrandt and Wahren atlas on a T2 weighted

axial magnetic resonance imaging scan on Framelink. Subthalamic and the red nuclei

are clearly visible allowing for direct targeting parameters.
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oxygen is given by nasal cannula. Additional lidocaine/marcaine is injected into

each of the four pin sites to prevent pain during the duration of the operation. We

do not generally shave any hair at the incision sites as this has not been demon-

strated to decrease infection rates (6,7). Surgical lubricant and combs are used to

create hair partings at the suture lines prior to sterile preparation and draping. The

stereotactic arc is set according to the X, Y, and Z coordinates and attached to the

Leksell frame. Round target markers (cross hairs) for fluoroscopic visualization

are attached to the arc and the fluoroscope is draped and checked for optimal

positioning to obtain a true lateral head image with the center of the target at

the STN target.

Sagittal linear skin incisions are made extending approximately 3 to 4 cm

anterior and 1 to 2 cm posterior to the coronal suture after infiltration with lido-

caine. A 14 mm diameter burr hole is made with a perforating drill, just anterior

to the coronal suture at the site recommended by Stealth planning. The silastic

burr hole ring from the Medtronic lead kit (DBS lead 3389) that will ultimately

be used for immobilizing the lead is applied to the burr hole to ensure secure fit,

and then removed. If the ring does not fit, as is occasionally the case for patients

with very thin skulls, a small cutting burr on a drill is used to expand the inner

table until the ring is found to have a snug fit in the burr hole. The dura is cauter-

ized and opened sharply and the underlying pia is also cauterized. The needle

guide is brought into alignment with the pial opening and the actual azimuth

and declimation angles of approach are obtained from the arc and entered on

the Stealth Station computer. The simulated trajectory is then obtained from

the Stealth Station and again confirmed to avoid traversing sulcal vessels.

When the procedure is to be performed bilaterally, we make both incisions

and burr holes, prior to opening to the dura on the first side, to avoid loss of CSF.

The guiding cannula with its stylet is then inserted into the brain slowly and

gently until 15 mm above the target as confirmed with fluoroscopy. The stylet is

removed and the recording microelectrode is inserted and attached to its drive.

After the burr holes are completed, all propofol sedation is stopped and the

patient is slowly wakes up. By the time microelectrode recordings are initiated,

the patient will be able to speak clearly and follow basic instructions throughout

recording and intraoperative macrostimulation. During the microelectrode

recording period all electronic equipment that can interfere with the recording

signal is turned off or is unplugged. These include the operating and room

lights, Bovie, bipolar machines, the sequential compression devices, and even

the operating room table itself. The suction is also shut off to minimize noise

contamination of the acoustic recording signal.

MICROELECTRODE RECORDING

Anatomical localization based on the MRI scan pinpoints the STN target within a

few millimeters, and microelectrode recording further increases the accuracy to

enable placement of the DBS lead at the center of the STN. The microelectrodes
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we utilize have a tungsten tip diameter of approximately 10 microns and

impedance of 1 MV at 1000 Hz (FHC Inc. Bowdoinham, ME.) At 15 mm

above the STN target we begin recording. As the microelectrode is advanced

in 0.1 mm increments, filtered action potentials generate a signal displayed on

a screen, which is also fed to an audio amplifier for sound monitoring. Fluoro-

scopic confirmation of the target approach is obtained at 5 mm intervals, 2 mm

before target, and target. Structures traversed during microelectrode recording

en route to the STN include the zona reticulata and zona incerta. The STN is

identifiable by increased neuronal firing of large asymmetrical spikes and

lower rate biphasic spikes. We further advance the electrode through the STN

to the substantia nigra pars reticulata (SNr) in order to estimate the length of

STN traversed by each trajectory. Additional confirmation of the target is

obtained by sensorimotor stimulation of the contralateral limbs, which increases

neuronal firing at the STN. Generally, the target point is moved slightly, if

necessary, according to the functional mapping of the first trajectory. A separate

chapter of this text is devoted to microelectrode recording for STN DBS.

INTRAOPERATIVE MACROSTIMULATION

Following anatomic localization and microelectrode recording to physiologically

confirm the target, the electrode is removed and the burr hole ring is applied. The

DBS lead is placed through the cannula and slowly advanced to the target from

10 mm above, under direct fluoroscopic guidance. The DBS lead has four con-

tacts (0–3), and generally the most distal of these (0) is placed at or just slightly

beyond the target point. The Medtronic Model 3387 and 3389 DBS leads both

have four contacts measuring 1.5 mm in length. The 3387 leads are spaced

1.5 mm apart and the 3389 leads are 0.5 mm apart to enable more contact

within the STN. One case report suggests greater success stimulating pre-STN

to suppress levodopa-induced dyskinesias with the 3389 (8). We generally use

the Model 3389 DBS for our patients with PD.

Once the DBS lead has been placed at target, it is connected to a hand-held

pulse generator for macrostimulation. The stimulation voltage is slowly increased

while the patient is being assessed for PD symptom relief. The patient is asked to

recite speech and report any parasthesias. The stimulation voltage is further

increased to find the threshold value for side effects. To guard against signal

spread into the internal capsule, low frequency stimulation (5 Hz) is also performed

which should not elicit any tonic contraction. If there are no adverse effects of

stimulation, then the lead is carefully held in place while the cannula and stylet

are removed. Under direct fluoroscopic visualization to prevent movement, the

lead is secured to the burr hole ring and the cover is applied to fix its position.

In cases where bilateral lead placement is to be performed, attention is then

shifted to the other side of the brain, where the second lead is placed with similar

technique. After both leads have been placed, the anesthesiologists are informed

that they may liberalize sedation to make the patient comfortable.
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If the procedure is performed bilaterally, one lead is carefully tunneled so

that its connector is brought out into the contralateral incision. The residual lead

length from the tunneled lead is coiled around its ipsilateral burr hole cover to

avoid having too much lead under the incision. The incision on the tunneled

side is then copiously irrigated with half-strength Betadinew mixed with saline

and closed with interrupted vicryl sutures on galea and staples on skin, with meti-

culous attention to avoid catching the traversing lead with a stitch. The second

incision, with a short length of the contralateral lead and the ipsilateral lead

coiled around its own burr hole cover, is also irrigated with Betadinew, and

temporarily closed with a single vicryl stitch through the galea at the center of

the incision and staples for the skin. The Leksell head frame is removed in

preparation for implantation of the internal pulse generator (IPG).

IMPLANTATION OF THE PROGRAMMABLE
INTERNAL PULSE GENERATOR

General endotracheal anesthesia is administered for the implantation phase of the

procedure. A small retroauricular area is shaved on the side where the IPG is to be

implanted and the head, neck, and infraclavicular regions are prepared and

draped. The scalp incision with both leads is reopened. The leads are carefully

disentangled so that tunneling may be performed without dislodging them. A

4 cm separate incision is made 5 to 6 cm inferior and parallel to the clavicle

after infiltration with local anesthetic. A tunneler is passed first from the

cranial parasagittal incision to a separate retroauricular stab incision and sub-

sequently from the retroauricular to the infraclavicular incision. An extension

lead is tunneled through from chest to burr hole and then attached to the DBS

lead with a silicon boot to cover the connection. The internal pulse generator is

connected to the extension wires and placed in the infraclavicular pocket.

Copious irrigation with Betadinew/saline is performed and the incisions are

closed in two layers. We use staples on the head and running subcuticular

biosyn for the infraclavicular pocket. Anesthesia is reversed and the patient is

taken to the recovery room after extubation.

POSTOPERATIVE CARE

After recovery from anesthesia the patient is taken for MRI to confirm

appropriate placement of DBS leads and absence of any bleed. Patients are

monitored in the intensive care unit overnight, restarted on all parkinsonian medi-

cations, and transferred to the neurosurgical floor on the first postoperative day.

Antibiotics are administered intravenously for two days following the surgery

and subcutaneous heparin injection is performed twice daily. Patients are dis-

charged from the hospital on postoperative day two, or referred for rehabilitation

as desired. The stimulators are turned on at suture removal approximately 10 days

after implantation. Patients are subsequently re-evaluated several times after
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surgery for reprogramming of the stimulator to optimize symptomatology.

After adequate symptom relief is attained, the patient is followed at 6 to 12

months intervals.
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Over the past decade computer-based neuronavigation systems have found a

greater role in the neurosurgery operating room (OR). Particularly in neuro-

oncologic surgery, frameless systems have become increasingly used to guide

and provide volumetric tumor resections (1–9). These systems provide the

surgeon with the intraoperative ability to correlate the operative anatomy to

the preoperative imaging. To utilize these systems, the patient undergoes

specialized preoperative imaging. This imaging is then registered into a computer

platform to generate a three-dimensional image that can be used in the operating

room. These frameless neuronavigation systems have been shown to be particu-

larly useful in defining normal anatomy and in tailoring resections, and have

accuracy comparable to frame based systems (10). Additionally, systems have

been modified to guide the placement of biopsy needles into target lesions

(11–14). Studies on frameless image guided needle biopsies have demonstrated

that such systems can be accurate to the millimeter scale (15). Because of the suc-

cessful experience with needle-guided biopsies, these systems were thought to be

potentially applicable to the placement of deep brain stimulator leads.

The current standard for target localization in placement of deep brain

stimulator leads is frame-based, commonly utilizing a Cosman-Roberts-Wells

or Leksell frames. During a typical frame based procedure the patient is
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brought into the operating room where a frame is rigidly attached to the patient’s

skull. Next, the patient is imaged by CT or magnetic resonance imaging

(MRI), and the stereotaxic coordinates and target are defined. The target can

be set in three ways: indirect localization of target based on the AC-PC line;

direct localization of the visualized target; and a combination of the two.

The target, entry point, and trajectory are set on the day of the surgery by the sur-

gical team. The frame allows for great flexibility in the choice of these three

variables.

Recent advances in computer-based systems may allow for replacement of

frame-based lead placement. There are currently two types of frameless systems

being used, a platform based system and a complete frameless system. Addition-

ally, direct placement of leads using intraoperative imaging has been tested.

Platform Systems

When a platform system is used, a custom prosthesis is individually manufac-

tured for each patient, in essence generating a miniature stereotaxic head frame

for each patient. The prototypical platform system is the MicroTargeting

Platform System with STarFix Guidance (FHC Inc, Bowdoinham, Maine,

U.S.A.) (16).

The use of such a system involves multiple steps. Preoperatively, a number

of mounting anchors (Acustar, Z-Kat, Inc., Hollywood, Florida, U.S.A.) are

placed into the skull of the patient surrounding the presumptive burr hole

location. The bone anchors must be placed in an outpatient setting and can be

placed one to two weeks prior to the definitive surgery.

Next, locator pins are placed into the bone anchors and a CT scan is per-

formed to register the anchors. Most frameless systems utilize bone fudicials to

register the patient’s head and brain into stereotaxic space. Unlike the skin,

applied-fudicial markers often used for neuro-oncologic procedures, these fudi-

cials are rigidly attached to the skull. Preoperative MRI and CT scans are

obtained and a CT-MR fusion is performed on the workstation in order to

define the stereotaxic target. On the workstation, a virtual platform is generated

based on the location of the bone fudicials and the intended target (Fig. 1). This

data file is then downloaded and sent to the manufacturer. The manufacturer

(FHC Inc, Bowdoinham, ME) creates a custom platform that is then shipped to

the neurosurgeon in one to three days for sterilization and use.

The day of the surgery, the patient is brought into the operating room and

the custom platform is attached to the skull of the patient via the mounting

anchors (Fig. 2A). The micro-electrode recording instruments and micro-drive

are then attached to the platform and the standard placement of the electrode

and leads are performed.

In a clinical study of this type of design, 21 patients had electrodes implanted

(9 unilateral and 12 bilateral), of which 20 implanted electrodes could be studied,

the remainder of the implanted electrodes could not be studied due to technical
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Figure 6-1 See text page 85.

Figure 5-1 See text page 73.



DK7019-Baltuch-ch21_R2_190107

Figure 6-2 See text page 86.

Figure 6-3 See text page 87.

Figure 6-4 See text page 88.
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errors with the postoperative scans. The authors found that the mean absolute elec-

trode placement error is below 2.7 mm, which the authors found comparable to

similar studies preformed for the Leksell frame (17).

Complete Frameless Stereotaxic Systems

A second design for frameless stereotaxic is the use of a skull mounted guide.

Unlike the previously described platform system that utilizes a miniature

frame, these systems more closely resemble those systems utilized for volumetric

resection of brain tumors or stereotaxic biopsies. In oncologic procedures, fudi-

cials, which can be visualized on preoperative imaging, are placed on the patient.

Next, when the patient is secured in the operating room, the location of the fudi-

cials are registered with optical laser or magnetic field, and in doing so the

location of the skull and brain is also registered.

A prototypical frameless system is the NeXframe (Image Guided Neurolo-

gics, Inc., Melbourne, Florida, U.S.A.). Similar to the platform system, patients

have bone-mounted fudicials (Stryker-Leibinger, Kalamazoo, MI, U.S.A.)

placed in the outpatient setting, although the fudicials can be placed the same

day as the surgery. Small skin incisions are made in five locations on the head

of the patient and a screw is placed into the skull of the patient. These screws

can be seen on CT scans and therefore serve as fudicials on the preoperative

scans. Rigid bone fudicial markers are used as it is felt that they provide

greater accuracy compared to the rather mobile skin fudicials. The patient

Figure 1 Workstation generation of virtual platform. (See color insert.)
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undergoes preoperative CT and MRI scans. Unlike the platform-based system, no

custom prosthesis needs to be manufactured, therefore the scans can be pre-

formed either days before or on the same day as the surgical procedure. As

with the platform system, an MRI and CT-MR fusion are performed on the work-

station in order to define the stereotaxic target.

The patient is then brought into the operation room where a skull-mounted

trajectory guide is placed over the burr hole (Fig. 3A). The bone-mounted fudi-

cials are then registered into an image-guided workstation using an optical laser

system (Fig. 3B) (ex. Stealth Station, Medtronic Inc., Minneapolis, Minnesota,

U.S.A.). The target is localized directly and the trajectory to this target is then

determined on the workstation platform (Fig. 4).

When tested in a laboratory setting in a plastic skull phantom model, this

type of system has been shown to be accurate, with a mean localization error

of 1.25 mm. (18,19). In a clinical study using such a system 38 patients were

Figure 2 Intraoperative use of platform system: (A) attachment of platform to bone

anchors and (B) attachment of micro-drive and recording equipment to the platform.

(See color insert.)
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implanted (47 electrodes total), of which 42 cases were analyzed postoperatively

(20). The authors compared the placement of the electrodes using the Leksell

frame and the frameless system and found no significant difference in the accu-

racy of the two groups. The error in the actual and expected lead locations was

Figure 3 (A) Skull-mounted trajectory guide with attached optical image-guidance arc.

(B) Registration of guide and skull mounted fudicials using an optical system. Source:

From Ref. 20. (See color insert.)
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found to be greatest in the Z-plane, 1.7 mm in the frame-based group and 2.0 mm

in the frameless group.

INTRAOPERATIVE MAGNETIC RESONANCE GUIDANCE

Both frame based systems and the previously described systems rely on preopera-

tive imaging for localization. Because of this reliance, these systems are unable to

account for brain shift that may occur during surgery.

Intraoperative MRI has been used to guide and tailor resections of brain

tumors (21,22) and in other types of functional surgery (23,24). The MRI for

these procedures is performed during the surgical procedure. The results of these

and other studies suggest that intraoperative imaging can be useful and result in

more complete resection of intracranial pathology and less complications.

One study has been performed utilizing intraoperative MRI for placement

of deep brain stimulators (25). In this study, the authors utilized a modified skull-

mounted trajectory guide. A similar modified system has been used for intrao-

perative MRI guided brain biopsies (26). A fluid-filled stem is attached to the

trajectory guide with a spherical tip that can be imaged and used to align the

guide to the proper trajectory for the imaged target. Next, a titanium mandrel

is passed down the trajectory and its location confirmed with imaging. Lastly,

a peel away sheath is passed down the mandrel to serve as a conduit for the

lead, and then the lead is passed and its location confirmed with imaging.

Figure 4 Image guidance platform for determination of trajectory. Source: From Ref. 20.

(See color insert.)
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In skull phantoms, such a system had a maximum error of 2 mm. The

system was then tested in five patients, in the placement of a total of eight elec-

trodes. The lead was correctly placed in seven of the eight patients on the first

pass; one lead required a second pass to placement. The mean error on the first

pass was 1 mm with a range of 0.1 to 1.8 mm.

DISCUSSION

These frameless systems have not replaced frame-based systems at most centers.

The frame-based systems have flexibility in adjusting the entry point, trajectory,

and the target by adjusting the coordinates on the frame, intraoperatively. The

frameless systems do not yet have as much freedom in adjustment. Also, unlike

frameless systems, the final target can be easily confirmed with fluoroscopy when

a frame is used.

Frameless systems have some advantages over traditional frame-based

systems. Patient comfort may be higher with these systems because there is not

a large frame attached to the patient during the entire procedure. Also, the total

OR time may be reduced with these systems as the imaging and some of the

operative planning can be and in some instances must be performed prior to

bringing the patient to the OR. Lastly, these systems have a number of disposable

units, reducing the concern for general wear on the equipment.

The application of frameless systems to placement of deep brain stimu-

lators is still in the development stage. As these systems evolve, they have the

possibility to increase accuracy, patient comfort, and possibly patient outcome.
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INTRODUCTION

The debate over the need for microelectrode recordings (MERs) during movement

disorder deep brain stimulation (DBS) surgery is still unsettled (1). There are pro-

ponents who unequivocally state that MERs are an absolute necessity for success-

ful DBS surgery. Others point to the fact that clinical outcome is not improved with

MERs, and no well-designed studies exist to prove that they are essential and lead

to improved placement of the stimulating electrodes. Although there might be

some agreement that for ablative procedures MERs are a requirement, the “rever-

sibility” of DBS surgery weakens that argument and leaves room for discussion.

The answer to this fundamental question hinges on the ability of accurate targeting.

As better imaging techniques and targeting software platforms are evolving, the

accuracy of the electrode placement is improving and the need for MERs is
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diminishing. However, since direct visualization of subthalamic nucleus (STN) and

globus pallidus internus is difficult at best, most neurosurgeons rely on complimen-

tary tools, such as MER or intra-operative stimulation, to ascertain proper place-

ment of DBS leads. Clearly, there is no better way than physiological target

confirmation to assure an optimal outcome of the surgical procedure.

RECORDING OF ELECTRICAL POTENTIALS

It has been known for some time that electrical potentials are the basics of infor-

mation transfer and processing of cellular function. Fundamental experiments

and developments of electrical models helped in the understanding of action

potentials and led to a great wealth of information. Although highly developed

glass electrodes are generally utilized to explore the intracellular milieu on

mainly isolated cells in research environments, intra-operative MERs are of

extracellular nature mainly due to the physical electrode properties and the

requirement of identifying neuronal characteristics during surgical procedures.

Extracellular spikes are recorded as the potential difference between an active

electrode with a relatively small electrode tip near a neuronal structure and a much

bigger reference electrode somewhere in the interstitial space. During neuronal

inactivity, a generally small steady-state potential exists and its polarity is depend-

ing on the difference of the positivity between active and reference electrodes. Brief

biphasic spikes as are recorded when a depolarization wave traverses the neuron and

transient potential gradients are formed as seen in Figure 1. The neuronal surface

Figure 1 In principle, the generation of a biphasic potential recorded from a neuronal

structure is depicted.
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potential changes from a positive resting level to a brief negative state, and after

repolarization, back to the positive value. Given an electrode arrangement described

above, a biphasic spike is recorded. Many factors affect the spike formation but the

physical location of the electrode in relation to the neuronal structure is assumed to

be an important one.

RECORDING SYSTEMS

MER systems are complex in design and are nowadays often integrated into the

surgical targeting platform. Despite their complexity, they all consist of the same

basic components and include preamplifier, amplifier, low- and high-pass filters,

speaker(s) for acoustic analysis, and a display system which is generally compu-

ter based and allows for on-line analysis as well as archival of the data. Although

during the pioneering phase of MERs, home-built recording systems were the

norm, commercially available systems with extensive data analysis capabilities

are dominating nowadays. Over time, instrumentation has been miniaturized to

the point to make simultaneous recordings of up to five parallel tracks feasible

even in the constraint space of a cramped operating room.

Many different electrodes are available, although insulated tungsten wires

tapered to narrow tip with a 10 to 50 mm exposure are commonly used and are suit-

able single-unit recordings. The corresponding impedances range from 0.5 to

1.5 MV. Lower values yield generally lower noise levels and are preferable. From

the electrode, the signal is amplified and band-pass filtered with separate low- and

high-pass filters. Commonly used high-pass filter settings range from 10 to

500 Hz and low-pass filter settings from 1 to 50 kHz. Notch filters (60 Hz) and/or

high-pass filters settings above 100 Hz are helpful in eliminating 60 Hz noise

from the main power supply. For visual inspection of the recordings, a running

display of 5 to 10 seconds is adequate and allows assessing and comparing signal

frequencies. For waveform analysis of individual spikes, however, shorter sweep

times are needed (1 to 5 m sec) and well as trigger capabilities to freeze a single trace.

NEUROPHYIOLOGY OF THE SUBTHALAMIC NUCLEUS
MICROELECTRODE TRACK

Given a typical stereotactic setup, a microelectrode track typically begins 15 mm

above the target and, depending on the angles of approach, four major anatomical

structures are normally traversed (Fig. 2). These are the anterior thalamus or reti-

cular formation, zona incerta (ZI), STN, and substantia nigra pars reticulata (SNr).

Thalamic neurons are usually encountered within the first several millimeters of

recording, followed by a relatively silent ZI. The clearest indicator that the elec-

trode has breached STN is the dramatic increase in signal background level fol-

lowed by intense, irregular neuronal activity. Frequently, a brief pause in STN

activity is observed as the electrode further passes through the lamina between

dorsal and ventral part of STN. On exiting STN, a sudden drop in background

activity is observed and is followed by a period of silence before the electrode

enters the SN. Typical recordings for these main structures are given in Figure 2B.
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Thalamus

Thalamic activity usually consists of large amplitude discharges without significant

background spiking from more distant cells. Single units may either spike tonically

or burst-like. Neurons in the reticular thalamic formation tend to fire quite regularly

at lower frequency than anterior thalamic neurons, with frequent pauses. Bursting

cells are almost always anterior thalamic cells. Both reticular and anterior thalamic

cells may respond to sensorimotor stimulation, especially active movements.

Zona Incerta

The ZI is a flat thin layer of gray matter located dorsal of the subthalamus. It is a

very quiet territory, although occasionally there is some isolated neural activity,

somatic or axonal, characterized by rare and sharp discharges of equidistant

nature. The length of the ZI is variable and depends on the angles of the trajectory.

Subthalamic Nucleus

Typically, it is the loudest structure encountered on an average track. Entry into

the nucleus is most easily recognized by the rapid increase in the background

activity. The increase in activity owes to the high density of neurons within

STN. Even in the absence of single-unit discharges, the obvious change in the

background intensity is a reliable marker of STN entry. The change in back-

ground signal has been quantified as a change in spectral density and is used to

assist in localizing the STN along the microelectrode track (2,3). Often, the

STN exhibits a very characteristic, audible oscillation at very low frequency

Figure 2 Coronal and sagittal sections of the STN with several microelectrode recording

tracks as described in the text are shown. Abbreviations: IC, internal capsule; Re, reticu-

lum; RN, red nucleus; SN, substantia nigra; STN, subthalamic nucleus; Th, thalamus; ZI,

zona incerta.
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(,2 Hz; visible in STN trace). The underlying cause of this is unknown, although

it may reflect correlated bursting activity between cells in the STN.

Three different types of neuronal activity have been described in the STN:

irregular, tonic, and bursting. It has been estimated that 55% to 65% of the STN

neurons fire irregularly, whereas 15% to 25% fire tonically and 15% to 50%

present bursting activity (4). Many STN cells exhibit periodic discharge behavior

and have been classified as either tremor cells (2–6 Hz) or high (.10 Hz) frequency

periodic cells. Some cells exhibit both types of behavior. The mean firing rate of

single STN cells has been reported as 37+ 17 Hz (5). Higher rates are often

observed and are most likely the result of multiunit recordings. Spike analysis algor-

ithms which is usually done off-line allow for proper separation into individual units.

In single STN units, a sensory motor response can often be elicited by

passive movements of the contralateral arm and leg as well as sensory stimulation

of the contralateral face. Optimally, passive movements of the limb with the

worst symptoms, usually arm or leg, gives a strong phasic response with gener-

ally increased spiking. The presence of a sensorimotor response provides confir-

mation of a satisfactory trajectory. In general, STN neurons that respond to

movement are either irregular or tonic and are found in the dorsolateral STN.

Bursting neurons do not usually respond to movement and are most often

located in the ventral STN (6).

A brief (,1.5 mm) pause in activity of the electrode indicates passage from

dorsal to ventral STN. Dorsal STN is usually more active than ventral STN. A

potential explanation for this observation might be the increased amount of sen-

sorimotor-related neurons in the dorsal STN, although it might also be the result

of stimulation of fibers of passage coursing near the dorsal STN border (7–9).

Substantia Nigra

On exiting from the STN, the electrode is descended further along the track until SN

is encountered. Although located beyond the target structure, SN serves as a “corner-

stone” and is essential for physiological localization of the target. There is a notice-

able drop in background activity between STN and SN. Single SN cells fire spikes at

frequencies slightly higher than STN, for instance, 71 + 23 Hz (5). Their discharge

pattern is much more regular than in STN and consists of much less bursting activity.

Acoustically, SN sounds more like a continuous buzz and is higher pitched com-

pared to the irregular and spiky sound of STN. It is good practice to locate at

least some SN neurons to confirm that indeed the entire STN has been traversed.

Only under rare conditions as outlined below is the electrode advanced beyond

STN without encountering SN activity within a few millimeters of STN.

IDENTIFYING THE OPTIMAL SUBTHALAMIC NUCLEUS TRAJECTORY

At least two different MER strategies are commonly used to identify the optimal

target location. A complete mapping of the nucleus with at least four or more
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(simultaneous) tracks allows one to identify the outline of the STN and hence the

exact location of the desired target area. However, the price for this complete

physiological information is a significantly elevated surgical risk. Alternatively,

the risk of complication is minimized if only the absolute minimal number of

tracks is performed. In the best case, only one is needed and additional ones

are performed only if the previous recordings indicate a poor location. In

either case, a set of criteria is needed to help to decide whether either the com-

pleted track is adequate and no additional ones are required or which one of

the multiple tracks is to be used for lead implantation. Clearly, the length of

the STN as measured along the trajectory is a crucial indicator. Accounting for

differences in the approach angles as well as across subject differences, a

length of at least 4 to 5 mm indicates a passage of the trajectory very near the

center of the nucleus and is satisfactory. Dense and “crisp” discharge patterns

recorded in the STN indicate a viable and functional nucleus and will most

likely yield a good DBS response. An identifiable region of sensorimotor acti-

vation will confirm the target location but is often elusive. Despite the reported

inconsistencies of the STN somatopy in Parkinson’s disease, a receptive field

that overlaps with the locus of the most severe symptom is additional corrobor-

ating evidence of a good target location. Finally, stimulation of the target area

with the microelectrode is another potential tool assisting in the decision

process. Given its small size, microelectrodes allow fine localization of the soma-

topy. But as a result of the high electrode impedance, relatively high voltages are

required to produce sufficient current, which in turn, tend to erode the electrode

tip and significantly degrade or invalidate future recordings.

If a trajectory is found to be suboptimal based on the criteria outlined

above, a new tract is initiated with a target location slightly distant from the pre-

vious one. The change in direction is based on the MER findings from one or

more prior tracks. With each additional track, the topology is better described

and the corrections tend to be more accurate. Fortunately, there are some

unique features of the surrounding structures that help in deciding the direction

of change. When the trajectory is too anterior, we will often encounter thalamic

reticular cells at the top of the trajectory followed by a long length of silence or

very sparsely firing neurons. The SN is encountered at the bottom of the track,

essentially “skipping” the STN (Fig. 2A, right). There are times when there is

complete silence at the top of the track and the only recorded neurons are

those of the SN. In a trajectory which is too posterior, the thalamus is often

more dense, followed by a length of silence, and then SN (Fig. 2A, right). Essen-

tially, the main difference between a track that is too anterior versus too posterior

is the density and length of the thalamus encountered. It is important to note that

the STN may be encountered in both these situations, but that the length of STN

along the track will be suboptimal, that is, less than 4 mm.

Medial and lateral displacements from the optimal trajectory tend to be

needed less frequently. If a trajectory is positioned too lateral, it is common to

not encounter any neural activity. The trajectory will not encounter any thalamic
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cells, subthalamic cells, or any part of the SN, basically following the internal

capsule. Furthermore, the patient may complain of some “pulling” of the contral-

ateral limbs as a result of internal capsule fiber interruption (Fig. 1, left). Medial

tracks are characterized by increased density of thalamic firing, followed by a

lack of SN firing at the bottom of the microelectrode track. It is possible that

the red nucleus is traversed at the end of the track, but this is somewhat uncom-

mon given the distance from the target. (Fig. 1A, left). Although these generaliz-

ations are helpful, many technical factors, individual idiosyncrasies, and the

disease state influence the exact relationships between the gray and white

matter structures along the microelectrode track.

NEUROPHYSIOLOGY OF GLOBUS PALLIDUS INTERNUS
MICROELECTRODE TRACK

The globus pallidus is comprised of the external (GPe or lateral) and internal (GPi

or medial) segments and forms part of the basal ganglia that includes the striatum

lying dorsal and lateral to it. The internal capsule divides these two structures in

the coronal planes that contain GPe and GPi. Although both segments receive

major input from the striatum, their anatomical connections and functional

roles differ (10). The classical model of basal ganglia function in PD predicts

that the tonic ongoing firing rates of GPe neurons should be decreased and that

of GPi should be increased compared with the normal condition (11). As a

result, interruption of the GPi neurons should correct the clinical manifestations

of hypoactive movement disorders.

The intended target for DBS is the lateral posteroventral segment of GPi,

which is consistent with the functional heterogeneity within the globus pallidus

(12–14). The target is usually located 2 to 3 mm anterior to the midcommissural

point, 18 to 21 mm lateral to the midline, and 3 to 6 mm below the intercommis-

sural line. When the guide cannula is placed, 15 to 20 mm above target, the

encountered structures include the internal capsule, GPe, the lamina between

the two segments, GPi, and the optic tract below. Each has its own distinct

neural signature, which can be utilized for trajectory optimization (Fig. 3).

Two major types of neurons have been described in GPe. The first demon-

strates slow-frequency discharges with firing rates of 40 to 60 Hz and pauses from

300 to 500 msec. The second type of GPe neuron is characterized by low-

frequency discharges with bursts and a firing rate of 20 Hz, with grouped

discharges occurring at irregular intervals and with intraburst firing frequencies

at 300 to 500 Hz (15–17). GPe cells exhibit short bursts compared to those

found in GPi. The border cells in the periphery of the GPe and GPi are character-

ized by low-frequency discharges (18,19).

In the GPi, neurons fire with discharge rates in the range of 70 to 120 Hz,

with a mean firing rate of 91 + 52 Hz, have fewer pauses and fire with an irregu-

lar pattern. The mean firing frequency of GPi cells has been shown to be signifi-

cantly higher than for those in GPe (20,21). Although the classic papers
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describing pallidal physiology did not divide the GPi into dorsal and venral

aspects, differences in firing rates of neurons in these regions have been described

(4,8,15). GPi neurons demonstrate a continuous, high-frequency discharge that is

distinct from the heterogeneous firing patterns among GPe cells (18). Cells in

both GPe and GPi have been characterized according to burst and pause

indices, as well as pause ratios, but these have generally shown overlapping

ranges. Although mean firing rates do not completely characterize neuronal dis-

charges, they remain an important differentiating factor between GPe and GPi

(22). In addition, the differences in electrophysiological signatures cannot be

determined by recording individual cells and only become apparent by examining

several cells (23).

Tremor cells, cells with periodic oscillations in their firing rate that occur at

the same frequency as the subject’s tremor, have been identified in both GPe and

GPi. The average firing rate of tremor cells is higher at 85 Hz than that of other

GPi neurons (65 Hz) (19,24,25). Neurons that change their firing rate in response

to passive movement (kinesthetic cells) are found in similar proportions in both

GPe and GPi. These cells respond to several combinations of movement, includ-

ing upper and lower limb movements and combined contralateral and ipsilateral

limb movements (22).

IDENTIFYING THE OPTIMAL GLOBUS PALLIDUS INTERNUS TRACK

In determining the optimal track for lead placement, four basic physiological

elements should be carefully examined. These are: general neuronal activity,

tremor synchronous cells, the presence of kinesthetic responses, and increased

Figure 3 Coronal and sagittal sections of the pallidum with several microelectrode

recording tracks as described in the text are shown. Abbreviations: GPe, globus pallidus,

internal segment; GPi, globus pallidus, external segment; OT, optic tract.
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firing rates to visual stimulation near the optic tract. Generally, the pallidum is

traversed and after identifying the inferior boundary, the microelectrode is

further advanced to explore the proximity of the optic tract by visual stimulation

with a small flashlight, similar to a pupilar response test. After completion of the

initial track, the recorded physiological properties are evaluated and a decision is

made if further tracks are needed or if the current one is congruent with the ana-

tomical structures as planned. If a trajectory is found to be suboptimal, a new tract

is initiated with a target location slightly distant from the previous one. The

guiding principles are as follows. A completely quiet track indicates either a

rather medial or posterior location since little or no neuronal activity is encoun-

tered while the electrode is traversing the internal capsule. Whereas one encoun-

ters GPe and GPi in the absence of a visual response the trajectory may be too

lateral. Moves in the anterior direction that are based on a best fit of the physio-

logical data onto the Schaltenbrand atlas are much more likely to be incorrect

compared to those in the posterior direction (23). The decision for placement

within any given microelectrode track is usually based on the combined presence

or absence of the physiological elements as depicted in Figure 3. As in the case

of STN, passive limb movements might help in identifying the location of the

trajectory. Kinesthetic responses are mostly found in the anterior part of

the pallidum.
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INTRODUCTION

Deep brain stimulation (DBS) has been performed in the last decade for medi-

cally refractory Parkinson’s disease (PD) as an alternative to ablative stereotactic

neurosurgical procedures (1–7). DBS of the subthalamic nucleus (STN) and the

globus pallidus internas has essentially replaced pallidotomy and thalamotomy as

the procedure of choice for PD. In contrast to ablative stereotactic procedures,

DBS does not require destructive brain lesions and, therefore, lessens the risk

of permanent postoperative neurological deficits. Pathological studies have

demonstrated that DBS does not cause damage to the adjacent tissue, except

for mild gliosis around the implanted electrode track (8).

Although DBS is considered to be less morbid than ablative procedures, a

significant incidence of adverse effects associated with the DBS procedure has

been reported (9–13). This chapter reviews the DBS-related complications and

discusses their avoidance.

MORBIDITY AND MORTALITY OF DEEP BRAIN STIMULATION FOR
PARKINSON’S DISEASE

There is a significant incidence of adverse effects associated with the DBS pro-

cedure. Most of them are mild and transient, but some serious morbidity is

also reported. Table 1 shows reported complications of DBS for PD. There are
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three types of complications related to DBS, namely those related to surgery, to

the device, and to stimulation. According to a recent systematic review, the

mortality rate is 0.4%. There is a 9% incidence of device-related complications

(infections, lead, and pulse generator problems) and a 2.8% incidence of

intracerebral hemorrhage, with 0.7% overall incidence of permanent neurological

deficits (7).

SURGERY-RELATED COMPLICATIONS

Intracerebral hemorrhage caused by insertion of the cannula or microelectrode

into the brain is one of the typical and serious surgery-related complications

that occur in stereotactic neurosurgery. The risk of intracerebral hemorrhage in

Table 1 Complications of Deep Brain Stimulation for

Parkinson’s Disease

Surgery-related complications

Intracerebral hemorrhage

Subdural hematoma

Venous infarction

Seizure

CSF leak

Sterile seroma

Pulmonary embolism

Pneumonia

Perioperative confusion

Improper lead placement

Device-related complications

Infection

Skin erosion

Electrode or wire break

Lead migration

IPG malfunction

Stimulation-related complications

Dyskinesia

Hemiballismus

Dysarthria

Paresthesia

Diplopia

ALO

Weight gain

Mania

Depression

Psychosis

Abbreviations: ALO, Apraxia of eyelid opening; CSF,

cerebrospinal fluid; IPG, internal pulse generator.
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stereotactic surgery is 1% to 8% (14). The incidence of hemorrhagic compli-

cations in the DBS procedure is lower than in radio frequency lesioning, a

procedure that damages the vessel wall with heat. Reported rates of intracerebral

hemorrhage in DBS surgery range from 0.3% to 3.6% per electrode track (15).

However, the incidence of symptomatic hemorrhage or symptomatic hemorrhage

with permanent neurological deficit seems to be less frequent. The use of micro-

electrode recording is controversial (16,17). In a report from the DBS for PD

study group, the number of microelectrode passes used to determine target

location correlated with the risk of hemorrhage (2.9 passes in patients without

hemorrhage vs. 4.1 passes in patients with hemorrhage) (2). Gorgulho et al.

(18) emphasizes that the combination of microelectrode recording and hyperten-

sion will increase the incidence of bleeding. Although microelectrode recordings

are useful for improving the accuracy of target localization, it may increase the

risk of intracerebral hemorrhage. Additionally, intracerebral hemorrhage may

occur several hours after surgery (Fig. 1) (9). Careful control of perioperative

blood pressure is important and may prevent this complication. Intraoperative

systolic blood pressure should be maintained less than 140 mmHg. It is also

important to screen patients for coagulopathy or recent use of antiplatelet agent

before surgery.

To prevent hemorrhagic complication, the choice of entry point is very

important. We pay close attention to superficial veins and sulci near the entry

point. The recent availability of a computer guided surgery system has allowed

Figure 1 A computed tomography scan obtained six hours after surgery revealing sub-

cortical hemorrhage at the site of deep brain stimulation implantation. This hematoma did

not require evacuation but caused mild permanent hemiparesis.
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us to simulate the electrode’s trajectory and hence avoid penetrating deep vessels.

Surgical planning with gadolinium-enhanced magnetic resonance (MR) image

clearly identifies cortical veins (Fig. 2). This method is quite useful for avoiding

the cortical vein at the entry point and for preventing hemorrhagic complications

and venous infarction.

There is some evidence indicating intraoperative hemorrhage: bleeding

from the cannula, unexpected electrical silence on microelectrode recording, dis-

placement of the DBS electrode as seen on fluoroscopy, and so on. In such cases,

we should control the patient’s blood pressure at a lower level and watch the

patient carefully. If deterioration of consciousness or a focal neurological

deficit is found, the procedure should be interrupted and emergency computed

tomography should be performed. On that occasion, leaving the stereotactic

frame in place will be helpful for subsequent emergent stereotactic aspiration

of hematoma when the patient’s airway is secured (15).

Venous infarction is caused by coagulating a large draining vein that enters

the dura at the site of the burr hole (Fig. 3). In addition to detailed surgical plan-

ning with gadolinium-enhanced MR image, we recommend placing the burr hole

anterior to the coronal suture. In the case of a venous infarct, it will be more likely

to be asymptomatic from this position.

Figure 2 An example of deep brain stimulation surgical planning with gadolinium-

enhanced T1-weighted magnetic resonance image. Cortical veins near the entry point

are clearly shown, particularly in the probe’s eye view.
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The reported incidence of postoperative seizures related to the DBS

procedure is 3.1% (7). However, prophylactic use of anticonvulsant agents in

DBS surgery may increase the risk of medication-related complications and

drug interaction in this mostly elderly population and may not be necessary.

When seizure occurs postoperatively, antiepileptic medication should be

administered for a certain period.

Cerebrospinal fluid leak, which causes subcutaneous fluid collection, may

require surgical repair. On the other hand, sterile seroma at the site of the internal

pulse generator (IPG) is easily drained by needle puncture.

Pulmonary embolism is a prominent source of mortality and morbidity in

neurosurgical patients. The reported incidence of postoperative pulmonary embo-

lism ranges from 0.4% to 4.9%; in those cases, the mortality rate ranges from

8.6% to 59.4% (19). Despite standard prophylaxis with pneumatic compression

boots, fatal deep vein thrombosis can still occur. Patients at high risk include

those with heart disease, obesity, polycythemia, paralysis of the lower extremi-

ties, and forced immobilization. Patients with PD may have increased risk of pul-

monary embolism because of medication withdrawal during the day of surgery

and resulting immobility. Hence, early rehabilitation is important, especially

for patients with PD. Some studies showed effectiveness of low molecular

weight heparin combined with compression stockings for the prevention of post-

operative venous thromboembolism without causing excessive bleeding in

neurosurgery (20–22).

Figure 3 Coronal T2-weighted magnetic resonance image demonstrating a broad,

high-intensity lesion that is consistent with venous infarction at the site of deep brain

stimulation implantation.
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Perioperative aspiration pneumonia is also a fatal complication. Patients

with advanced PD sometimes have swallowing difficulties. These patients may

be at risk for perioperative aspiration. Indication of surgery for such patients

should be carefully reviewed.

Perioperative confusion is a common adverse effect after STN DBS

surgery, especially in older patients (7,9). Perioperative confusion is usually tran-

sient and several factors may contribute to its pathogenesis, including penetration

of the bilateral frontal lobe, long duration of brain surgery, and the withdrawal of

dopaminergic medication.

Improper lead placement is a fundamental issue in the surgical procedure.

In addition to proper surgical technique, fluoroscopy is useful for confirming the

lead position during surgery. The physiology cannulas need to be maintained very

well. Small bends may induce misplacement of the lead. We usually verify

anatomical localization of the lead with MR image immediately after surgery.

DEVICE-RELATED COMPLICATIONS

Infection is one of the most probable device-related complications in DBS

(7,9,11–13). Since the DBS procedure involves the implantation of a foreign

body, the risk of infection is high. The reported incidence of infection in the

DBS procedure is 3% to 10%. In general, infected DBS systems should

be removed, as treatment with antibiotics without device removal is unlikely to

be effective, and leaving an infected lead in place can potentially result in an

intracranial infection (subdural empyema or brain abcess). Aseptic operative

technique, intraoperative antibiotics, careful irrigation with antibiotic solution,

and shorter surgical times are the best way to avoid infection. As a practical

suggestion, administration of one dose of cefazolin sodium prior to surgery

and two doses after surgery is recommended to reduce the chance of infection

(12). It is controversial whether the patient’s hair ought to be shaved to avoid

infection. Miyagi et al. (23) showed that leaving the hair intact was not associated

with any statistically significant lower infection rate. Industry may consider in the

future coating DBS leads with antibiotics as in ventricular shunt catheters.

Skin erosion with or without infection sometimes occurs at the connector

site as a late complication (beyond 12 months). The bulky lead connector used

in the early days of the procedure might have contributed to this. The recently

developed low-profile connector combined with proper placement under the

scalp, and meticulous galea closure, should decrease the risk of skin erosion

(9,12). Kinetra dual IPG used recently is large and may cause increased risk of

skin erosion. Placing it in the flank may obviate this problem. A thin patient

may be better off with two Soletra IPGs.

Electrode or wire break occurs, especially when the connector between

extension cable and electrode is located below the mastoid (13,24,25). This

fact suggests that to-and-fro movement of the DBS electrode with repeated

head turning increases stress at the connector site and causes eventual disruption.
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It is recommended that the connector between the extension cable and electrode

is placed in the parietal subgalea. Electrode break will result in complete revision

requiring intracranial procedure under stereotactic guidance.

Lead migration seems to occur when fixation of the lead to the skull is

insufficient (12,13). If the lead does not remain correctly positioned, it will

result in clinical failure. Downward dislocation of the connector, extension

cable, or IPG is responsible for upward migration of the lead. Favre et al. (26)

recommend the use of a titanium microplate to anchor the DBS lead to prevent

lead migration. However, care is necessary in this technique to avoid crushing

the electrode under the microplate. We use a Medtronic burr hole ring and cap

to fix the lead and have not experienced any cases of lead migration.

Regarding IPG malfunction, shocking sensation or intermittent stimulation

have been reported (12). Most of these complications occurred in patients with

the previous Itrel II model IPG, not the recent Soletra IPG. Replacement of the

IPG will be required in such cases. Acute battery failure may cause a parkinso-

nian crisis (27). Therefore, replacement of the IPG should be considered

before complete depletion of the battery.

STIMULATION-RELATED ADVERSE EVENT

Stimulation-related adverse events are common in DBS. Stimulation of the STN

may immediately induce dyskinesia, hemiballismus, dysarthria, paresthesia, and

diplopia (7,9,28). However, these effects are usually reversible and can be

avoided by adjusting the stimulation parameters.

Stimulation-induced dyskinesia in stimulation of the STN seems to indicate

correct electrode placement. Therefore, a favorable outcome can be expected by

careful adjustment of stimulation parameters and reduction of dopaminergic

medication. Other stimulation-induced adverse effects seem to be caused by

excessive stimulation of the corticobulbospinal tract located laterally, the

medial lemniscus located posteriorly, or the oculomotor nerve fiber located medi-

ally to the STN (29). Stimulation parameters should be programmed to maximize

symptom suppression and to minimize side effects. Postoperative MR imaging

demonstrates anatomical localization of the electrode and is useful in selecting

active contacts.

Apraxia of eyelid opening (ALO) is an infrequent side effect of STN DBS.

Its incidence is approximately 5% (7). ALO is more frequently seen in patients

who obtain a good anti-PD effect of STN DBS (30). The mechanism of ALO

is not well understood. Originally, this symptom was observed in idiopathic

PD and other degenerative diseases involving the basal ganglia (31). Most

patients are successfully treated by injection of botulinum toxin (1,30). From

our experience, postoperative modification of dopaminergic medication may be

a cause of ALO.

Weight gain is one of the most common adverse effects after STN DBS

(7,32,33). This weight gain occurs in the first three months and continues to
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increase slowly beyond one year. It is conceivable that weight gain after DBS is

caused by the reduction of energy expenditure related to the control of dyskinesia,

rigidity, and tremor. Additionally, changes in dopaminergic medication after

STN DBS may modulate motivation for food intake (33). Therefore, candidates

for STN DBS should be given nutritional counseling to prevent rapid and

excessive weight gain (32).

Psychiatric problems including mania, depression, and other psychosis are

also among the most common adverse effects in patients treated with STN DBS

(3,5,7,34–36). These problems are frequently encountered in advanced PD

patients treated with drugs alone. Hence, pre-existing psychiatric illness may

be related to these complications. Further, the spread of stimulation to the

limbic circuit seems to be a cause of altered mood states. Mania is usually

transient in the immediate postoperative period. Depression occurring several

months after surgery often coincides with a significant reduction of dopaminergic

medication and is generally alleviated by increasing the dose of the dopaminergic

treatment. Severe depression after successful DBS has been reported even

leading to suicide, therefore, great care should be taken with regard to the

patient’s emotional state (37). We consider that STN stimulation does not

affect cognitive function, but this issue is still controversial (3,5,35).

CONCLUSION

In general, DBS seems to be a relatively safe procedure. Serious complications

with permanent sequelae are rare, but there are nonetheless significant incidences

of adverse effects in DBS procedure. Surgery-related and device-related compli-

cations can be reduced with increased surgical experience and the introduction of

new surgical equipment and techniques, such as the use of computer-based

surgical planning.
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Programming Deep Brain Stimulation

Jurg L. Jaggi

Department of Neurosurgery, Hospital of the University of Pennsylvania,
Philadelphia, Pennsylvania, U.S.A.

INTRODUCTION

Deep brain stimulation (DBS) is a complex medical treatment. The success of this

intervention depends on a variety of components including proper patient selec-

tion, accurate surgical placement of the electrode, effective programming of the

stimulator and adequate follow-up medication management. While the former

two are one-time events, the latter two are reoccurring interventions over the life-

span of the therapy. As the strength of a chain is determined by its weakest link,

the overall success of DBS is determined by its weakest component as well. In

general, stimulator programming represents the weakest link and does not infre-

quently break the chain, diminishing or eliminating potential benefits of DBS.

Fortunately, programming is a reoccurring event and allows for correction or

reprogramming, and hopefully improved outcome. While individual components

of this therapy are performed by highly trained neurosurgeons and neurologists,

programming is often relegated to health care professionals with inadequate

training and experience. As a result, the full potential benefit of this therapy is

not always attained and the efficacy of DBS is potentially diminished.

Like any medical intervention, the proper definition of a successful

outcome is essential so that all contributing factors can be evaluated in terms

of their relative importance. Although each patient rates the severity of the

many symptoms differently, the main objective is a reduction or cessation

of the most disabling ones. In general, stricter inclusion criteria lead to better

outcomes (1) and patient satisfaction. For ethical and possibly legal reasons,
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however, inclusion criteria are often relaxed and the symptom control resulting

from DBS is less than optimal. These facts should be discussed with patients

prior to surgery so that their expectations are realistic. Today’s patients are

mostly computer literate and Internet savvy and have researched the scientific lit-

erature as well as pertinent Parkinson’s disease (PD) websites. As a result, expec-

tations are often inflated from the many excerpts of success stories. The optimally

attainable result from DBS surgery is comparable to the best presurgical response

to dopaminergic medication (2). In other words, patients rarely do better after

surgery than during their best on-time prior to surgery (3). The big benefit,

however, is the lack of motor fluctuations and/or disabling dyskinesia following

the procedure.

CONSIDERATIONS PRIOR TO PROGRAMMING

DBS is used as a therapy in an increasing number of diseases with different target

locations (4). Although subthalamic nucleus (STN) (5) is the evolving target

location for PD, globus pallidus (GPi) (6) and ventral intermediate nucleus of the

thalamus (VIM) (7) are other valid locations used for specific symptom control.

VIM targets are often found in tremor predominant PD patients who had their

surgery prior to the FDA approval of STN-DBS in early 2002. Hence, it is important

to ascertain the target location prior to the initial (as well as follow-up) program-

ming, especially if the surgical procedure was performed elsewhere. In addition,

it is very helpful if post-op imaging data is available and exact electrode positions

can be determined. This can be done by simple visual inspection of the scans

(Fig. 1) or with imaging software that permits one to measure the electrode position

in relation to anatomical landmarks (8). If the preop targeting scans are available,

merging of pre- and post-op scans allows determination of the exact electrode pos-

ition in terms of frame coordinates and assessing the severity of postoperative shifts

in the brain anatomy. Based on a thorough review of the imaging data, an optimal

electrode contact is identified for the initial programming as outlined subsequently.

Following DBS surgery, most patients experience a temporary improve-

ment in the symptoms as a result of the lesion effect. Surgical placement of

micro- and macroelectrodes disrupts the local circuitry sufficiently to reduce

the overactivity of the target nucleus (9). As a result, less inhibitory signal

reaches the motor cortex, which in turn reduces bradykinesia and rigidity (10).

As the brain heals, the temporarily improved PD symptoms slowly return to

preoperative levels usually within a day or two. If not properly informed, patients

invariably come to the conclusion that this is an indication of a surgical failure

and become distressed and even depressed about it. Preoperative counseling

and extensive discussion of the lesion effect prevents this from occurring.

Since this transient phenomenon makes an accurate motor assessment difficult,

it is best to wait until it has subsided. As an acceptable compromise, we generally

wait a week and begin programming when patients return for suture removal.
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REVIEW OF ELECTRICAL PROPERTIES

The currently available DBS electrodes consist of four cylindrical platinum-iridium

contacts of 1.27 mm in diameter and 1.5 mm in lengths. They are spaced either 0.5

(Medtronic, 3389) or 1.5 mm (Medtronic, 3387) from each other resulting in a total

length of 7.5 and 10.5 mm, respectively. While each of the contacts can be pro-

grammed to be cathodic (2), anodic (þ), or switched off, the case of the stimulator

can only be cathodic or off. If the stimulator case is used as the cathode, the stimu-

lation mode is said to be monopolar, else bipolar. The main parameters to be pro-

grammed are voltage, pulse width, and frequency. Although other modes are

possible, generally a continuous stimulation mode is utilized for PD. For a given

voltage, pulse width and frequency, the resulting current is dependent on the impe-

dance, which is mainly affected by the electrode-tissue interface. After

Figure 1 Interpolated coronal (top) and sagittal (bottom) magnetic resonance imaging

(MRI) sections showing planned and actual trajectory of deep brain stimulation (DBS),

electrodes. The trajectory is angled approximately 108 lateral from the vertical axis in

the coronal section and approximately 308 anterior from the vertical in the sagittal section.
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implantation, the impedances tend to decrease slowly over time. Since both the

Soletra (Medtronic 7426) and Kinetra (Medtronic 7428) are voltage-controlled

stimulators, that is, a constant voltage is maintained, the stimulation current

slowly increases concurrently with the decrease of the impedance. This results in

an increase of stimulation over time without any change in the programmed stimu-

lation parameters. The only way to assess this “silent” increase is by performing a

“therapy measurement” during each programming session and documenting

changes in current and/or impedance.

INITIAL PROGRAMMING

Patients arrive at the clinic for the initial programming session with high expec-

tations and most of the time, as instructed, in an off-medication state. This gen-

erally leads to high anxiety levels, and PD symptoms that are worse than usual. In

addition, recuperation from surgery is generally far from complete which further

limits the time window of a cooperative patient and a practical neurological

steady state. Given these limitations, extended initial programming sessions are

somewhat less productive and hence should be limited to no more than one

hour. Prior to any programming a complete motor assessment of the patient is

required to serve as a baseline exam. Nonmotor functions such as speech,

vision, and mood should also be documented as they may be affected by DBS.

Although different programming strategies can be employed, a standard approach

has evolved over the years (11,12).

Starting with the more symptomatic side, the contralateral electrode is

placed in monopolar mode with the optimal electrode contact, as identified

from intraoperative stimulation and postoperative imaging data, selected as nega-

tive pole (cathode) and the stimulator case as positive pole (anode). A pulse width

of 60 to 90 mS and a frequency of 130 Hz are selected (13). If the patient is tremor

predominant, a higher frequency, that is, 185 Hz, might be considered (14). After

turning the stimulator on, the voltage is slowly increased to 1 V while carefully

observing the patient. At that point a therapy measurement can be performed to

assess the functionality of the DBS system. Any change in the patient’s symp-

toms should be documented. As the voltage is gradually increased in 0.1 V incre-

ments while again carefully observing the patient, repeat assessments with

documentation should be done at least at every 0.5 V intervals. Usually, rigidity

is improved with little delay for STN or GPi stimulation, although the full mag-

nitude of change might take a day to develop. Tremors should be evaluated at rest

as well as under action positions. Postural tremors often are different between

flexed or extended upper limb conditions, and both should be evaluated.

Tremors respond quickly to STN, GPi, and VIM stimulation, although sometimes

a brief initial worsening is seen prior to the elimination of tremor.

As the voltage is further escalated, side effects may arise in addition to

effective symptom relief. Significant side effects will eventually prevent any

further escalation of the voltage. At this point, a “window of opportunity” is
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defined as the range from lowest voltage where symptom relief was achieved to

that voltage value where significant side effects limit any further increase. A

wider range allows for better therapy options and is more desirable. DBS

induced changes in symptoms and evolving side effects take time to develop,

ranging from seconds to hours and even days. Therefore, during a relatively

short programming session mostly incomplete changes are observed.

Upon completion of the screening of the first electrode contact, the stimu-

lator is turned off and sufficient time is allowed for the symptoms to reach base

line level before proceeding with the next electrode contact. In reality, however,

base line levels often seem to worsen because this time-consuming programming

procedure is taxing the patient considerably. This must be considered when estab-

lishing the “therapeutic window;” otherwise, an objective comparison of the effi-

cacy of the four electrode contacts is not possible. In frail patients, the screening

of bilateral leads might require two separate programming sessions. A thorough

screening procedure should clearly identify which of the four contacts of the DBS

lead yields the most beneficial symptom relief which subsequently is selected and

cautiously activated at a low voltage of 0.5 to 1.0 V. Often this voltage is below

the window of opportunity and no immediate effect is noticed. However, since

the latencies of some clinical benefits and side effects are considerable, it may

take a day for the full effect to develop. It is prudent to initially set the stimulator

conservatively for multiple reasons: many patients live quite a distance from

the clinical center and an unscheduled visit for corrective programming action

often represents hardship. Also, slow but constant progress is a more positive

experience for the patients than temporary, anxiety provoking setbacks.

Finally, these settings are usually not dyskinesia inducing when the patients

resume their medication regimen, and no immediate change is required. Many

patients who undergo bilateral procedures have the dual channel Kinetra stimu-

lator implanted. This device allows patients to make adjustments to one of the

stimulation parameters, usually the voltage, with the aid of the Access controller

within a predetermined range of values. Our patients are instructed to increase the

stimulation voltage by 0.2 V or two clicks bilaterally after the first and the second

week of the initial programming, and to call the office if they experience any

adverse events. The stimulator is programmed to limit patient adjustments to

maximal +0.4 V or four clicks. Most calls are a result of stimulator-induced

dyskinesias and are easily corrected by the neurologist reducing dopaminergic

medication. One month after surgery, patients return for the final surgical visit

as well as follow-up programming.

FOLLOW-UP PROGRAMMING

A thorough physical exam and a complete inventory of patient findings are

performed first, which allows a comparison with the preprogramming exam and

an objective review of benefit and potential side effects attained from DBS. At

this point, patients are almost recovered from the surgical interaction and are
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accustomed to DBS. Anxiety levels are greatly reduced. Often habituation or

adaptation to stimulation is observed after the initial programming and PD symp-

toms are more pronounced again. An increase in the stimulation parameters coun-

teracts this reduction in response effectively. Generally, after several adjustments

the stimulation effects remain effective and constant, and no more waning is

observed over shorter periods of time. The stimulation parameters are usually

not sufficiently incremented to be in the therapeutic range to deliver optimal

symptom relief at this point. Hence, a more copious increase in stimulation is

indicated. Before proceeding, however, it is advisable to discuss with the

patient’s neurologist a strategy on dopaminergic medication reduction, as

patients most likely will show signs of induced dyskinesias following a

significant increase in stimulation.

As stimulation is increased, the potential for inducing adverse reactions is

also increased. Again, a thorough discussion with the patient on what the various

signs are and how to reduce them is helpful in alleviating apprehension and stress

as well as emergent phone calls. Patients with a Kinetra stimulator can reduce the

settings and often ease side effects to the point that they are tolerable until they

are addressed at the next scheduled programming visit.

After successful adjustments when patients experience great symptomatic

relief from DBS, side effects may develop that are bothersome or afflictive to

the point that they are not tolerable on a long-term basis. Current spread from

the electrode reaches adjacent structures to the target and interferes with neuro-

logic function. As the electrode trajectory is usually angled slightly lateral to

medial and anterior to posterior from burr hole to target location (Fig. 1), chang-

ing the active electrode to its nearest neighbor might alleviate the undesirable

effect. For example, if persistent parasthesias are intolerable, which usually indi-

cates a too posterior stimulation location, a superior electrode contact might

relieve them, as the new stimulation focus is now more anterior in addition to

slightly more superior and lateral. Figure 2 shows the effects of DBS to sub-

optimal electrode positions and what effects might be expected. If switching to

an adjacent electrode contact does not prove successful in alleviating undesired

effects, restricting the current spread by using bipolar mode might help.

Instead of the stimulator case, an adjacent contract is used as the positive pole

or anode. Often times, only by trial and error are the optimalþ and 2 contacts

found. Generally speaking, when switching to bipolar mode, more stimulation,

at least 0.5 V, is needed to provide similar symptom relief. On rare occasions,

double negative and positive bipolar mode is needed if a singular configuration

is not sufficient. Whenever the active negative electrode is changed to another

contact during a reprogramming session, adaptation occurs again and it might

take several programming session to reach a stable setting. After the initial pro-

gramming phase, which can take several months, the adjustments tend to get

smaller as only fine-tuning is needed. Generally speaking, GPi stimulation

seems to require fewer adjustments as compared to STN. Often patients are

under the impression that any ailment can be corrected with stimulator
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adjustments. It should be emphasized that once the optimal setting is reached,

going beyond that does not increase the benefit from stimulation. On the contrary,

overstimulation can acutely worsen the condition as current spread reaches

beyond the target nucleus and negatively affect other neuronal activity.

DBS requires energy and is supplied by a battery built into the stimulator.

The life span of a battery depends on the stimulation parameters and typically

extends over several years. A typical setting (amplitude 3.0 V, pulse width

60 mS, frequency 130 Hz, simple bipolar mode, continuous mode, and a given
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impedance of 1000 V) yields a life span of 81 months or 63
4

years for the Soletra

(15) and approximately 84 months or seven years for the Kinetra (16) powering

two leads. Practical experience teaches us, however, that the actual longevity is

usually shorter than the numbers calculated. A low battery status is indicated by a

blinking green light on the patient’s Access Review (Medtronic 7438) or Access

(Medtronic 7436) controller, respectively. As these blinking light thresholds are

set rather low, immediate remediation is required if stimulation is not to be inter-

rupted due to battery failure. In patients with advanced stages of PD, crisis situ-

ations can develop quickly with disabling adverse effects when battery depletions

are encountered (17). A better way to avoid these potentially dangerous situations

is by carefully monitoring battery status during every programming visit. With

sufficient data points, the end-of-life date can be predicted and battery replace-

ments can be scheduled in a more timely fashion. Hence, it is advisable to sche-

dule follow-up appointments in shorter intervals, for example, three months,

rather than the more customary 6 to12 months when approaching the predicted

battery depletion date.

APPROACH TO CHALLENGING PATIENTS

Occasionally, despite extensive programming efforts, only marginal symptom

relief is attained. In this case, a thorough review by the neurologist is indicated

to assure that no latent or active comorbid conditions are interfering with the

DBS therapy. The medication regimen should also be reassessed as the response

might be altered following DBS surgery. Also, if not performed as a postopera-

tive procedure, follow-up magnetic resonance imaging (MRI) scans might be

indicated and reviewed with the neurosurgeon to confirm proper location of

the leads and absence of any pathology. If no cause for the lack or diminished

response can be identified, an extended programming session might prove ben-

eficial in finding the elusive setting with more satisfactory results. The session

should start with a complete electrical assessment of the hardware to rule out

any technical problems. The “electrode impedance” function on the n’Vision pro-

grammer is used for that purpose. It is often necessary to increase the test voltage

to 3 V or more volts with preset pulse width (210 mS) and frequency (30 Hz),

patient permitting, to achieve sufficient measurement accuracy and avoiding

threshold values as indicated by either a “ , ” or “ . ” sign in the readout. It is

important that adequate time is allocated and a well-prepared strategy is followed

to increase the chance of success. Often, as a last resort, nonstandard or creative

electrode contact selections such as double negative bipolar might prove effective

if monopolar configuration is not tolerable.

Occasionally, a patient returns to the clinic with a complaint of loss or sig-

nificant reduction of stimulation benefit. A careful review of the history will

provide some insight about the rate of regression, and the condition can often

be classified as either a rapid or a slow decline. The former condition is often

related to hardware failures or the onset of a significant clinical event such as
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pneumonia. Proper remediation generally restores the previously potent benefit.

In the case of the slowly declining patients, medication compliance issues are

often found to be the cause as patients often reduce their dopaminergic medi-

cations on their own. The disease also might have worsened, progressing at a

more accelerated pace. In this case, a follow-up visit with the neurologist is

strongly recommended.

PROGRAMMING EXAMPLES

Case Study 1

A 54-year-old man who was diagnosed with PD in 1998 was operated in early

2004. His major symptoms included bradykinesia, gait freezing, and motor fluc-

tuations with peak dose dyskinesias. He was a participant in the NIH/VA Coop-

erative Study Program 468 at our institution, randomized to GPi as his target

location. The operative procedure included MRI based targeting and microelec-

trode recordings and was uneventful. One week after surgery he returned for a

surgical follow-up visit and his DBS devices were first programmed. After a

careful screening procedure, both electrodes were placed in monopolar mode

as shown in Table 1. His medications remained unchanged from preoperative

levels and included Mirapex, Stalevo, and Sinemet. Gradually his symptoms

improved as stimulation voltages were increased during subsequent visits.

Approximately six months after surgery, he reported a cessation of dyskinesias

and very rare occasions of gait freezing. A further increase in the stimulation

voltages only minimally decreased the occasional hesitation freezing episodes.

An increase of his dopaminergic medication did not further reduce these

infrequent episodes.

Conclusions

Despite the relatively high initial levels of stimulation, minimal benefits were

observed at first. Only after six months and some further increases in stimulation

voltages were gait-freezing episodes finally reduced to very few and dyskinesias

were completely eliminated. Further increases in stimulation did not yield signifi-

cant additional gains. Stimulator derived benefit are slow to evolve for GPi

targets and sufficient time has to be given for symptom control to develop.

Only then should further therapy escalating measures been taken.

A closer inspection of the Table 1 reveals that the right DBS current did not

increase beyond 26 mA as the voltage is changed from 2.4 to 3.1 V. As the elec-

trode impedance increased during the same time interval from 918 to 1275 V, it

negated any gains in current and hence stimulation. More frequently, however, a

decrease of the impedance is observed over time, which, in turn, enhances the

stimulation effect. This is clearly seen on the left electrode data in Table 1.

The current doubled as a result of an increase in stimulation voltage and a

concurrent decrease in the electrode impedance.
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Case Study 2

A 59-year-old women with a 13-year history of PD was operated on in late 2001 for a

left DBS placement. Her symptom was a moderate right upper extremity tremor pri-

marily on the right with some rigidity and bradykinesia, all of which became increas-

ingly medication resistant. The surgical procedure was uneventful and MRI targeting

and microelectrode recordings (MER) assisted localization resulted in effective pla-

cement of the leads in the STN . Nine days after surgery her electrode was screened

and programmed. Table 2 summarizes her programming sessions. The patient did

not tolerate monopolar stimulation as she felt lightheaded. A “wide” bipolar

setting was used and provided effective tremor relief. She was quite pleased with

the result and did not return for programming for about a year when suddenly her

left hand tremor reappeared. The Soletra stimulator was found to be off. Restarting

the device controlled the tremor again and the patient was advised to regularly check

the status of the device. Over time the patient’s left hand started to tremor to a point

that made daily house work difficult. She was scheduled for a right DBS placement

and several months later underwent a successful procedure. The new electrode was

screened and programmed in monopolar mode during her hospital stay. The settings

were increased in subsequent programming sessions.

Two months later during the 6/12/02 visit, the patient complained about

the persisting left upper extremity tremor. An increase in the monopolar

setting from 1.7 to 2 V arrested the tremor but produced lightheadedness. So

she was switched to bipolar mode at 1–2þ then to 2–3þ as only approximately

90% tremor suppression was achieved on the former setting. At 4.5 V complete

suppression was noted with no concurrent adverse events. On 3/19/2003, a small

adjustment was needed to retain full tremor suppression. The patient was quite

happy with the symptom control and did not return to the clinic until a year

and a half later when suddenly her left hand was shaking worse than ever

before. The battery for the left DBS device must have expired since no readings

could be obtained with the n’Vision programmer (Medtronic 8840). She was

scheduled as an outpatient for bilateral stimulator replacements, and following

surgery both devices were reprogrammed before she left the hospital. An

attempt was made to utilize more battery efficient parameters as seen in

Table 2. Although full tremor control was achieved initially, several weeks

later the settings had to be increased due to recurring tremors.

Conclusions

It is not always possible to limit the stimulation voltage to 3.6 V or less in order to

optimize battery longevity. However, before voltages are increased beyond that

threshold, it is advantageous to explore if a gradual increase in the frequency

to 185 Hz, and possibly in the pulse width to 120 mS, would not yield additional

symptomatic benefit.

If the patient is followed by an outside neurologist, as in this case, it is

important that he or she is instructed to return for periodic programming visits
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so that electrical properties and battery status can be monitored. Although a 6 to

12 month interval is adequate initially, it must be shortened as the anticipated

battery depletion date approaches. Sudden battery failure and concurrent worsen-

ing of the symptoms might put the patient at significant risk, which is avoidable

with proper planning as discussed before.

Case Study 3

A 48-year-old man received his bilateral DBS implants in late 2003. He was first

diagnosed with PD in 1998. Prior to surgery he was on Sinemet and his main

problem was wearing off abruptly with subsequent severe freezing. Again,

MRI based targeting with microelectrode recordings were utilized to implant

bilateral, narrow-spaced leads in the STN. The Soletra stimulators were placed

during the same session. After a brief and uneventful hospital stay he returned

one week later for initial programming. After a careful screening, bipolar settings

were activated as outlined in Table 3. While symptoms on his right extremities

were controlled rather quickly, the left side required more programming sessions

to achieve a satisfactory result. An attempt was made again to use a monopolar

mode on the right, but after some period of time, the setting was returned to

bipolar mode. Late in 2005, he was exhibiting slight dyskinetic movements at

times but they were not interfering with his daily activities. In October 2005,

after experiencing significant off time for several days, he came to the clinic

for evaluation. His left Soletra stimulator was found unresponsive to the

n’Vision as well as the older-programmer model (Medtronic 7432) and he was

scheduled for surgical replacement of both devices. Since an exhausted battery

is rather unlikely given his programming history, a technical defect was sus-

pected and the device was returned to Medtronic for evaluation. The new stimu-

lators were programmed slightly lower, by 0.2 and 0.3 V, with the plan to

increase it if needed during the follow-up visit, one week later.

Instead, a further decrease in the stimulator settings was needed as the

patient experienced significantly increased dyskinesia in the form of body

rolling motion shortly after the outpatient DBS replacement procedure. It took

several sessions and a close interaction with his neurologist to limit these dyski-

netic movements and avoid significant freezing episodes that usually followed.

Conclusions

No cause for the suddenly increased sensitivity for dyskinesia could be identified

with a neurologic exam and MRI scanning. After two months of systematic medi-

cation and programming adjustments, a satisfactory balance was found which

eliminated the alternating dyskinesia and freezing episodes and allowed the

patient to resume his work full-time again. A careful inspection of the impedance

might indicate changing conditions at the electrode-tissue interface. A decrease

in the impedance led to an increase in current despite lower voltage settings

and might have contributed to this transient dyskinetic phase.
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KEY TO SUCCESSFUL DEEP BRAIN
STIMULATION PROGRAMMING

During each programming session, careful documentation of all symptoms with

complete concurrent stimulation parameters settings is most important. This is

imperative if the patient has been followed for some time and the chart has

grown in size to the point that reconstructing the past history becomes challeng-

ing. Without a complete overview of past settings, the quest for improved stimu-

lation parameters may easily return a patient to a previously used and apparently

inadequate setting. This adds to the patient’s as well as programmer’s frustration

and wastes valuable clinic time and resources. Not making the same mistake

twice should be the guiding principle, which will invariably lead to success in

DBS programming.
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10

Medication Adjustment After Deep
Brain Stimulation Surgery of the

Subthalamic Nucleus

Grace S. Lin Liang

The Parkinson’s Institute, Sunnyvale, California, U.S.A.

INTRODUCTION

Over the past decade, deep brain stimulation (DBS) surgery has emerged as a

powerful treatment modality for advanced Parkinson’s disease (PD). DBS of

the subthalamic nucleus (STN) has been shown to provide both immediate and

long-term benefit in ameliorating the cardinal motor features of bradykinesia,

rigidity, tremor, and gait impairment (1–8). For many patients, the impetus for

undergoing surgery arises from the limitations of pharmacotherapy, which may

include erratic fluctuations in medication duration and effect, as well as

adverse effects of increasing doses of medications, such as levodopa-induced

dyskinesias and neuropsychological effects.

Given that many patients are on complex medication regimens with

multiple drugs and frequent dosing prior to DBS, the careful adjustment of

medications following DBS surgery, in conjunction with managing stimulation

parameters, is essential in providing the best possible outcome of the procedure.

Okun et al. (9) evaluated a series of 41 patients who were referred to two

movement disorder centers because of suboptimal outcomes following DBS

surgery. Of these 41 DBS “failures,” 30 (73%) were found to require changes

in their parkinsonian medications. Three of the patients improved markedly

with medication adjustment alone, and 17 others improved after adjustment of
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the medications and DBS programming. These findings emphasize the critical

need for a thorough understanding of both of these modalities of treatment,

and continual assessment and adjustment based on the unique needs of the

individual patient, both in the immediate postoperative period and after years

of chronic DBS therapy.

Dopaminergic Medications

In moderate-to-advanced PD, pharmacological therapy still centers around the

dopaminergic agents, namely the levodopa preparations and dopamine agonists.

The levodopa formulations are a combination of levodopa and a dopa-

decarboxylase inhibitor, either carbidopa or benserazide, and are available in

both immediate- and controlled-release forms. The catechol-O-methyl-

transferase inhibitors, entacapone and tolcapone, may be used as adjuncts to

levodopa to inhibit its metabolism, and thus extend its half-life and concen-

tration area under the curve (10–12). Selegiline and rasagiline are inhibitors

of monoamine oxidase-B, the other enzyme also responsible for degradation

of dopamine in the brain. Levodopa is still the most potent pharmacological

agent available for the relief of parkinsonian symptoms. The dopamine agonists

are effective and may be used as monotherapy for relief of PD symptoms, but

in moderate to severe stages of the disease, are more frequently used in

conjunction with levodopa. The dopamine agonists that are currently available

in the United States include bromocriptine, pergolide, cabergoline (which is not

FDA-approved for treatment of PD), pramipexole, and ropinirole. Lisuride and

piribedil are dopamine agonists available in Europe and other countries.

Apomorphine is a water-soluble highly potent dopamine agonist with a rapid

onset and short half-life. It is available in injectable form, used as “rescue”

therapy for “off” periods.

After DBS surgery, overall dopaminergic medication dose requirements

have been reduced significantly in multiple studies evaluating outcomes of

the procedure, ranging from 19% to 100% average reductions in dose (1,2,

4–7,13). Several patients have been able to be maintained on DBS therapy and

off of dopaminergic medications entirely, even up to five years after surgery

(7,14–16). The rationale for reduction of medications is several-fold. With

DBS there is improvement in patients’ motor function and reduction in duration

of “off” time, and thus lower or less frequent doses of the medications may

be able to provide the same level of overall motor function (8). Furthermore,

the procedure itself or STN stimulation may induce increased dyskinesias

postoperatively, possibly because of a functional subthalamotomy effect

(1,17,18). Tapering of the dopaminergic medications in this situation may

lessen the likelihood of dyskinesias. In addition, the dose-dependent side

effects of the medications, both short-term and long-term, may warrant a

reduction in dose as DBS stimulation is increased to supplement or replace the

effect of medications for alleviating parkinsonian symptoms.

130 Liang



DK7019-Baltuch-ch10_R2_161206

Anticholinergic Medications

Drugs in the class of anticholinergic medications used to treat PD include benz-

tropine, trihexyphenidyl, biperiden, and ethopropazine (not available in the

United States), which are central muscarinic receptor antagonists. With the

many medications currently available for PD treatment, the primary utility of

the anticholinergic drugs now is for treatment of tremor. They are also sometimes

used as an adjunctive medication for treating dystonia that can occur in PD,

usually as an “off” phenomenon (19). However, they do not appear to provide

as much benefit in treating the akinesia and rigidity of PD when compared

with dopaminergic drugs (20). With reduction of tremor after DBS, the anticho-

linergic medications can be tapered lower or eliminated from the regimen as

tolerated. Reduction of anticholinergic medications can be beneficial because

of both central and peripheral side effects, which can be bothersome, especially

in patients who are elderly or have some cognitive impairment. Central side

effects include sedation, confusion, memory impairment, and psychosis.

Autonomic effects such as dry mouth, orthostatic hypotension, constipation,

and urinary retention are also common with the anticholinergics and can be

particularly problematic in PD patients who have underlying autonomic dysfunc-

tion. Many of these central and peripheral adverse effects are reversible with

reduction or discontinuation of the medications.

Amantadine

Amantadine may have several pharmacological mechanisms of action that

mediate its effects on PD symptoms. Some studies suggest that amantadine

may increase dopamine release and synthesis (21,22), and inhibit dopamine

reuptake (22). It also has anticholinergic effects, perhaps, also mediated by

N-methyl-aspartate (NMDA) receptors (23). Amantadine is often used in moder-

ate to advanced PD as an adjunctive medication to the dopaminergic agents,

usually at doses between 100 and 500 mg/day. It has mild anti-parkinsonian

effects for relieving tremor, bradykinesia, and rigidity, and has been shown to

reduce motor fluctuations and the duration of “off” time (24). In patients who

are candidates for DBS, dyskinesias are another complication of chronic

levodopa therapy, which become increasingly severe with increasing doses and

duration of levodopa use. Amantadine has been shown to be effective in reducing

dyskinesias (25–27). Its antidyskinetic effects may be related to its mild

antagonism of glutamate NMDA receptors, which have been implicated as

possibly involved in the development of levodopa-induced dyskinesias (28).

One of the benefits of DBS that has been described is reduction in

levodopa-induced dyskinesias with chronic stimulation (18,29). The reduction

in dyskinesia severity has been reported to range from 30% to 92% in various

outcomes studies (1–3,7,16,30). Russmann et al. (31) evaluated dyskinesia sever-

ity with levodopa challenge in 12 patients who had undergone chronic DBS. Six
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of the patients did not require medications to treat parkinsonian symptoms after

DBS, and the reduction in average dyskinesia severity in this group was 96%,

with only one out of six patients experiencing dyskinesia. The other six patients,

whose dopaminergic medication doses were reduced 62% from baseline, had

only 47% reduction in dyskinesia severity. The results suggested that the

reduction of dyskinesias in STN DBS patients was partially dependent on the

degree of dopaminergic medication reduction and may indicate some reversibil-

ity of sensitivity to levodopa-induced dyskinesias. However, in another study,

Wenzelburger et al. (32) found that even in some patients with no reduction in

dopaminergic medication, dyskinesia severity was still reduced after STN stimu-

lation, which indicates that DBS may also have an intrinsic antidyskinetic effect

independent of medication reduction. Thus, with improvement in the duration

and severity of dyskinesias after surgery, the need for amantadine may be les-

sened and a gradual taper of the medication can be done. This would be particu-

larly useful in patients who may have side effects from amantadine. These

include cognitive impairment and confusion, dry mouth, and constipation,

which may be from the anticholinergic effects of the drug. Amantadine may

also cause peripheral edema and livedo reticularis, which is often reversible

with reduction of the dose. However, the taper should be gradual, for example,

by 100 mg/day every one to two weeks, because of the possibility of acute wor-

sening of symptoms with sudden discontinuation of the medication (33,34). In

some patients, some nonmotor symptoms may also have benefit from amanta-

dine, and thus the response to dose reduction should be undertaken with

careful monitoring of symptoms.

Considerations for the Timing and Progression
of Medication Adjustment

There have been few assessments and no systematic controlled trials of the

optimal protocol for medication reduction following STN DBS surgery. Most

studies report outcomes in terms of change in overall dopaminergic medication

daily dose, and do not differentiate between dopamine agonists and levodopa.

Other PD medications such as the catechol-O-methyl transferase (COMT) inhibi-

tors, selegiline, amantadine, and anticholinergics are usually not included in the

conversion to levodopa equivalents. In an earlier series, medications were

reduced by 60% within the first month, and maintained at about 65% below base-

line for at least 12 months (17). Another study followed a protocol of initially

reducing dopaminergic medications 30% immediately postsurgery, then adjust-

ing further according to amount of improvement with stimulation; dopaminergic

medication reduction was 51% at 12 months (35). Thobois et al. (36) assessed the

timing of medication adjustments in a series of 18 consecutive patients who

underwent STN DBS. Perioperatively, the nondopaminergic medications were

first reduced or eliminated, which included the anticholinergic medications,

selegiline, entacapone, apomorphine, and amantadine. To reduce the risk of
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postoperative confusion, the anticholinergics, and in some cases the dopamine

agonists, were reduced preoperatively. After STN stimulation was initiated, the

only medications still in use after the first month were levodopa, ropinirole,

and bromocriptine. They reduced levodopa first preferentially because of the

shorter half-life and simpler titration, and 45% of patients were able to discon-

tinue levodopa. At the 12-month follow-up, one-third of patients were not on

medication, 28% of the patients were either on monotherapy with levodopa or a

dopamine agonist, and 39% on a combination of the two. The majority of medi-

cation reduction occurred during the first month, and the doses of the medications

were approximately reduced to half in 12 months. Often, reducing both the

individual doses of medications and the frequency of administration can be

achieved because of the reduction in severity of fluctuations with STN DBS.

Vingerhoets et al. (16) performed a study in which anti-parkinsonian

medications were held prior to surgery. In the first postoperative week, the stimulator

was turned on and adjusted frequently, on an average twice daily in the first week,

and every one to two weeks thereafter during the first two months, to optimize

patient motor scores primarily with the stimulator. The anti-parkinsonian medications

were only gradually and progressively reinstated if the DBS did not bring motor func-

tion to the same level as the preoperative medication “on” state, with a goal of using the

least amount of medication necessary. Of the 20 patients they studied, 10 patients were

maintainedoffmedicationsandonstimulationaloneforup to twoyears.Overall,medi-

cationswerereducedby79%at last follow-up.However,othershaveargued thatmedi-

cations should not be reduced rapidly or aggressively postoperatively. One reason is

that there can be variability in clinical function during the initial recovery period of

several months, which may partially be due to a microlesioning effect from the

surgery, as well as stabilization of stimulation parameters and effect (37,38).

Furthermore, patients may also have nonmotor symptoms that are responsive to

the medications, and rapid tapering of the medications may cause intolerable

exacerbations of these symptoms even while the motor symptoms are sufficiently

reduced by the DBS. Uncovering restless legs symptom has been described

following STN DBS (39). Changes in mood and cognition including apathy,

depression, and even suicide, have also been seen after STN DBS, possibly related

to decreases in dopaminergic medications following surgery (7,38,40).

Case Study

The patient noted gradual loss of dexterity at age 62 and was diagnosed with PD.

He was started on carbidopa/levodopa and had an excellent response. He began

to develop levodopa-induced dyskinesias around age 69. By age 75, he was

having increasing motor fluctuations with delayed onset of medication effect

and wearing off sometimes after one to two hours, with occasional dose failures.

However, during his medication “on” time, he was able to walk without difficulty,

and had minimal tremor and rigidity. The peak-dose dyskinesias were moderate-

to-severe in intensity and occurred about 30% to 50% of the day. At the time of
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surgery, he was taking 1.5 to 2 tablets of carbidopa/levodopa 25/100 every three

hours during the daytime (1000 mg levodopa), controlled release carbidopa/
levodopa 50/200 at night, entacapone 100 to 200 mg five times daily, ropinirole

3 mg four times daily, and amantadine 100 mg twice daily. He underwent

implantation of STN DBS electrodes bilaterally without complication at age 76.

Shortly after the surgeries, the wearing off and dyskinesias were significantly

decreased, and his total levodopa requirements were 800 mg/day, with entaca-

pone 200 mg five times daily and ropinirole 3 mg three times daily. Amantadine

was tapered-off two months later, but the patient continued to have some mild

dyskinesias. Therefore, the dose of entacapone was then decreased to 100 mg

five times daily. However, he continued to have wearing-off after about three

hours, manifested primarily by gait-freezing and slurred speech. With further

increases in stimulation amplitude over the following months, his gait improved,

and the dose of levodopa was reduced to 400 mg daily. Because of complaints

about short-term memory impairment, a plan to gradually taper ropinirole in

conjunction with further monitoring and stimulator adjustment was made.

This case illustrates several considerations common to the patients who

undergo STN DBS therapy. Through extensive preoperative testing of overall

mobility and motor function, responsiveness to levodopa and neuropsychological

status, he was determined to be a good DBS candidate. Preoperatively, he was

taking levodopa in combination with a COMT inhibitor, dopamine agonist, and

amantadine, for severe, frequent fluctuations and dyskinesias. Following

surgery, the addition of DBS provided improvement in bradykinesia, rigidity,

and gait, but also a mild increase in dyskinesias that necessitated reductions in

dopaminergic medications. Because of his age and cognitive status, a primary

goal of the management of his therapy is to find a balance between maximizing

mobility and motor function with minimal fluctuations, and minimizing cognitive

or other side effects of the medications.

SUMMARY

Although substantial or even complete reduction of anti-parkinsonian medications

can often be achieved after DBS, it should not be a primary goal of postoperative

medication adjustment. Medication reductions may provide the benefit of poten-

tially lessening adverse or toxic effects of the drugs, but may also unmask nonmo-

tor features of PD that are still responsive to dopaminergic therapy. Therefore,

medication regimens need to be assessed frequently both in the immediate

postoperative period of recovery from the procedure, and with each DBS

adjustment thereafter, tailored to the individual symptoms and goals of the patient.
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INTRODUCTION

High frequency deep brain stimulation (DBS) procedures have become more

common to treat medically refractory Parkinson’s disease (PD) in those who

are experiencing “tolerance” to dopaminergic agents as manifested by dyskine-

sias and rapid motor fluctuations. Their efficacy has been optimal for suppressing

the isolated clinical signs that usually are responsive to dopaminergic agents

(tremor, rigidity, and bradykinesia), but not necessarily efficacious when

considering gait and postural disturbances, speech impairments, motor blocks,

cognitive/behavioral difficulties, dysautonomia, and other motoric and nonmoto-

ric signs that are either usually not responsive to dopaminergic agents or are

manifestations of later stage disease. Functional status and quality of life have

been generally reported as improved after DBS procedures (1–5).

High-frequency stimulation of three subcortical structures that are

encompassed among the neural networks that control movement have been

studied: the ventralis intermedius nucleus (Vim) of the thalamus, the internal

segment of the globus pallidus (GPi) of the basal ganglia, and the subthalamic

nucleus (STN) of the basal ganglia. High-frequency stimulation or physiological

ablation of these structures has been viewed as comparable to surgical or

anatomic ablation (thalamotomy and pallidotomy), however reversible (2,3).

Historically, thalamic stimulation has been the preferred procedure to treat
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tremor-predominant PD. However, it has been less effective for controlling other

parkinsonian signs. Thalamic stimulation, thus, has largely been replaced by STN

stimulation, which has been comparable to thalamic stimulation for control of

tremor, and more effective for controlling other parkinsonian signs. STN and

GPi stimulation have been viewed as relatively comparable for controlling par-

kinsonian signs, particularly when “off” dopaminergic medications, primarily

contributing to improved regulation of motor fluctuations. STN stimulation has

been reported to be less effective to control on-medication dyskinesias than

GPi stimulation. Yet, STN stimulation more often has allowed for significant

reductions in doses of dopaminergic medications, with associated decreased dys-

kinesias. STN-DBS has been observed to sustain its therapeutic effects beyond

one year, whereas GPi-DBS anecdotally has led to “treatment failure” in a

small number of patients after one year. GPi-DBS has required higher stimulation

“dosing” than STN-DBS, but STN-DBS has required more intensive postsurgical

observation associated with its relatively higher prevalence of adverse events,

particularly neuropsychiatric. STN stimulation has evolved to become the pre-

ferred procedure over GPi. Only one randomized controlled trial that compares

these stimulation procedures has been completed, however other such studies

are in process (6–9).

The neurophysiologic mechanisms that underpin the reported efficacy of

high-frequency DBS are not completely understood. During dopamine depletion

within the substantia nigra compacta of the basal ganglia that occurs in PD,

hyperactivity of the STN concurrently has been observed and is considered a

hallmark of the disease. STN hyperactivity provides “over-excitation” of the

GPi. “Overexcitation” of the GPi provides “over-inhibition” of the Vim of the

thalamus. This inhibition provides “overexcitation” of the supplementary

motor and dorsolateral prefrontal cortices that, in turn, results in parkinsonian

motor signs. Physiological ablation using high-frequency DBS inhibits or

re-balances this component of the neural network with the aim of dampening

the classic levodopa-responsive parkinsonian clinical signs (2,3,6,10).

The expanding evidence-based outcome data are still considered insuffi-

cient to provide universal support for recommending DBS to treat medically

refractory PD (7,11). The possibility of neuroprotective effects after DBS has

not been firmly established but continues to be explored by neuroscientists.

Thus, the current view of DBS procedures to treat PD is that they are essentially

palliative; they provide support to stabilize the levodopa-responsive manifes-

tations of the neurodegenerative process, but they do not retard the disease

process (2–5,7).

When considering the rehabilitation needs of those individuals with PD

who have DBS procedures, there have been no reported investigations of

focused rehabilitation interventions. However, a substantial amount of investi-

gation has been accomplished that can guide the rehabilitation process for this

patient population to serve the purposes of defining realistic presurgical
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expectations and postsurgical outcomes, as well as for defining the rehabilitation

service needs and practices to be provided immediately after surgery, during the

initial year after surgery, and thereafter.

DEFINING REALISTIC PRESURGICAL EXPECTATIONS

Referral for DBS procedures by rehabilitation specialists to neurologists and

neurosurgeons of appropriate individuals with PD, and rehabilitating those who

are selected as candidates after these procedures, require knowledge of which

patients are considered the best candidates for DBS and what patients should

expect during their acute hospital stay, and inpatient rehabilitation stay if

indicated.

Patient Selection

DBS has been considered most appropriate for those having a younger age of

disease onset, and before the associated limitations in everyday life activities

have progressed to threaten autonomous self-care, safe mobility, meaningful

communication, and social and occupational role participation. Poor outcome

after DBS is more likely in older individuals (.70) because they may have

more manifestations of later-stage disease that are considered levodopa-resistant

(2,7,12,13). Moreover, older patients are more likely to have more advanced

comorbid medical conditions that increase surgical risks of adverse events and

have associated disability independent from that associated with PD. With the

exception of dyskinesias, motor signs that persist during the best “on-medication”

state after receiving a suprathreshold dose of short-acting levodopa are unlikely

to respond to DBS (4). Thus, a levodopa-challenge test has been recommended by

some neurologists and neurosurgeons to assist with predicting surgical outcome

(13). However, limiting the assessment for selecting appropriate individuals for

DBS to the level of disease impairment, that is, in controlling the cardinal clinical

signs of PD, is not enough. For each individual, these clinical signs must be expli-

citly linked to the level of disability and/or interference with participation in

essential daily activities that contribute to quality of life in the areas of self-

care, mobility, communication, and social role performance (7).

Several studies have articulated predictive factors influencing patient

selection for DBS (14–16). Such factors include: lower age; better control of

motor signs presurgically as clinically observed between the off-medication

and the on-medication conditions as an indicator of levodopa responsiveness;

and longer disease duration. Additionally, two specific levodopa-responsive

clinical factors have emerged as positively predictive of outcome during the

first postsurgical year: relatively more decrease in rigidity and relatively more

improvement in postural stability, as observed presurgically between the off-

and on-medication conditions.
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Immediate Postsurgical Management

Except for patients who have tremor-predominant PD, the stimulators usually are

not turned on until at least one week after the procedure. Thus, most patients who

have DBS are restarted on their usual dopaminergic medications no later than

the evening of the day of surgery, and they are expected to get out of bed and

re-establish self-care and mobility no later than the first postsurgical day. Physia-

try, physical therapy, and social work referrals are highly recommended in order

to assess mobility and balance, and to determine whether there is an increase in

the burden of care on informal caregivers (spouses, adult children/grandchildren,

and friends) with whom the individuals with PD share their households. More-

over, occupational therapy and speech therapy assessments can be useful

immediately postsurgically to define if there are difficulties in self-care abilities,

swallowing, and communication that require further treatment.

For those patients who live alone, defining informal caregivers who can

provide household supervision, physical assistance and transportation, and

perform personal care and household chores is essential. If multidisciplinary

assessments indicate a decline in the functional abilities of the individual in

comparison to the presurgical functional baseline, or point to a lack of availability

of informal caregivers, particularly for those who live alone, then continued

rehabilitation services should be offered, either inpatient or at home. In the

best of circumstances, that is, when there are no immediate postsurgical compli-

cations, when the informal caregivers are available, and when the patient quickly

re-establishes baseline mobility, self-care, swallowing, and communication, the

patient should be offered home nursing and physical therapy for wound and

mobility “check-outs.” Otherwise, more comprehensive rehabilitation services

should be offered. The decision to choose inpatient or home rehabilitation

services is influenced by several psychosocial factors including the “disability

tolerance” of the informal caregivers, the geographical accessibility of informal

caregivers to inpatient rehabilitation programs, and the “consuming power” that

the patient has to purchase rehabilitation services as dictated by his/her health

insurance plan. For example, if the patient develops a postsurgical delirium or

other complications, and has not quickly re-established his/her baseline

functional status, or if the caregiver has health problems with associated disabil-

ity, and/or if the caregiver works and cannot be available during daytime hours,

during the initial postsurgical week, then the “disability tolerance” of the

patient–caregiver dyad may be compromised and an inpatient rehabilitation

stay should be pursued. Or, if the patient and caregiver have traveled a great

distance to a regional center to have DBS, the caregiver may be required to

expend resources on travel, parking, and hotels. To reduce the necessity

of daily long distance travel and parking/hotel expenses, many inpatient rehabi-

litation programs will offer the means for caregivers to “live in” by setting up a

folding bed. The patient–caregiver dyad must be viewed as “client”: thus, the

caregiver should be encouraged to participate in as many therapy sessions as
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possible for educational purposes. Insurance plans, in general, have been convi-

vial in their approval for inpatient rehabilitation after DBS given that the need for

these expensive services has not been universal, and lengths of stay have been

relatively short.

Our longitudinal study of 39 patients with PD who had STN-DBS revealed

several findings that can provide a context for planning immediate postsurgical

rehabilitation services:

1. The mean acute hospital length of stay for all patients was 3.5 days.

2. Forty-one percent of our study patients were admitted to inpatient

rehabilitation; their mean inpatient rehabilitation length of stay was

7.3 days.

3. The need for inpatient rehabilitation was associated with the

occurrence of nonlife threatening postsurgical complications, specifi-

cally, delirium (10.3%), worsening dysphagia without aspiration

(10.3%), drug rash (5.1%), urinary retention (5.1%), urinary tract

infection (2.6%), Clostridium difficile pseudomembraneous enterocoli-

tis (2.6%), seizure (2.6%), atrial fibrillation (2.6%), chest pain (2.6%),

and acute renal failure (2.6%). Among the 22 observed postsurgical

complications, 17 of these were observed in patients who required

inpatient rehabilitation.

4. Our subgroup of study patients who were admitted to inpatient rehabi-

litation after STN-DBS, when compared to the subgroup of patients

who were immediately discharged home after STN-DBS, were

significantly older; had significantly higher disease severity on the

Modified Hoehn and Yahr Staging scale; scored significantly lower

presurgically on the mobility subscale of the Functional Independence

Measure; walked significantly slower presurgically on the Timed Get

Up and Go test; and had significantly slower speed of cognitive proces-

sing during verbal fluency and verbal working memory tasks (17).

Knowledge of immediate postsurgical complications is essential for plan-

ning and providing postsurgical rehabilitation services after DBS. The occurrence

of complications has been extremely low and usually transient. Postsurgical mor-

tality and serious morbidity have been reported to be no more than 3%, and most

often, these occurrences have been associated with intracerebral and subdural

hemorrhagic events, cerebral venous infarctions, seizures, hardware infections,

deep venous thromboses and pulmonary emboli (2,3,7). The reported undesirable

transient effects after STN-DBS included delirium (24%), delayed wound

healing/scalp cellulitis/skin erosion (8%), and cerebrospinal fluid leak (,2%)

(18). Rare (,1%) neuropsychiatric postsurgical complications have included

mania, delusions, hallucinations, and depression associated with suicidal

attempts. These latter events were thought to be associated with the relatively

abrupt decreases in dopaminergic agents sometimes necessary after STN-DBS.

A hypothesized “therapeutic lesioning” effect has been observed; a reduction
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in parkinsonian motor signs before the initiation of stimulation has been thought

to be associated with immediate postsurgical edema and micro-hemorrhages

resulting from wire placement (5).

Postsurgical pain control after DBS has rarely been problematic. Pain

usually was associated with the scalp wire entry and chest wall electrode sites.

Short-acting nonopioid analgesia (acetaminophen) was usually effective, so

consistent use of short-acting opioids was rarely necessary to reduce wound

pain or headache associated with scalp, facial, and chest wall muscle spasm.

Nonsteroidal anti-inflammatory agents were avoided because of their bleeding

risk. Facial edema, particularly periorbital, was common and resolved relatively

quickly over several days. The suture/staple sites on the scalp can be distracting

to those patients who become disinhibited because of delirium after DBS

procedures. Soft mitts have been reported to be useful for minimizing trauma

and the risk of infection; a low dose of an atypical neuroleptic agent such as que-

tiapine, typically started at bedtime, can modulate such behavior. The subcu-

taneous wires that traverse between the scalp and chest wall typically have not

induced limitations in head/neck range of motion (18).

SHORT-TERM AND LONG-TERM OUTCOMES

The study of DBS postsurgical motor functioning has primarily entailed short-

term longitudinal observation of individuals during the initial year after the

procedure. Increasingly, observations are extending beyond one year, or the

long-term. Outcome measurement after DBS has encompassed a variety of

tools to assess isolated and more integrative clinical signs (impairment-level),

functional status (disability- or activity participation-level), and quality of life.

Most of the measurement tools used to observe outcome after DBS were

developed as PD-specific tools to serve the purpose of consistent observation

across various clinical centers that care for individuals who have PD and

related disorders. These have ubiquitously included the Uniform Parkinson’s

Disease Rating Scale (UPDRS), and the Schwab and England Activities of

Daily Living (ADL) Scale (19).

The UPDRS is a 42-item tool that broadly assesses clinical signs of PD and

associated functional status. It encompasses four subscales that measure: (i)

mentation/behavior/mood; (ii) activities of daily living (ADL); (iii) motor per-

formance; (iv) and complications of therapy (including dyskinesias and rapid

motor fluctuations). These subscales methodologically are not pristine in that

they combine impairment-based and disability/activity participation-based

measures, more heavily weighted toward measurement at the impairment level.

Few investigators have been rigorous in distinguishing impairment- and activity

participation-based measurement when assessing postsurgical motor functioning

in those who have PD by either adapting the UPDRS or by using alternative

measurement tools (20,21). However, the methodological weaknesses of the
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UPDRS have been counterbalanced by the strength of the provision of a universal

measurement “language” among movement disorders specialists that has been

applied over many years of use.

The Schwab and England ADL Scale is an ordinal scale that measures func-

tional status or burden of care. It more explicitly measures activity participation

across basic and instrumental ADL, articulated as the ability to perform “chores.”

Historically, the use of this scale has assured that impairment-based measurement,

that is, the UPDRS, has been linked clinically to disability- or activity-based

measurement when observing outcomes in the treatment of PD (22).

Lang and Widner (2002) (13) have promoted the application of the Core

Assessment Program for Neurosurgical Interventions and Transplantation in

Parkinson’s Disease (CAPSIT-PD) as an additional strategy for observation of

postsurgical outcomes after DBS procedures. This measurement scheme includes

the UPDRS as its primary functional outcome measure along with a series of

timed motor tasks that measure upper limb repetitive movements (pronation/
supination, finger tapping, finger dexterity) and walking.

The observed outcomes after DBS presented below will be summarized

briefly since they are discussed in more detail in other chapters of this book.

Outcomes After Vim-DBS

Short-term longitudinal studies of Vim-DBS have confirmed its efficacy for

controlling tremor and handwriting ability, but not gait, in those with tremor-

predominant PD. Several aspects of quality of life have been reported as

significantly improved including ADL performance and affective/emotional

state (20,23,24).

Several long-term longitudinal studies observed patients with tremor-

predominant PD, and demonstrated significant improvements in tremor-specific

and ADL scores that were sustained over means of 18 to 49 months; improve-

ments in global scores of motor control were not sustained (25–27). Pinter

et al. (28) cross-sectionally studied postural control and gait in seven patients

who were assessed at an average of 19.6 months after Vim-DBS to treat

tremor-predominant PD. On-stimulation conditions were associated with

significant decreases in the latencies of gait initiation along with significant

improvements in static postural sway, but not in postural stability in response

to external provocations. Vim-DBS continues to be offered to treat essential

tremor, action tremor associated with multiple sclerosis, and post-traumatic

and poststroke tremors (29,30).

Outcomes After GPi-DBS

Several longitudinal studies have observed significantly improved motor and

functional outcomes after GPi-DBS during the initial year after surgery, particu-

larly during the off-medication/on-stimulation condition (31–33). This translates
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pragmatically into a decrease in rapid motor fluctuations associated with more con-

sistent and sustained ability to participate in daytime functional activities; into

increased safety for getting out of bed in the middle of the night for toileting

when the effect of nighttime dosing of medications may be minimal; and into

increased ability for getting out of bed in the morning to initiate self-care rituals

before or as morning medications take effect. Moreover, significant decreases in

on-medication dyskinesias during the initial postsurgical year were observed. This

pragmatically translates into less interference of medication-induced dyskinesias

on the performance of daytime functional activities.

Krystlowski et al. (34,35) observed several aspects of gait and postural

control, cross-sectionally, during the initial year after GPi-STN; improvements

in gait (increased stride length, decreased single and double support time) but

not in postural control (preparatory postural adjustments) were observed.

Quality of life has been reported as improved during the initial year after

GPi-DBS (30).

Several long-term outcome studies, after GPi-DBS, have reported obser-

vations that have spanned means of between 24 and 60 months. The most

robust observation has been decreases in on-medication dyskinesias that are

thought to be a direct effect of stimulation. Rapid motor fluctuations recurred

in many study patients at one year after GPi-DBS. Improvements in functional

status were not consistently reported (36–41).

Short-Term Outcomes After STN-DBS

Postsurgical outcomes after STN-DBS have been the most extensively studied

among DBS procedures. The findings of some of these studies that have observed

outcomes during the initial year will be summarized.

Functional Status

Improvements in motor and functional outcomes during the initial year after

STN-DBS have been reported during longitudinal studies (42–52). Moreover,

decreases in on-medication dyskinesias have been reported and are thought to

be associated with using lower dosing of dopaminergic agents. In contrast,

decreases in rapid motor fluctuations are postulated to be a result of chronic

stimulation with a “stabilizing effect” whether medications are on board or not.

Qualitative observation during several of these studies revealed that no parallel

improvements in motor and functional status over time were observed when

considering walking abilities, and when stratifying the study patients into

performance-based subgroups (42–44,48,51). Linazasoro (52) has offered

some caution regarding the generally reported positive results after STN-DBS.

Specifically, he has argued that the outcome studies are too focused on motor

function, while other aspects of outcome such as the emotional status, cognition,

and quality of life have been inadequately reported. Thus, an unrealistic

impression of the impact of STN-DBS on everyday life has been communicated.
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To support this argument, Linazasoro has presented an update of 18 patients from

his program who also were involved in a multicenter trial: 6/18 could be con-

sidered to have a good clinical outcome when assessed comprehensively; 12/
18 could be considered to have an unsatisfactory outcome because adverse

events occurred that precluded a good clinical outcome despite the improvements

in motor function described in many; 4/12 of those with unsatisfactory results

were withdrawn from the study, and will likely not be reported in the multicenter

trial, except as having serious adverse events—two intracranial hemorrhages, one

cerebral infarction from venous thrombosis, and one hardware infection requiring

hardware removal. When commenting on the larger sample size that is being

studied in the multicenter trial, 25% of the study patients were considered as

having an unsatisfactory result when being assessed comprehensively (52).

Gait

Cross-sectional and longitudinal studies using clinical and gait laboratory

measures have consistently observed improvements in gait during the initial

year after STN-DBS (3,53–56). Several studies (53–56) have presented findings

that support that the effects of dopaminergic agents and stimulation may be addi-

tive in increasing gait velocity, but perhaps by different mechanisms. Levodopa

had more impact on improving stride length while stimulation had more impact

on improving cadence. The improvements in stride length had a greater impact on

increasing gait velocity. This observed dissociation between levodopa and stimu-

lation infers that different but overlapping neural networks are being used to

influence gait. Such observations lend some support for the hypothesis promoted

by Morris et al. (57) that stride length is directly mediated by the basal ganglia,

while cadence is mediated by the midbrain or spinal locomotion centers and

indirectly mediated by the basal ganglia. Moreover, another observation

regarding freezing of gait was that when freezing was present presurgically

off-medications, it was decreased postsurgically either by dopaminergic agents,

stimulation, or both; when freezing was present presurgically on-medications,

it was similarly resistant to dopaminergic medication and stimulation

postsurgically (54,55).

Posture and Balance

As with gait, posture and balance have also been observed to improve in the

initial year after STN-DBS, during both cross-sectional and longitudinal

studies that have used both clinical and balance laboratory-based measures of

static posture, postural stability, and balance (58–61). One cross-sectional

study performed by Rocchi et al. (2002) (60) observed a “normalization” of

static postural sway only during off-medication/on-stimulation conditions with

a worsening during on-medication/off stimulation and on-medication/
on-stimulation conditions, suggesting that stimulation may facilitate sensory

feedback systems that control posture while dopaminergic agents may be

detrimental.
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Fine Motor Control

Fine motor control during the initial year after STN-DBS has been studied cross-

sectionally, using an array of tasks including precision grip (62), repetitive

alternating finger tapping (63), and tracing (64). The reported findings generally

support the hypothesis that the influence of dopaminergic agents and stimulation

are additive. Parallel functional improvements can only be inferred from

these studies.

Speech

One case of “speech initiation hesitation” has been described after STN-DBS. It

was conceptualized as an idiosyncratic manifestation of freezing, postsurgically

(65). Other investigators (66,67) have observed oral motor functions that support

speech during the initial year after STN-DBS. Improvements in oral motor force

and dysarthria scores (66), but not in phonemic articulation, intelligibility, and

spontaneous expression (67) were observed. Thus, improvements observed at

an impairment level of assessment did not necessarily translate into improve-

ments in functional communication in everyday life.

Sexual Well-Being

Men under the age of 60 who had STN-DBS more consistently reported improve-

ments in their sexual lives (68). Corresponding data for women were not

available.

Urinary Function

Finazzi-Agro et al. (69) urodynamically studied five postsurgical patients with

PD and detrusor hyperreflexia presenting as urinary frequency, urgency, and

incontinence. A significant increase in bladder capacity and threshold for detrusor

contractions was observed during the on-stimulation conditions; however, no

change in other urodynamic parameters such as bladder compliance and initial

desire to void were observed. While these findings were consistent with a

decrease in detrusor hyperreflexia, it remains unclear whether STN-DBS really

normalizes urinary patterns during everyday life.

Sleep-Wake Patterns

In several small sample longitudinal studies, based on subjective reporting and

polysomnography, preSTN-DBS sleep disturbances were commonly reported

in individuals with PD. When observed during the initial year after STN-DBS,

sleep patterns were reported as improved in these studies, with less sleep

fragmentation and less daytime somnolence. The direct effects of chronic stimu-

lation, decreases in dopaminergic agents, and improvements in affective state

have been implicated to underpin improved sleep–wake patterns after STN-

DBS (70–74).
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Quality of Life

Quality of life has been reported as almost ubiquitously improved during the

initial year after STN-DBS when PD-specific (e.g., Parkinson’s Disease

Quality of Life scale or PDQL) and generic (e.g., the Nottingham Health

Profile or NHP) measurement tools were used. All dimensions of quality of

life (e.g., emotional and social functioning) have been reported as significantly

improved, and there were usually significant correlations reported among the

quality of life measures and UPDRS ADL and motor examination subscales

(30,75–77).

Complications and Side Effects

Complications and side effects observed during the initial year after DBS

procedures are discussed in other chapters of this book. It is important to recog-

nize them, particularly since they may occur during postsurgical rehabilitation

programs. Since the stimulator is magnetically sensitive, it must be turned off

for magnetic resonance imaging studies, if necessary for diagnostic reasons,

under the direction of the neurosurgery/neurology/neuroradiology team. Many

of the overstimulation effects of target or adjacent tissues are transient and

managed with close titration of stimulation and dopaminergic medications.

Weight gain is common, during the initial year after DBS, and multifactorial:

increased efficiency during eating meals associated with lessening of bradykinesia

and tremor; lowering of resting energy expenditure from reduction of involuntary

movements including dyskinesias; and decreased depression (78–80).

Long-Term Outcomes After STN-DBS

Several investigator groups have observed patients longitudinally between means

of 16.3 and 60 months (21,81–96), and these studies have observed: (i) improve-

ments in motor and functional status during the off-mediation/on-stimulation

condition were sustained beyond one year, and these improvements were associ-

ated with reductions in rapid motor fluctuations, (ii) sustained decreases in the

dosing of dopaminergic agents were variable, and usually associated with

decreases in on-medication dyskinesias, (iii) in some patients, elimination of

dyskinesias and rapid motor fluctuations were associated with completely stop-

ping dopaminergic medications when stimulation alone could enhance motor

control, thus reinforcing the suggestion that STN-DBS and dopaminergic

medications are “equipotent,” (iv) in younger STN-DBS patients (�50 years

old) who had disease durations of less than ten years, a return to full employment

occurred within the initial year and was sustained thereafter for up to several

years, (v) overstimulation effects were usually modifiable with changes in

stimulation, and device failures were easily reparable with replacement of hard-

ware components, and (vi) hardware infections were rare and treatable with hard-

ware removal, antibiotics, and later hardware replacement. These reported

positive long-term outcomes after STN-DBS have been associated with
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improvements in quality of life for both the individuals who had the surgery and

their caregivers (97).

Long-term motor and functional outcomes in individuals over 70 years of

age, who had STN-DBS, have been reported as less promising when compared to

younger counterparts; the level of impairment/disability usually worsened in the

older individuals beyond one year, and stabilized in younger counterparts (98).

The long-term outcomes after STN-DBS when observing impairment

specific issues have been reported to be variable and continue to require

further study for developing consensus and for considering their concurrent influ-

ence on functional status. For example, impaired static posture and postural

instability are reported to be therapeutically resistant to STN-DBS (99). These

findings differed from the generally positive short-term outcomes regarding

postural control that have been reported by other investigators.

Outcomes After Multiple Procedures

When parallel comparisons of STN-DBS and GPi-DBS were performed during

the initial postsurgical year, STN-DBS has been generally viewed as having

better outcomes than GPi-DBS; however, both procedures have reported signifi-

cant improvements utilizing several impairment- and activity participation-based

measures (100). The improvements in gait, after STN-DBS, were observed to be

almost exclusively associated with increased stride length, while after GPi-DBS,

improvements in gait were associated both with increased stride length and faster

cadence (101). The relatively better improvements in postural sway after STN-

DBS than GPi-DBS were postulated to be caused by the concurrent decreased

dosing of dopaminergic agents more consistently after the former procedure

(102). As mentioned, the antidyskinetic effect after GPi-DBS has been thought

to be direct, while this effect after STN-DBS has been thought to be associated

with postsurgical reductions in dopaminergic agents (103). No observed differ-

ences in fine motor control between STN- and GPi-DBS have been reported,

yet both procedures appeared to induce improvements in hand grip force,

hand/finger movement time, and coupling of grasping forces during a bimanual

manipulation task (104). Several other studies observed oral-motor outcomes

after DBS without making efforts for parallel comparisons of different stimu-

lation sites (105–107), and the results have been conflicting.

In a published randomized controlled trial that directly compared GPi- and

STN-DBS, Anderson et al. (8) reported their pilot data in which they randomized

their study patients to be treated either with STN- or GPi-stimulation: the out-

comes were relatively comparable when observing the motor examination of

the UPDRS. Finally, Rodriguez-Oroz et al. (108) reported the long-term out-

comes of 69 study subjects who had both STN- and GPi-DBS, and were observed

longitudinally by eight investigator groups. Significantly, positive motor

outcomes were demonstrated up to four years during the off-medication/
on-stimulation condition. These findings were related to reported decreases in
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on-medication dyskinesias as well as in off-medication lessening of rapid motor

fluctuations.

Cognitive/Behavioral Outcomes

When taking a broader view of the reported cognitive outcomes after DBS, what

seemed most prevalent was the relative stability of intellectual functions across

most domains during the initial postsurgical year, and particularly in those who

were intact presurgically. These reported changes appeared to depend on

which domain was being probed, what measurement tools were being used to

probe them, and how much time had lapsed after the procedure. For example,

improvements in executive functions as measured by tasks that probe visual

organization and hypothesis generation, have been reported during the postsurgi-

cal year and up to three years thereafter (more so after STN- than GBi-DBS),

although this finding of improvement did not generally hold true for tasks

involving verbal fluency (2,109–118). Language skills such as word retrieval

and verbal fluency were more consistently reported as worse, using several

tasks during the initial year after STN-DBS (118–121). When more refined

observations of language skills were observed, the decline was rationalized by

slower cognitive processing. Factoring for slower processing speed, language

skills were reported as improved based on more qualitative error analysis of

verbal fluency tasks and spontaneous speech production (122–125). It is, thus,

difficult to infer that new changes in cognition after DBS procedures will

compromise learning during postsurgical rehabilitation.

Several investigator groups have observed the development of problematic

behaviors after DBS procedures, more commonly reported after STN-DBS, and

thought to be associated with too rapid lowering of dopaminergic agents, a

practice that has been largely eliminated. Some investigators have speculated

that these affective and behavioral changes may be directly related to STN-

DBS stimulation (126). Those who have had mood and behavioral disorders

presurgically have been considered to be more vulnerable for these to occur

(127,128). Mood (anxiety and depression) appeared to be stable, and sometimes

improved, during longitudinal observation during the initial year after GPi- and

STN-DBS (111,117,118,122,129–132). When reported, mood disorders,

usually transient, and extreme (suicide and mania), were rare after STN-DBS.

Also, an array of disturbing “frontal lobe” syndromic behaviors have been

rarely observed including, aggression, apathy, and hypersexuality. Psychotic

behavior also was reported as rare (7,117,131,133–136).

Few investigators have observed mood and behavioral changes after DBS

procedures in relation to the immediate interpersonal environment as defined by

the patient–caregiver dyad. While early postsurgical affective and motoric

improvements may result in more self-directive behaviors, such behaviors may

not always be productive, and if so, may challenge longstanding patterns of

interaction between “newly less dependent” patients and their caregivers.
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Moreover, even when the patient–caregiver dyads adapt successfully to the

“new” interpersonal homeostasis after DBS, the likelihood of future disease

progression associated with recurrence of increased burden of care remains. It,

thus, may be difficult for patient–caregiver dyads to reestablish presurgical

interpersonal patterns over time (137).

REHABILITATION INTERVENTIONS IN PARKINSON’S DISEASE

Montgomery (138) has articulated empirically generated principles that underpin

the feasibility of rehabilitation for those who have PD, in general, and after

treatment with DBS, in particular:

1. Identification of environmental or contextual factors that enhance

function: The best example of this is the use of external visual and

auditory cueing strategies to enhance more fluid and goal directed

movements, discussed later.

2. Selection of the most appropriate motor strategy from an array of pos-

sible strategies that can be used to complete a specific motor task: For

example, balance training that teaches and reinforces the engagement

of core and proximal leg (hip) muscle groups may be more effective

than using distal muscle (ankle) groups to prevent falls in response

to an external provocation.

3. Alteration of the individual’s internal perception during functional

activities: The best example of this is the application of Lee Silverman

Voice Treatment to treat hypokinetic dysarthria, discussed later.

4. Implementation of procedural motor learning during rehabilitation

treatments: These “learning how” systems underpin most motor

learning/relearning during rehabilitation. Procedural motor learning

is conceptualized as being “unconscious” or implicit, that is, not atten-

tionally driven, and dependent on diffusely localized neural networks,

rather than the frontal-hippocampal-thalamic neural networks that

control conscious or explicit (attentionally-driven) learning. Several

investigators (139,140) have hypothesized that procedural learning in

those who have PD may be challenging because the neural networks

that encompass the basal ganglia and control motor learning become

impaired as an essential feature of the neurodegenerative process.

The basal ganglia-cortical neural network is thought to support

several components of motor learning including: early phase motor

learning when novel information is being incorporated into established

motor programs; translation of a newly learned motor task into

automatic motor behavior using practice and rehearsal; “selection”

of a specific motor program needed to execute a goal directed move-

ment under specific sensory and environmental conditions; and
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“switching” motor programs to facilitate sequential and rational motor

behaviors.

Exercise interventions have been hypothesized to be neuroprotective in PD.

Based on “forced exercise” studies in animals, the proposed mechanism that

underpins neuroprotection is that exercise stimulates dopamine synthesis; this

subsequently may support desired neurophysiological changes that facilitate

improved movement (141,142). In parallel, when considering the relative stab-

ility of some of the therapeutic outcomes beyond one year in those with PD

treated with DBS, it has been speculated that physiologic ablation may facilitate

neural plasticity because the stimulation is continuous or repetitive and synchro-

nized. Thus, it seems rational to apply rehabilitation treatments “to guide”

plasticity that may underpin motor learning after these surgical interventions

(138). This does not necessarily mean that DBS is reversing or preventing the

progression of the neurodegenerative process in PD, but that it may be supporting

the available-neural reserve that is available to allow learning/relearning to occur

during rehabilitation treatments.

Several critical reviews of rehabilitation interventions directed toward

those who have PD reported equivocally positive efficacy (143–145).

However, several caveats from these reviews must be articulated: (i) less than

half of the reviewed studies were randomized controlled trials, (ii) about one-

third of the reviewed studies had sample sizes of less than 16 subjects, and

(iii) more than half of the reviewed studies discontinued their observations at

the completion of the intervention phases, and did not observe over time,

whether the positive effects of various interventions were sustained. Dean et

al. (145) asserted that a lack of evidence of efficacy does not necessarily

suggest a lack of effect. Further investigation, particularly randomized

controlled trials observing larger sample sizes of study patients, still need to

be performed. An exploratory substrate of methodologically flawed studies

have been completed and provide a basis for more refined hypotheses to be gen-

erated and explored during clinical trials that use more robust methodologies in

the future.

Among the better performed multidisciplinary clinical trials, Sunvisson

et al. (146) reported their observations of a model-driven treatment that combined

nursing education and physical therapy. This intervention trial (twice weekly,

two hour sessions, over five weeks) observed 43 study subjects with PD: signifi-

cant improvements were reported at the end of the intervention phase and three

months later in the ADL subscale of the UPDRS, and on performance based

measures of mobility speed and integration of motor control, but not on the

motor examination subscale of the UPDRS. Moreover, significant improvements

three months after the end of the intervention phase were observed on the sick-

ness impact profile (SIP); this delayed improvement in quality of life was

explained by improved regulation of sleep–wake cycles. However, these positive
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outcomes were reported not to have much practical influence on improving the

everyday lives of these study subjects based on the qualitative observations of

these investigators.

Trend et al. (147) reported the results of their open trial of rehabilitation

interventions provided to those with PD (N ¼ 118) over six weeks, once

weekly. This encompassed a structured therapeutic day of one-on-one and

group sessions of physical, occupational, and speech therapies based at a day-

hospital program: significant gains in gait, voice articulation, and quality of

life were demonstrated. However, when these investigators (148) extended this

line of investigation and observed another large sample (N ¼ 71) of individuals

with PD, and their caregivers, during a randomized controlled crossover trial that

compared multidisciplinary treatment (similar to their open trial) and no

treatment groups, the group comparisons at the crossover point (six months)

demonstrated improvements that approached significance only in mobility

speed during a stand-walk-sit test, and significant deterioration in the general

health subscale, mental health subscale, and the mental health summary scores

of the SF (Short Form)-36 health survey. Moreover, there was an increase in

caregiver strain that approached significance. It is curious to observe that the

methodologically more meticulously performed clinical trial of these investi-

gators’ treatment intervention was essentially a negative trial. These findings

observed during the more rigorously performed trial were rationalized by the

observation that the treatment interventions were not frequent enough during

the intervention phase, to be effective. Playford (149) further rationalized these

negative outcomes by considering the possibility that these interventions were

“mistimed,” suggesting that they were too late in the disease trajectories of the

study subjects, and/or applied to a group of study subjects that were too severely

impaired, such that the interventions were interpreted by these study subjects as

trivial, intrusive, and distressing.

Nieuwboer et al. (2002) (150) investigation of physical therapy interven-

tions in PD attempted to provide some guidelines to avoid “mistimed” application

of treatments: a higher disease severity was negatively predictive of therapeutic

benefits even in the context of the familiar home environment; compromised cog-

nitive ability and older age were negatively predictive of ability to sustain the

therapeutic benefits of treatment, particularly when transitioning from having

in-hospital physical therapy to home. Their study, then, suggested that with

more severe PD (not explicitly defined), rehabilitation efforts should be palliative

and directed toward enhancing the interpersonal (caregivers) and physical

environments of the individual. Moreover, for those who are older and/or

cognitively impaired, and unlikely to respond positively to treatment, continuing

rehabilitation on a trial basis, particularly during in-hospital to home transitions,

may support achieving and sustaining any therapeutic effects in the meaningful

or “ecological” home environment where more consistent and familiar contex-

tual cues can be provided to guide optimal functioning. In those situations in

which benefiting from rehabilitation interventions proves be unrealistic for the
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individuals with PD, the focus of treatment should be directed toward

the caregivers through supporting their abilities for managing the care of

those with PD.

These studies cited earlier (146–148) have observed quality of life as their

major outcome variable as measured by multidimensional, ordinal measurement

tools such as the SF-36, the SIP, and the Euroqol-5d. The influence of rehabilita-

tion treatments on globally and multidimensionally measured quality of life was

equivocal during these clinical trials. Other exploratory investigations have

attempted to articulate what factors have more direct influence on quality of

life for those who have PD, suggesting that some of these factors are more

relevant for focused outcome measurement during clinical trials. Such interacting

factors include: depression, pain, fatigue, self-perceived involvement in one’s

health and medical care, younger age of disease onset, and disease progression

associated with mobility and ADL difficulties necessitating an increase in

caregiver burden (30).

Depression in PD is common (20% prevalence cross-sectionally) and

thought to be multifactorial in its basis including primary neurochemical imbal-

ances and appropriate reaction to loss during disease progression (151,152). Pain

in PD is viewed as an under-recognized but common problem affecting up to

50% of individuals, this reflects a higher prevalence than observed in the

healthy elderly population (33%). While the pain experience of those who

have PD can be categorized similarly to those who have other neurological

disease processes (e.g., neuropathic, musculoskeletal, and visceral), their pain

experience includes idiosyncratic syndromes, such as dystonia-induced pain

associated with the use of dopaminergic agents (153,154). Moreover, during

disease progression, there is an increase in musculoskeletal pain associated

with degenerative arthritis, with a prevalence rate of up to 50%, higher than

what is reported for the general elderly population (40%) (151). The interaction

between neurologically-based involuntary movement and musculoskeletal pain

continues to be unexplored. Fatigue in PD, another under-recognized problem,

is associated with higher disease severity and level of disability (155). Fatigue

in PD is also associated with, yet independent from, depression (156). A high

self-perceived involvement in decision-making with one’s medical care provi-

ders regarding treatment options appeared to make compliance with proposed

treatment more likely (157). Younger individuals with PD, when compared to

their older counterparts who have comparable disease severity and degree of dis-

ability, have been observed to be more depressed and have feelings of being

more stigmatized by the disease; these emotional states may be explained by

the necessity of the disease progression to induce unemployment/early retire-

ment, with associated financial strain and marital discord (152). An increase

in caregiver burden associated with declining functional status as the disease

progresses is also associated with an increase in out of pocket medical and

heath care expenditures, decreased perceived social support for the caregiver,

poor psychological well-being of the caregiver, lower marital satisfaction for
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both the caregiver and the patient, and lower cognitive functioning of the indi-

vidual with PD (151,158,159).

A series of nursing-based, patient-centered observational studies have

qualitatively observed the decline in quality of life that occurs during the

progression of PD. This has been articulated in a variety of ways including:

being enslaved by illness; losing control; feeling insecure; having a lack of phys-

ical and social role competence; feeling misunderstood; feeling stigmatized;

being afraid of passivity; and feeling socially uncomfortable (146,156). These

observations, again, speak to alternative, patient-driven approaches for measur-

ing quality of life. Such studies have proposed that to rectify such a negative

disease experience and to maintain an optimal quality of life, individuals and

caregivers take an adaptive, pragmatic, and proactive behavioral approach that

is consistent with a rehabilitation philosophy (160). For example, Backer (161)

has observed that “confrontative coping,” that is, thinking what has to be done

and setting up a plan of action that includes the use of rehabilitation interventions

to operationalize the approach, is a more adaptive response to support optimal life

quality. Such outcome measurement approaches that are informed by patient–

caregiver experiences during clinical trials, driven by recognized risk factors,

and guided by behavioral strategies that “modify” risk factors and “improve”

patient–caregiver outcomes have not yet been rigorously performed.

Treatment of Locomotion and Postural Control
Deficits by Physical Therapy

Several reviews of physical therapy clinical trials were ambivalent for supporting

the efficacy of PD-specific interventions when compared to generic exercise

interventions: sample sizes were small; randomization was poor; long-term out-

comes were not observed; and physical therapy strategies were widely varied

across the studies and eclectic within each study. Regarding this latter point,

the state-of-art has not evolved such that standards of “best practice” have

been defined. Exercise interventions are thought to be best applied during the

on-medication state as they are considered adjunctive to dopaminergic and

other types of neuromodulating interventions such as DBS (162–165). To

extrapolate from these studies, when a reduction in parkinsonian motor signs is

induced by DBS procedures, concurrently applied postsurgical rehabilitation

interventions may be viewed as a useful adjunct to support improvements in

functional abilities.

External Sensory Cueing

The best studied exercise based interventions to treat the gait and balance

difficulties in PD are those that have used external sensory cueing strategies,

more often visual (spatial) and auditory (temporal) (164). These strategies are

based on hypotheses that propose that one of the fundamental deficits that under-

pin the locomotion and postural control deficits in PD is one of impaired “internal
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cueing” that may be mediated by the basal ganglia, directing cortical and supra-

spinal control of automatic motor behaviors. Thus, “external cueing” strategies

have been studied as “bypass” strategies to compensate for impaired internal

cueing. External cueing systems are thought to utilize different but interacting

neural networks based in the cerebellum (166).

During locomotion, internal cues are thought to direct an appropriate sense

of timing during automatic motor behaviors, as well as to activate and deactivate

these automatic behaviors, across complex motor sequences. When internal

cueing is impaired, as in PD, freezing of gait may become manifest during

later stage presentation of the disease, when the environment demands switching

from one submovement to another to achieve adequate motor task sequencing.

External auditory cueing has been proposed as a compensatory strategy to treat

deficits in internal cueing to facilitate improved timing within automatic motor

behaviors, as well as switching across them. In contrast, external visual cues

are thought to guide motor control using “on-line” feedback that guides accurate

and goal directed motor activity to support upright stance that compensate for

deficits in proprioceptive delivery in PD. For example, one rationalization as to

why those who have PD assume a position of increased flexion throughout

their limbs and trunk is that this may be compensatory to optimize proprioceptive

feedback during walking and upright stance (164,167,168).

Motor programs are central templates of coordinated muscle commands

that determine rational sequences of goal directed movements such as a recipro-

cal gait pattern. Sensory feedback controls motor programs in a manner of “error

detection” that compares the ongoing experience of movement with the central

reference pattern of the motor program. Sensory feedback provides data that

allows for the recognition of divergence between the actual and expected

movements. Compensatory movement sequences then occur. For example, to

avoid an obstacle or to accommodate a change in the contour of a walking

surface, the proprioceptive or visual information from the environment serve to

modify the motor program to maintain upright stance as one moves forward in

time and space. One’s attentive resources are thought to determine the selection

of sensory information within this model. Gait analyses studies have observed

that there is less central delivery of proprioceptive feedback in PD, and that

increased dependence on visual cueing is one among several neural strategies

that are used to compensate for this (167–170).

Control of locomotion and posture have been viewed as being mediated by

distinct, parallel, and interacting neural networks. The neural networks that

control locomotion are thought to be more influenced by sensory feedback

from distal lower limb motor groups, while the neural networks that control

posture are thought to be more influenced by sensory feedback from proximal

or axial muscle groups. Four components of postural control have been

defined: (i) background antigravity muscle tone during quiet stance, (ii) centrally

initiated motor programs that anticipate or plan postural adjustments to facilitate

initiation of movements, (iii) centrally initiated motor programs that modify
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posture during voluntary movements, and (iv) compensatory postural reactions in

response to external perturbations or postural stabilization responses. All four

components have been observed to be impaired in PD; the initial two components

have been observed to “normalize” in response to levodopa in the gait laboratory,

while the latter two have not (171–173). Given the lack of normalization of

these latter two postural components, an increasing role for physical therapy

interventions that teach compensatory responses has been inferred. Rogers has

pragmatically speculated that several strategies may be pursued but they

require more rigorous study such as teaching “protective,” rather than “correc-

tive” balance responses that involve modified stepping (executing a faster

initial step), grabbing of external supports and “arm rescue” responses that

absorb the impact of falling (174). Several of these “protective” strategies

explicitly utilize environmental cues.

Compensatory sensory systems (visual and auditory) aimed toward

enhancing mobility performance have been explored during a series of gait lab-

oratory and clinical studies that have compared outcomes during noncued and

cued conditions, often comparing the performances of subjects with PD and

control subjects. The applied visual cues have included floor stripes, timing

lights, and mirrors; the auditory cues have included music and metronomes.

Gait velocity and walking speed were consistently, but not universally, observed

to be increased during the cued conditions in those with PD: visual cues were

more frequently observed to increase stride length, while auditory cues were

more frequently observed to increase cadence (164,166,169,175–184). When

sensory cues were unpredictably or randomly presented to subjects with PD,

they were observed to be detrimental, possibly displacing internal cues necessary

for preinitiation of movement planning (182). When dual tasks paradigms (e.g.,

walking while carrying a tray with two cups) were applied during cued

conditions, the sensory cueing did not increase walking speed as it did during

the single task (walking only) condition. The sensory cueing (auditory) did,

however, reverse the “interference effect” (i.e., decrease in step length) expected

and observed during the noncued dual task condition when compared with the

noncued single task condition. These findings support the hypothesis that external

sensory cues are fundamentally enhancing attentional control during functional

ambulation; enhanced attention directed toward an external cue may be compen-

sating for a defective “internal timekeeper” in those with PD (184). Functional

status was also observed to be improved in response to a physical therapy

intervention that utilized a variety of cueing strategies over six weeks, and

improvement was sustained three months later (178).

When criticizing these gait laboratory studies and clinical trials that have

employed external sensory cueing strategies to enhance gait, Iansek and Morris

(185) have observed that the reported increases in gait velocity as influenced

by either increased stride length, increased cadence, or both are sometimes

marginal even though reported as significant. These investigators (185) have

hypothesized that the basic deficit in the control of gait in PD is one of stride
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length; cadence is viewed as intact in PD, and increasing cadence is a compensa-

tory strategy to increase gait velocity. What is possible within this model is that a

specific cue may be influencing either stride length or cadence, or both. However,

these cues may not be essential, yet serve to direct an individual to use more

attentional resources to increase stride length and/or cadence, and thus gait

velocity. Other attention-enhancing strategies may be just as effective for increas-

ing gait velocity. Woollacott and Shumway-Cook (186) have proposed that

applying dual tasks paradigms is an effective model in which to investigate

attentional control of gait and posture. Dual tasks paradigms, during which

attention is divided between a primary task (walking) and a secondary task

(e.g., talking, carrying something in the upper limbs), are thought to probe the

attentional control of more complex cognitive tasks whether motoric or nonmo-

toric. Their review of this line of investigation, including their own work, has

observed that the performance of a secondary task during locomotion or

balance activities is deleterious to postural control in older adults. The exact

nature of the attentional deficit remains elusive. When dual tasks paradigms

have been applied during the investigation of gait and balance in PD, it has

been observed that attentional deficits may underpin freezing of gait and

slower gait velocity primarily because of shorter stride length.

Traditional Physical Therapy

More traditional approaches to exercise interventions in physical therapy

employing a variety of strategies have demonstrated improved outcomes at

least in response to the intervention phases of treatment. Sustaining improve-

ments over the longer term continues to be challenging. It is assumed that

continuing “to practice” a successful exercise regime beyond the intervention

phase of treatment will maintain the observed gains over time, until medications

become ineffective or the disease progresses to counteract the positive influence

of exercise. Moreover, even if exercise interventions have demonstrated success,

compliance with ongoing participation can be particularly challenging even in

motivated patients for an array of reasons. Many individuals historically have

not integrated regular exercise into their lives, thus starting to participate in

later life may demand that they change who they have been constitutionally

and culturally. Poor initiation in those who have PD can interfere with participat-

ing in any goal directed activity, including exercise. Strategies to provide external

structure to bypass initiation problems must be individualized with the recog-

nition that the development of effective strategies can sometimes be problematic.

For example, when a spouse becomes the “exercise trainer,” often nothing is

accomplished; the exercise regime becomes another arena reinforcing tension

within a longstanding relationship so that exercise can be experienced negatively

and as something to be avoided. Moreover, many individuals or couples who live

on limited incomes cannot afford to pay out of pocket for personal trainers to

direct the exercise programs as a “neutral party” whether it be in the home, at
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a fitness center, or at a wellness program, much less be able to afford to join one

of the latter options. Group exercise programs, while less expensive, may present

a challenge for bradykinetic or cognitively impaired individuals to keep up with

the group effort, and furthermore, these programs may be too generic to encom-

pass the treatment of parkinsonian motor signs. Finally, many exercise regimes do

not offer enough variety on a day-to-day basis, and individuals can become “bored”

with the regime. Thus, to avoid repetition, it is essential from one day to the next to

offer different sets of activities that encompass several components of therapeutic

intervention (e.g., proximal lower limb strengthening, lower limb and trunk

flexibility, gait enhancement activities, balance work and endurance work).

While it may be difficult to incorporate all of these components within a

daily exercise routine, they can be included and structured into a routine across

a weekly schedule that includes a different focus of exercise on a daily basis

that can be carried out in different environments (home, fitness center, group

exercise program, pool, etc.).

Several physical therapy clinical trials have applied a variety of psycho-

educational and exercise interventions, comparing treatment and no treatment

groups, in subjects with PD and control subjects. The intervention phases of treat-

ment ranged from 1 to 20 weeks during these studies. When postintervention out-

comes were observed, they were usually limited to less than six months after the

end of the intervention phases. Outcome measurements included gait parameters,

functional status, and quality of life. Outcomes were usually reported as

improved at the end of the intervention phase of treatment, but not consistently

sustained thereafter (187–196). Several of these trials applied novel treatments

such as partial body weight-supported treadmill training, “polestriding,” and

structured treadmill training, and found these to be superior to traditional physical

therapy approaches for increasing gait velocity and improving functional status

(190–192,194).

Treatment of Deficits in Postural Control and Balance

Many of the discussed clinical trials have focused on observing gait parameters as

the major outcome measures, and in doing so, have indirectly measured postural

control during locomotion in those who have PD. When using such composite

measures such as the ADL and the motor examination subscales of the UPDRS

to measure outcomes, measurement of postural control and balance are embedded

within them. Several open clinical trials have focused exclusively on observing

postural control and balance (197–201). The components of postural control

and balance that were observed as outcome measures in these studies included

axially-controlled movements (moving form supine to sitting/sitting to supine,

rolling in supine, moving from sitting to standing/standing to sitting), dynamic

posturography, compensatory stepping in response to external provocations,

and ability to sustain tandem stance. The exercise interventions that were used

in these studies to enhance postural control and balance included upper and
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lower limb coordination and strengthening, spinal flexibility, postural correction,

gait training and other sorts of functional mobility training, external provocations

on stable and unstable surfaces, and endurance training. All observed outcomes

were improved immediately after the intervention phases of treatment that

ranged from 2 to 10 weeks (197–201), and up to two months after the interven-

tion phases (200,201).

Falling

Falling is a common and expected consequence of the gait and balance difficulties

associated with PD. It has been estimated that up to 70% of those who have PD

fall annually, and 13% fall more than once weekly (202,203). Wielinski et al.

(204) survey of 1092 individuals who have parkinsonism revealed that almost

55% had fallen at least once during the previous two years, and that 65% of

these falls resulted in injuries; about 75% of these injuries required health care

services, with fractures commonly reported (33%). These reports of falls in

those who have PD, as well as associated major injuries, are approximately

twice what has been reported in the general community-based elderly population,

and higher than what has been reported in those with other neurological diseases

(205,206). Falling risk factors for those who have PD have been defined, and to

some extent prioritized. These risk factors both overlap with those that have been

defined for the general elderly population (older age, polypharmacy, orthostasis,

mobility impairments, balance impairments, visual impairments, affective

disturbances including fear of falling, dementia) and are idiosyncratically associ-

ated with the disease process [disease severity; undesired effects of dopaminergic

medication such as hallucinations, sleep disturbances, and dyskinesias; rigidity;

bradykinesia; freezing of gait; impaired hand and foot agility; decreased arm

swing during walking; inability to rise from a chair (202,203,207–211)]. The

reduction of falling risks and episodes has not been directly observed during

therapeutic clinical trials, and it can only be inferred based on the reduction of

isolated risk factors such as impaired gait and balance as reported earlier.

Multidimensional risk factor modification, as applied in the general elderly

population, has been proposed as a rational model to decrease falling risks and

episodes in those who have PD, but these clinical trials have not yet been

executed (205,211–213).

Freezing of Gait

Motor blocks, or freezing of gait, continue to be poorly understood phenomena.

They are reported to occur in up to 60% of individuals who have PD. They are

associated with higher disease severity and become more apparent with disease

progression. They have been categorized according to their common clinical

occurrence: start hesitation (freezing during initiation of gait); gait arrests

when approaching objects (e.g., when approaching a chair to sit down); gait

arrest when in narrow spaces (e.g., doorways); gait arrests during turning; and
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hesitations when walking in open spaces. Motor blocks are viewed as sometimes

refractory to dopaminergic agents and have been observed to worsen when these

medications are on board, particularly after prolonged treatment. However, it has

also been observed that motor blocks can decrease in frequency and duration

when exposed to dopaminergic agents. Thus, distinguishing whether motor

blocks occur in association with being “on”- or “off”-medications is emerging

as an important clinical issue. Noradrenergic deficiency has been proposed as

underpinning, in part, the pathophysiology of motor blocks, supported by the

observation of decreased freezing episodes when subjects were exposed to depre-

nyl (a monoamine oxidase inhibitor), and re-emergence of predeprenyl freezing

frequency in deprenyl wash-out during the Deprenyl and Tocopherol Antioxida-

tive Therapy of Parkinsonism (DATATOP) trials (169,214–219). Motor blocks

inconsistently can be interrupted with assistive devices that provide ongoing

proprioceptive feedback such as wheeled walkers, sometimes in combination

with “sensory-motor tricks,” which when successful can be taught procedurally

to individuals with PD and their caregivers. Such behavioral strategies include

teaching these individuals not to actively disconnect their “glued feet” from

the ground, but rather to allow the motor block to occur, momentarily relax,

then reinitiate gait using a hip and knee hyperflexion maneuver to step out and

over an imagined or real visual cue, for example, a self-triggered laser beam at

ankle level generated from the wheeled walker or cane (220–222). Empirically,

the presence of the sensory cue does not appear to be as essential as using the

proximal leg flexors to reinitiate gait.

Treatment of Upper Limb Motor Control Deficits
by Occupational Therapy

Murphy and Tickle-Degnen’s (223) review of 16 studies involving occupational

therapy-related interventions directed toward small samples of individuals who

had PD was somewhat optimistic regarding the outcomes after a variety of

interventions. Several studies incorporated external cueing strategies with

observations of upper limb motor control during “nonecological” tasks that

were not specifically related to functional motor tasks. For example, Platz

et al. (224) studied the speed and accuracy of performing an upper limb

aiming task in bradykinetic-predominant individuals who had PD under two

training conditions: those in which auditory cueing was provided and those in

which no cueing was provided. During training, there were no differences in

improvements of performance speed between the cued and noncued training con-

ditions. The findings of this study differed from what has been observed when

cueing is incorporated into the gait and balance training for those who have

PD. The lack of improvements in speed of movements during the training con-

ditions in which cueing was provided was rationalized by the possibility that

cueing may have been perceived by the subjects as a more complicated, and

perhaps more distracting set of training conditions, demanding not only speed

and accuracy as in the noncued training condition, but also an extra demand of
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synchronizing with the auditory cues. Thus, in this study, the external auditory

cues did not appear to compensate for postulated impaired internal cueing,

during upper limb motor tasks (224–226).

Rogers et al. (227) have also investigated the use of external sensory cues to

compensate for the impaired basal ganglia’s ability to internally cue automatic

upper limb fine motor control during movement anticipation or preinitiation

and during switching among automatic motor programs in sequential movements.

These investigators applied a serial two-way reaction time task in which

advanced information (visual cue) about the next movement was not provided

until after the current movement was initiated, thus probing the ability to use

advance information to guide movement. The subjects with PD and the control

subjects differed significantly only when the cueing conditions were at the

“high level,” that is, those with PD displayed significant slowing of movement

in comparison to the control subjects when the sequential sensory cues were

more exact at guiding fine motor control. These findings suggest that those

who have PD have limitations in the amount of advanced information they can

process, or perhaps they can become overwhelmed when too much information

is provided for guiding sequential movements. Fundamental deficits in atten-

tional control associated with PD may be the best explanation for these findings.

In another study, Meshack et al. (228) studied the therapeutic use of

weighted utensils and weighted wrist cuffs as a compensatory strategy in

tremor-predominant individuals with PD: no differences in modifying the ampli-

tude or frequency of tremor was observed. The study subjects were not actually

observed during eating or other functional activities, but during tasks that were

considered generic versions of such activities. The use of virtual reality has

been viewed as a more “ecological” approach for treating upper limb motor

control deficits in neurologically impaired individuals including those with PD.

Not only does virtual reality provide external visual cueing, but demands the cre-

ation of motor plans during functional activities. By creation of a motor plan

during a specific functional activity, it facilitates the appropriate selection of

external cues that guide efficient and successful performance of that activity.

Albani et al. (229) used a virtual reality training intervention that observed two

individuals who had PD during the performance of three functional activities:

opening a door, eating a meal while seated at a table, and turning on a faucet

at the sink. While the use of virtual reality was successful in this study as a poten-

tial treatment strategy, it was not observed that these improvements translated

into being useful in everyday life.

Treatment of Hypokinetic Dysarthria by Speech Therapy

The speech impairment in PD has been labeled hypokinetic dysarthria. Its salient

components include impairments in phonation and articulation. Rigidity of

respiratory muscles that support speech contributes to hypophonia, and impair-

ments in vocal volume modification, and vocal phrasing. Individuals who have

PD generally phonate at higher sound frequencies associated with rigid laryngeal

Rehabilitation After Deep Brain Stimulation 163



DK7019-Baltuch-ch11_R2_180107

motor control; they produce prolonged vowel sounds, and uncoordinated timing

of phonation that includes delayed voice onset time associated with bradykinesia

of laryngeal muscles. Associated with inadequate tongue elevation, individuals

who have PD also articulate imprecise consonants, particularly those used phone-

tically for closure of phrases. Other components that contribute to hypokinetic

dysarthria include impaired prosody or natural variations in pitch, and impaired

intensity and rhythm during spontaneous speech production. Moreover,

hypokinetic dysarthria has been conceptualized to include impaired sensory

and perceptual components of speech that influence the feedback or monitoring

systems that control the motoric components of speech.

Many of these impaired components of hypokinetic dysarthria have been

reported to demonstrate variable improvements with the administration of dopa-

minergic agents (230–232). Given inconsistent reporting of improvements in

speech after deep brain stimulation procedures, there is clearly a role for

procedurally-based treatments to optimize vocal communication postsurgically.

Critical reviews (231–234) of speech therapy interventions in individuals who

have PD (but not after DBS) have concluded that there is equivocal evidence

to support their efficacy: few acceptable studies had been completed; no standards

of treatment exist; any reported therapeutic effects were not sustained beyond

three months after the intervention phases of treatment.

Treatments for hypokinetic dysarthria fall into two broad categories:

external strategies that employ orthotic (to enhance speech output) or prosthetic

(to replace speech output) devices and behaviorally based treatments.

Orthotic devices that enhance speech output include voice amplifiers,

delayed auditory feedback, wearable intensity biofeedback devices, and

masking devices. Voice amplifiers improve vocal loudness but not intelligibility.

Delayed auditory feedback devices and intensity wearable biofeedback devices

improve loudness and intelligibility based on “on-line” sensory feedback when

the devices are being worn. Masking devices induce the individual to increase

vocal volume “to override” a concurrent background noise, thus increasing

vocal volume. These types of orthotic devices have been observed to be effective

based on a few small sample empirically based studies. Prosthetic devices that

replace vocal communication in those individuals who have failed or who are

likely to fail with the use of either orthotic devices or behaviorally based

treatments because of severe dysarthria and/or hypophonia, include computer

based augmentative communication devices. These usually require the use of a

keyboard to enter what one wants to express, and speech output is expressed in

written and/or vocal format. Their successful use requires relatively intact fine

motor control to manipulate the keyboard, and relatively intact cognitive func-

tions to learn how to use the device to support meaningful communication (231).

The best studied behaviorally based treatment for hypokinetic dysarthria is

the Lee Silverman Voice Treatment (LSVTw). LSVTw is becoming viewed as

efficacious in the short- and long-term (24 months) (235). It is an exercise-

based treatment that proposes: (i) to increase strength and repetitive/sustained
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muscle endurance of the respiratory muscles in order to facilitate a greater

respiratory effort to overcome rigid laryngeal muscles that create resistance to

air flow for support of adequate vocal volume; (ii) to facilitate more complete

vocal cord adduction by enhancing increases in subglottal air pressure and

vocal cord vibration; and (iii) to “recalibrate” the internal sensory perception

regarding the effort required to speak. LSVT aims to modify three features

of hypokinetic dysarthria: (i) reduced vocal volume hypothesized to be

induced by reduced amplitude of the neural drive to the muscles that control

speech; (ii) impaired sensory perception of vocal volume that disallows accurate

self-monitoring of vocal output; and (iii) difficulty with self-generated internal

cueing to apply the appropriate degree of vocal effort and associated volume.

LSVT has been developed and rigorously studied by Ramig et al.

(232,235–238). When performed appropriately, the speech therapist should

have special certification in LSVT; it requires a commitment to intensive treat-

ment for 50 minutes, four times weekly within a one-month time period; and it

requires participation in daily “homework” during treatment and thereafter to

maintain the observed gains during the intervention phase of treatment. When

directly compared to treatment that has aimed to enhance vocal volume by

facilitating increased respiratory effort alone, LSVT has been demonstrated

to be superior because it additionally facilitates vocal cord adduction

(235,236). It has also been observed that LSVT has “generalizability,” with

observed improvements beyond vocal volume to include prosody, intelligibility,

facial expression, and swallowing (232,235,237). Clinical improvement after

LSVT has also been studied in combination with dynamic brain imaging.

Liotti et al. (238) observed changes in positron emission tomography (PET) of

the brain in five right handed subjects with PD, before and after treatment with

LSVT: After treatment, there was “normalization,” or decreased cerebral

activation, in the left motor, supplementary motor, and inferior lateral premotor

cortices; and concurrently increased activation in the right anterior insular and

dorsolateral prefrontal cortices, in the head of the caudate and putamen of the

basal ganglia. These findings suggest that incorporation of LSVT strategies

effect a change from functioning in a more cognitively conscious and effortful

manner before treatment, to a more implicit or unconscious and automatic

manner after treatment. Blumin et al. (239) endoscopically observed individuals

with PD before treatment with DBS: 87% of their study patients demonstrated

vocal cord bowing associated with self-reported speech difficulties. Such

findings suggest that LSVT would be appropriate treatment whether DBS is

offered or not.

Other related treatments have received more limited investigation to treat

hypokinetic dysarthria in PD. These treatments usually incorporate some or all

of the components of LSVT. For example, deSwart et al. (240) have compared

Pitch Limiting Voice Treatment (PLVT), or “speak loud and low” treatments

with LSVT, which has been coined “think loud, think shout” treatment.

These investigators proposed that LSVT is too effortful and may result in
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pressured, highly pitched (high frequency vocalization), strained, “screaming” as

the resulting vocal output. PLVT is viewed as similar to LSVT except that it

guides individuals with PD not only to speak loudly, but “loud and low.”

deSwart et al. (240) have reported that PLVT is comparably therapeutic to

LSVT, but that PLVT has the advantage of producing less pressured and effortful

speech at more normalized vocal frequencies (240,241). Haneishi (242) has

reported improvements in vocal volume and intelligibility in four patients who

have PD using a music therapy voice protocol (MTVP) that had been developed

for dysarthric individuals who have other neurological disorders. It is argued that

singing naturally intensifies several components of speech production including

volume, phrasing based on more efficient use of respiratory muscles, range of

sound frequency, and prosody (pitch, volume, and rhythm). Moreover, singing

also involves training of postural and facial muscles.

Kent et al. (243) have proposed clinical standards for assessing and treating

dysarthria resulting from neurological disorders, including hypokinetic dysar-

thria. These investigators have developed the multi-dimensional voice

programTM (MDVP) which includes: (i) a standardized acoustic analysis that

deconstructs speech production into 30 variables; (ii) standardized and high

quality technology for voice recording; and (iii) age and gender matched norma-

tive data. Limited treatment application of MDVP to hypokinetic dysarthria in

PD has demonstrated positive outcomes based on preliminary data. MDVP

may best serve the need to standardize vocal assessments in those who have

dysarthria associated with neurological diseases.

Caregiver Training

As a progressive neurodegenerative disease process, PD is characterized by an

associated decline in functional abilities for everyday life activities. The funda-

mental concept that guides a rehabilitation philosophy during such loss is to

allow the individual to maintain as much personal control, dignity, and

meaning as possible within both interpersonal relationships and the physical

environment. What one realistically “chooses” to participate in during everyday

life demands defining priorities of what one can do by oneself versus what must

be done by caregivers. Caregivers can be either “formal,” that is, provide personal

care services that are contracted and purchased, or “informal,” that is, provide

personal care services within the boundaries of filial, intimate or other relation-

ships, usually without direct monetary exchange. Formal caregiver services are

expensive, and typical health insurance plans do not provide coverage for

personal care services over extended periods of time. Thus, most individuals

with PD who become disabled depend on “informal” caregivers, broadly

defined as spouses, children, grandchildren, extended family members, friends,

neighbors, church community members, and volunteer organizations. In those

who have deep brain stimulation procedures, the caregiver becomes essential

for observing and validating the clinical experience of the individual with PD
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when being seen by health and medical providers, for managing medications and

external monitoring devices that can modulate strength of stimulation, and for

providing transportation during outpatient presurgical and postsurgical assess-

ments, and thereafter. Moreover, caregivers are often expected to follow

through with directing home-based exercise programs developed by rehabilita-

tion therapists, this only adds to what is already expected of them. Needless to

say, caregiving for those who have PD can be particularly challenging given

several fundamental and idiosyncratic aspects of the disease process: poor

initiation of goal directed activities, slow cognitive processing and motor

control once participating in activities, and recurrent falling. Davey et al. (244)

survey of spousal caregivers of recurrent fallers who had PD articulated that

these caregivers had their own “fear of falling” syndrome regarding their

spouses, and they often injured themselves when providing assistance to their

spouses to arise from the floor. Pasetti et al. (245) investigation of informal

caregivers for those who have PD realized that 58% were spouses and 37%

were adult children; among these, 35% defined themselves as the only caregiver.

Martinez-Martin et al. (246) investigation of the informal caregivers of

individuals who have PD found that the functional status of the individual with

PD was the main predictor of caregiver quality of life. Other investigators

(247–249) have articulated an array of other factors that influence spousal

caregiver burden for those who have PD. The “patient-associated factors”

included psychiatric symptoms such as depression, hallucinations, agitation

and confusion, and falling. The “caregiver-associated” factors included sleep

disturbances, depression and level of satisfaction with their marital and sexual

relationships.

Fernandez et al. (250) more specifically explored the factors that underpin

depressive symptoms among spousal caregivers of those with PD: longer disease

duration, was the strongest predictor of caregiver depression. As the disease

progresses, increasing severity of cognitive impairment has been observed as

fundamental in increasing the burden of care for those who have PD (251).

Caregiver “strain” is multifactorial and includes compromising health,

increasing expenses, modifying the interpersonal homeostasis within relation-

ships, losing sleep, disrupting domestic routines, disengaging from employment

and leisure activities, preventing institutionalization, and developing fatigue and

affective disturbances, including anxiety and depression. Realizing that “knowl-

edge is power” for a patient–caregiver dyad, rehabilitation providers must be pre-

pared to advise, emotionally support, counsel, and provide resource information

for caregivers. Such processes occur during one-on-one interactions within

traditional inpatient or outpatient care, or during support groups specifically

designed for articulating a common ground among patient–caregiver dyads, as

well as for generating “consumer-driven” understanding of, and solutions to,

problematic and emotionally demanding situations. Collaboration among

rehabilitation providers and psychologists appears essential for guiding the

providers to utilize behavioral management approaches that can facilitate
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compliance with and efficacy of rehabilitation treatment interventions. Further-

more, such collaboration allows for direct psychotherapeutic services that help

to prevent caregiver “burnout” both through the provision of emotional support

and assistance in the development of behaviorally based strategies that support

the productive management of the individual with PD (252).

Several investigator groups (253,254) have defined principles of

“collaborative management” of chronic illness among health providers,

caregivers and patients, and a “user-led pathway” that have been adapted for

providing care to those who have neurodegenerative diseases such as PD.

These principles can guide the practices of rehabilitation providers: (i) collabora-

tive definition of problems that are patient–caregiver dyad driven, (ii) prioritiz-

ing problems for intervention, then planning treatments and setting goals of

treatment that are realistic, and again driven by the patient–caregiver dyad,

(iii) developing a continuum of formal support services that provide consultation

and education for the patient–caregiver dyad to be as self-directed as possible in

executing daily life rituals within a structured day, including such basic functions

as eating, toileting, and taking medications, as well as participating in exercise,

taking rest breaks, and going on community outings to see medical providers,

to go shopping, to go to support groups, and so on, and (iv) monitoring for

reinforcement of successful strategies and modification of interventions as

disease progression occurs or when previously used strategies are no

longer effective.

Several nursing investigators have identified successful coping strategies

that can be taught and/or reinforced among caregivers of those with PD.

These strategies have focused largely on cognitive-behavioral approaches

aimed at counteracting caregiver depression, usually expressed as “learned help-

lessness” and “pessimism.” Such approaches include: “learning optimism”;

re-engaging with one’s “inner locus of control” to counteract a sense of being

controlled by “outer forces”; maintaining one’s own life; encouraging the

patient–caregiver dyad to stay active; and focusing on what is meaningful to

the individual despite ongoing loss and frustration in handling loss during

disease progression (255–257).

While the literature on caregiving in PD continues to evolve in the direction

of more explicitly defining risk factors that underpin burden of care, caregiver

“strain,” and depression, and to offer theoretical and pragmatic solutions (primar-

ily “psychoeducational” strategies) for modifying these risk factors and treating

depression, the efficacy of these strategies in a therapeutic context continues to be

untested. When taking a patient–caregiver dyad-driven approach to defining and

prioritizing problems, it is clear that the “consumer” can effectively communicate

the issues that are problematic. For example, in Davey et al. (244) study of

fallers with PD, the caregivers articulated the lack of education about preventing

falls, as well as a lack of education as to how to manage the consequences of falls,

such as minimizing potential injury in assisting the faller to reachieve the sitting

or standing positions. When rehabilitation treatments are directed toward
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optimizing the functional status of the individual with PD, it has been increas-

ingly recognized by some investigators that outcome measurement should

encompass parallel observations of the individual and the caregiver. For

example, Trend et al. (147) investigation of multidisciplinary rehabilitation

interventions performed at a day hospital setting measured functional status,

affective status, and quality of life in the individuals with PD as direct outcomes

of treatment; and caregiver strain, affective status, and quality of life as indirect

outcomes of treatment. Observational studies are needed to assess caregivers’

responses to interventions aimed toward teaching concrete skills that can

facilitate their participation in the caregiver role (e.g., appropriate biomechanical

methods to provide mobility assistance, aspiration prevention strategies for

dysphagic individuals, behavioral management of difficult behaviors), and that

are aimed toward reducing their caregiver “strain” risk factors, such as treating

depression and managing sleep interruption (e.g., psychotherapy, support

groups, anticholinergic agents/bedside urinals or condom drainage systems in

men to manage night time urinary frequency, and incontinence that interrupt

female caregivers’ sleep). This line of investigation has recently been explored

in other neurodegenerative patient–caregiver dyad populations, specifically

Alzheimer’s dementia (258–262). For example, Gitlin et al. (262–267)

impressive body of work has observed occupational therapy interventions as

part of the National Institutes of Health Resources for Enhancing Alzheimer’s

Caregiver Health (REACH) initiative. During this randomized controlled trial

that longitudinally observed 127 caregivers assigned either to usual care or occu-

pational therapy training groups, significant improvements in caregiver affect

were reported at 12 months, and those skills that were reported as significantly

improved at six months (at the end of the intervention phase) were sustained at

12 months. Other significant postintervention phase improvements that were

sustained at 12 months included less need for providing assistance to the

individual with dementia and fewer behavioral problems displayed in the individ-

ual with dementia. This line of investigation can serve as a model for caregiver

training in PD.

Complementary and Alternative Treatments

It has been estimated that up to 40% of individuals who have PD use at least one

type of complementary and alternative treatment; 12% have been reported to use

five or more of these therapies. These estimates are higher than what has been

reported for the general American population (about 30%). About 60% of

those individuals with PD who have used complementary and alternative

treatments, have done so without informing their primary or neurological care

providers; their use is more common among those with PD who have a younger

age of onset, who have higher levels of income and education, and who take a

higher daily dose of dopaminergic agents. Complementary and alternative

treatments include an array of therapies that are nutritionally based (vitamins,
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nutritional supplements, herbs, homeopathy); manual/biomechanical (massage,

Pilates, yoga, Alexander technique, chiropractic, osteopathic); hypothesized as

manipulative of “energy flow” (magnets, acupuncture/acupressure, Tai Chi,

reflexology); spiritual (prayer, “faith healing”); psychological (biofeedback, hyp-

nosis, relaxation); as well as art and music therapy. Vitamins and herbs (vitamins

E and C, multivitamins, coenzyme Q10, Ginkgo biloba), massage, and acupunc-

ture are most commonly reported to be used among those with PD (268,269). The

potential efficacy of complementary and alternative treatments to treat PD has

received little study, and reports of therapeutic effects are empiric. Among

those treatments that have been subjected to rigorous investigation, the fat

soluble antioxidant, vitamin E (2000 international units per day), has had no sig-

nificant symptomatic or neuroprotective effect (268,270). Coenzyme Q10,

another fat-soluble antioxidant, has been shown to be promising to stabilize func-

tional status beyond one year (271). The reported postintervention improvements

of “spa therapy” (thermal baths, drinking mineral water, relaxation, and exercise

therapies) were not sustained six months later (269).

More relevant to exercise-based rehabilitation interventions, the Alexander

technique has been reported to have therapeutic effects that were sustained over

six months (272,273). Stallibrass and Chalmers (272) compared the Alexander

technique, massage, and no treatment during a randomized clinical trial over

12 weeks: the Alexander technique was relatively comparable to massage, and

significantly better than no treatment at stabilizing disability level. The study sub-

jects who were treated with the Alexander technique qualitatively reported more

improvements in posture, balance, gait, speech, and sitting ability; while those

who were treated with massage reported more often a relaxation effect and a

“higher sense of well-being.” The effects of these treatments on pain relief

were qualitatively comparable. The hypothesized physiological mechanism that

underpins the Alexander technique is best characterized as “neuromuscular re-

education” (272,273). Svircev et al. (274) compared neuromuscular massage

and music relaxation therapy in a clinical trial that compared 32 subjects with

PD, randomly assigned to each type of treatment: significant improvements

were observed in those who received massage, as measured by the motor exam-

ination subscale of the UPDRS, after twice weekly treatments over four weeks.

SUMMARY AND CONCLUSIONS

1. Younger individuals were likely to have better outcomes after DBS

procedures than older individuals; older individuals were more likely

to need post-DBS rehabilitation services.

2. The cardinal clinical signs of PD that were levodopa responsive,

improved by DBS, likely translate into parallel improvements in

functional status and quality of life.

3. Vim-DBS appeared to be effective for decreasing tremor and improv-

ing handwriting up to five years after surgery; GPi-DBS appeared to be
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more efficacious during the initial postsurgical year, with short-term

improvements in clinical signs and functional status inconsistently

sustained beyond one year.

4. The improvements in functional status and quality of life that occurred

during the initial year after STN-DBS were generally sustained beyond

one year. The motoric factors that contributed to these improvements

appeared to be variable; gait has been more consistently reported as

improved, while speech and postural control have not.

5. Cognition was usually reported as stable after DBS procedures

particularly in those who were intact presurgically. Problematic

mood and behavioral problems were rare after these procedures, and

were considered treatable with neuromodulating agents.

6. Sensory cueing strategies have demonstrated promising results for

improving gait and balance, but not upper limb motor control, for

those who have PD.

7. LSVTw and similar treatments, have demonstrated promising results

to treat hypokinetic dysarthria.

8. Caregiver involvement during rehabilitation interventions for those

who have PD is essential, however, strategies for developing caregiver

skills have received little investigation.

9. Complementary and alternative treatments are commonly used among

those with PD, but few have received rigorous study.
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Deep Brain Stimulation of the
Subthalamic Nucleus: Clinical Outcome

Casey H. Halpern and Howard I. Hurtig

Departments of Neurology and Neurosurgery, Penn Neurological Institute at
Pennsylvania Hospital, Hospital of the University of Pennsylvania,

Philadelphia, Pennsylvania, U.S.A.

Deep brain stimulation (DBS) has proven to be an effective surgical therapy

for patients with advanced Parkinson’s disease (PD) who continue to respond

to dopaminergic therapy, but face disabling complications such as dyskinesias

and motor fluctuations. Tremor, rigidity, bradykinesia, and levodopa-related

dyskinesia appear to be most responsive (1,2), whereas axial signs and symp-

toms, including postural instability, as well as speech and swallowing, are

more resistant to DBS.

Recent evidence from a large nonrandomized and one small randomized

clinical trial shows that DBS of either the globus pallidus internus (GPi) or sub-

thalamic nucleus (STN) produces equivalent clinical benefit in carefully selected

patients with PD (3,4). A meta-analysis of 31 STN and 14 GPi studies demon-

strated similar findings with no significant difference in beneficial effect on

motor function or activities of daily living (ADLs), regardless of the DBS

target (5). However, medication dosages were reduced by 50% following STN

DBS, whereas no change in required dosage was seen in patients who had under-

gone GPi DBS. Although GPi DBS may be effective treatment for motor symp-

toms and ADLs, only bilateral STN DBS has been shown to provide sufficient

improvement to permit decreasing the dosage of antiparkinsonian medication

(6,7). Moreover, GPi DBS has been associated with more adverse effects,

187



DK7019-Baltuch-ch12_R2_180107

eventual loss of benefit, subsequent higher doses of medication, and even sub-

sequent reimplantation of electrodes into the STN (8). Recently, STN has

gained general acceptance as the preferred target for DBS in treating most

motor symptoms of PD, but without supporting level 1 (randomized controlled

trial) data. The 2006 Report of the Quality Standards Subcommittee of the Amer-

ican Academy of Neurology recommends STN DBS as a treatment option in PD to

improve motor function and reduce dyskinesia, motor fluctuations, and reliance on

adjunctive medication. According to this report, there is insufficient evidence to

make any recommendations regarding GPi DBS in PD patients (9).

Bilateral STN DBS has evolved to become standard of care for surgical

treatment of PD, but unilateral STN DBS is sometimes used in patients with

marked asymmetry in clinical signs. The complication rate and cost are lower

than with a bilateral procedure, but it may be less effective (10). Two studies

have addressed this question with conflicting conclusions. Germano et al.

(2004) reported unilateral STN DBS on 12 patients who were potential candi-

dates for bilateral STN DBS (11). In 10 of the 12 patients, the benefit associated

with the unilateral procedure was sufficient to avoid a second operation, and

benefits were confirmed by double-blind testing. Kumar et al. (1999) compared

unilateral with bilateral STN stimulation by turning off one of the stimulators

in 10 bilaterally implanted patients (12). Unilateral stimulation provided a 25%

reduction in off-period parkinsonism, whereas bilateral DBS was associated

with a 55% improvement (10).

We performed a literature search for studies of bilateral DBS of the STN in

PD with the following minimum inclusion criteria for each study: (i) at least 10

subjects followed for 6 months after surgery, (ii) change in UPDRS as an

outcome measure, (iii) other evaluations of ADLs, dyskinesia, and (iv) reported

levodopa equivalent daily dosing pre- and postoperatively. Twenty-five studies

met our inclusion criteria (3,13–36) (Table 1). One 12 month follow-up series

of 60 PD patients found a significant correlation between motor improvement,

according to the UPDRS III (motor) score,a and quality of life, as measured

by the PD Quality of Life (QOL) scale (r ¼ 0.7; p , 0.001) (29). A recent

long-term follow-up study of 71 PD patients who underwent bilateral STN

DBS reported sustained improvement in QOL for a mean of 38 months (36).

STN DBS may also improve mood, social functioning, and involvement in

hobbies (17). Some studies have reported that patients who had depended on a

caregiver for ADLs before STN DBS were independent postoperatively. Few

studies report complete discontinuation of medication (15,37). Speech may be

more sensitive to dopaminergic therapy. However, STN DBS combined with

low dose dopaminergic therapy may offer significant benefit, despite worsening

speech seen in some patients with bilateral DBS (38).

aThe Unified Parkinson’s Disease Rating Scale (UPDRS) is a 42 item scale that rates severity on a 0–4

continuum (0 ¼ normal, 4 ¼ severe). The UPDRS has three categories: mentation, behavior, and

mood (UPDRS I); activities of daily living (UPDRS II); and complications of treatment (UPDRS IV).
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NEUROPSYCHOLOGICAL EFFECTS OF STN DBS

There is only one report in the literature that uses a clinically matched

disease control group to evaluate cognitive change following DBS (39). When

comparing the presurgical baseline to stimulation-on conditions, this study

reported delayed verbal recall and decline in verbal fluency. Other reports of

neuropsychological scores in category and lexical fluency, thought disorders,

and apathy have shown significant change for the worse postoperatively (40).

Verbal fluency was shown to diminish one year after surgery, but remained

stable at three years (40). Decline in verbal fluency, has been shown to be one

of the few consistent findings in studies of cognition following STN DBS (39).

Interestingly, verbal impairment was shown to significantly correlate with

increasing apathy postoperatively (40). Apathy has been inversely correlated

with decreasing doses of levodopa in the postoperative period (40). However, a

recent study demonstrated that long term bilateral STN DBS does not signifi-

cantly alter baseline neuropsychological function, and suggests fluctuations

in behavior could be modified pharmacologically and by stimulation para-

meters (14). Because of the high prevalence of mild cognitive impairment in

advanced PD, these patients are vulnerable and subject to decompensation

in the aftermath of neurosurgical intervention. Therefore, careful evaluation

of neuropsychologic function is a mandatory component of preoperative evalu-

ation in these patients in order to exclude those who lack sufficient cognitive

reserve to endure the procedure and postoperative period.

EFFECTS OF STN DBS ON MOOD

The reported adverse effects on mood include inappropriate laughter (41),

depression (42), mania (43), and aggression (44). Mania and hypomania are

rare perioperative complications and may be explained by additive psychotropic

effects of STN DBS and dopaminergic treatment (45). Tapering long acting dopa-

mine agonists before surgery may decrease the risk of mania following surgery

(46). In contrast, depression tends to appear weeks after surgery and may be

related to decreased dopaminergic treatment and the loss of a possible anti-

depressant effect associated with levodopa (45). Depressive episodes did not

recur in patients with a diagnosis of major depressive disorder preoperatively,

but rather developed in patients who had no previous history. Such chronic adap-

tive changes may not be directly due to stimulation (47). On the contrary, beha-

vioral changes may be a consequence of stimulating an untargeted neighboring

neural structure (47). One case report documented aggressive outbursts in both

the “on” and “off” drug states, with complete resolution occurring days after

DBS was turned off (46). Thus, worsening of mood may occur postoperatively,

and close follow-up is necessary for appropriate early therapeutic intervention

(48). Krack et al. (2003) proposed multifactorial etiologies to explain such dis-

turbances, including pre-existing psychiatric illness, surgery-related stress,
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alterations in social life, lower dose of dopaminergic therapy, and unrealistic

patient expectations (14).

COMPLICATIONS

The overall rate of complications for STN DBS is generally low, although a

recent large series of 81 consecutive patients (160 STN DBS procedures)

reported a 26% rate of hardware-related problems (49). Transient adverse

effects such as eyelid-opening apraxia, dyskinesia, and paresthesia occurring

often when the stimulators are adjusted during the procedure or in the follow-

up period have been reported (48). Overall, most side effects are reversible by

adjusting stimulation parameters (48). Rare deaths have been reported from pul-

monary emboli, myocardial infarction, stroke, intracerebral hemorrhage, and

suicide. Table 2 summarizes complications reported in 22 studies that met our

inclusion criteria for systematic review (3,14–33,50). Some reports that met

our inclusion criteria for review were excluded from Table 2 because adverse

effects were not completely documented.
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INTRODUCTION

Deep brain stimulation (DBS) of the subthalamic nucleus (STN) is now considered

the procedure of choice for surgical treatment of patients with advanced Parkinson’s

disease (PD) complicated by motor fluctuations. The procedure was pioneered a

little over a decade ago and quickly replaced ablative surgical techniques for man-

agement of PD (pallidotomy and thalamotomy). Following the first published case

report of DBS for PD in 1995 (1), many papers have been written regarding the effi-

cacy, effectiveness, and adverse events resulting from DBS. As of today more than

50 articles have been published analyzing the impact of DBS surgery on motor func-

tion in PD. These include DBS of the STN or the globus pallidum interna (GPi).

Despite the large number of publications, most of these studies were designed as

pre–post intervention nonrandomized observational studies that involved relatively

small number of patients and constitute level IV evidence. Based on the most recent

review published by the American Academy of Neurology (AAN), there are four

Class III studies (defined as controlled trials with independent assessment of
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objective outcome measures) of STN and one of GPi DBS (72). Observational data

are very important as a first step in the analysis of the efficacy of any new interven-

tion, but large-scale randomized controlled studies are necessary to establish the

long-term efficacy of the procedure in the overall management of PD. Such

studies are under way. Weaver, Follett, Hur, and Reda (Chapter 18) review in

detail the requirements for the design of vigorous scientific trials for surgical inter-

vention in PD, the standard outcome measures used in such trials, and briefly

review current trials. This chapter will summarize the available data on the short-

and long-term impact of STN DBS on motor function in PD, and discuss limited

data on the comparison between STN and GPi surgical targets. The adverse

effects of the procedure are discussed in Chapter 7.

MOTOR OUTCOME MEASURES IN PARKINSON’S
DISEASE CLINICAL TRIALS

Motor function is the primary outcome examined in studies of DBS for PD. A

Committee on the Core Assessment Program for Intracerebral Transplantation

(CAPIT and CAPSIT-PD) (2,3) recommended the core methodology for the

clinical assessment of the efficacy of the surgical intervention in PD. CAPIT pro-

tocol is considered the “gold” standard, however, only a limited number of

studies have used it in the entirety. The most consistently reported outcome

measure in STN DBS trials is the Unified PD Rating Scale (UPDRS), Part III

(motor subscale) (69). The score for motor function ranges from 0 to 104, with

higher scores indicating greater impairment. The 14 items on the scale are

rated by a trained observer, usually a movement disorders neurologist. Obser-

vations of the efficacy of DBS can be made under various conditions including

a medication-off state (e.g., patient refrains from taking PD medications for 12

hours, usually overnight prior to the evaluation), and medication-on state (e.g.,

patient takes PD medication and is assessed in the best “on”-state usually an

hour after the dose (CAPIT) (2). STN DBS is most effective for the improvement

of PD symptoms in the medication-off state. The most frequently reported effect

of DBS is the comparison of the UPDRS scores prior to surgery in the off-

medications state, and then at multiple points after surgery in stimulation

on, medication-off state. The effect is reported as the percent improvement

over the baseline medication-off state score.

Other measures of motor function are also reported, although there is sig-

nificant variation across published studies on the scope of reported data. These

measures include subcomponents of the motor scale including tremor, rigidity,

akinesia or bradykinesia, postural stability, and gait. Benefit of surgery is also

assessed by the impact on the activities of daily living (ADL), as measured by

UPDRS ADL (Part II) score, and Schwab and England Scale. One of the most

functionally important outcome measures is the effect of STN DBS on the

motor fluctuations and dyskinesia reported based on Part IV of the UPDRS

and/or from PD motor function diaries completed by the patients.
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Most published studies summarize 6 to 12 months postsurgery results.

There are a limited number of reports of long-term (up to five years) outcomes.

The majority of STN DBS surgeries are performed with bilateral electrode

implantation; however, there is limited body of literature on the efficacy of

unilateral DBS.

Unilateral Deep Brain Stimulation Studies

A review of the DBS for PD literature revealed only a few publications of

unilateral stimulation of either the STN or GPi in PD that reported motor

outcomes (Table 1). These studies had small sample sizes and were designed

as pretest, post-test studies comparing UPDRS motor scores off-medication

at baseline, and UPDRS off-medication/on-stimulation at post-test. Most

Table 1 Motor Outcomes of Unilateral Deep Brain Stimulation Studies (Globus

Pallidum Interna and Subthalamic Nucleus)

Author Publication N

Average

age % Male

Baseline

UPDRS

off-meds

Post-

UPDRS

off-meds % Changea

Gpi

Gross

(1997) (4)

J Neurosurg 7 53.4 100 53.4 39.4 26

Vingerho

et al.

(1999) (5)

JNNP 20 55 75 33 17 48

Kumar

(2000) (6)

Neurology 5 38.9 25.8 37

Loher

(2002) (7)

J Neurosurg 9 65.1 66 57.2 35.2 38

Merello

(1999) (8)

Mov Disord 13 57.4 69 28.5 20.3 30

Summary 36

STN

Kumar

(1999) (9)

Neurology 10 65.9 50 45 34.7 23

Linazasoro

(2003)

(10)

Mov Disord 8 64.6 50 47.7 27.1 43

Germano

(2004)

(11)

J Neurosurg 12 64 83 42 31.1 26

Summary 31

aMean calculated based on baseline score and % improvement.

Abbreviations: Gpi, globus pallidum interna; STN, subthalamic nucleus; UPDRS, unified Parkinson’s

disease rating scale.
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assessed motor function at six months postsurgery. In all studies reported in

Table 1, motor function improved significantly following unilateral DBS stimu-

lation, regardless of the target. The average reduction of UPDRS motor score

was 30%. The limited number of unilateral studies suggests that physicians

quickly moved to bilateral stimulation as a more effective procedure, once

the initial data demonstrated that stimulation was safe and effective.

Bilateral Subthalamic Nucleus Deep Brain Stimulation

STN DBS surgery was pioneered by Dr. Benabid and colleagues in France (12).

Limousin et al. published the first data of that group on bilateral simulation of the

STN for patients with PD in 1995 (1). The study included three patients. Two

patients underwent staged procedures, whereas the third underwent simultaneous

bilateral electrode implantation. Targets were determined using microelectrode

recordings. Motor function using the UDPRS motor subscale were assessed

prior to surgery in the off-medication stage, and at three months after surgery

with medication-off and with stimulation-on and -off. The average improvement

in motor function for these patients was 65.2%.

Limousin reported the experience of the same group with the first 20

patients who underwent bilateral STN DBS (13). The mean age of the cohort

of patients in that study was 56 + 8, which is younger than the general PD popu-

lation. The data were reported for 3 and 12 months postsurgery. Patients were

evaluated in four conditions: medications off and on, and stimulation off and

on. The outcomes were reported as the degree of change compared to preopera-

tive assessment. At 12 months postsurgery, the patients experienced mean 60%

reduction in UPDRS motor scores in the medications-off condition with stimu-

lation. Improvement was seen in all cardinal manifestations of PD: rigidity, bra-

dykinesia, and tremor, as well as axial symptoms of gait and postural stability in

the medications-off state. In the medications-on state, the benefit was much less

robust though still statistically significant; a 10% reduction in the motor UPDRS

scores with stimulation. The benefit was seen for rigidity but not for bradykinesia

subscores. UPDRS Part II, ADL scores were reduced on average by 60% in the

medications-off state with no further improvement in the medications-on state.

Improvement in Part II UPDRS correlated with the change in Schwab and

England ADL scores. Hoehn and Yahr (H&Y) staging changed from 4.6 + 0.5

in the medications-off state before surgery to 2.8 + 0.6 with stimulation, and

remained unchanged in the medications-on state at 12 months postoperatively.

There was 73% reduction in the duration of off-time based on UPDRS Part IV

scores, though the study did not report data from PD patient motor diaries.

Patients experienced significant reduction of off-period dystonia. There was sig-

nificant reduction of severity and frequency of dyskinesia that was attributed to

the reduction of PD medications based on the observation that postoperative

levodopa challenge resulted in the same degree of dyskinesia as preoperatively.

Stimulation parameters remained relatively stable for the duration of follow-up,
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and stimulation was well tolerated. This was a pivotal study, as it summarized the

initial experience with STN DBS that was subsequently confirmed by the other

groups. The study also helped to establish the clinical parameters that predict

the best surgical outcomes.

This key study was followed in the next 10 years by dozens of papers

describing the outcomes of bilateral STN DBS (Table 2). A recent meta-analysis

reviewed all publications that reported motor outcomes of bilateral STN and GPi

DBS through September 2003 (14). The review excluded studies that did not have

data on pre–postoperative UPDRS motor scores. The publication included cumu-

lative data on 565 patients that underwent bilateral STN DBS procedure and 136

patients with bilateral GPi DBS target. The meta-analysis reported on two

measures of motor function: UPDRS motor and ADL subscales, reviewing

short-term outcomes (six months) (14). The review included 31 papers with

STN as the target, of which eight studies included both STN and GPi targets.

All papers reported UPDRS motor scores off-medication at baseline and

off-medication/on-stimulation at approximately six months following surgery.

Motor function improved significantly; the average percent improvement in

UPDRS motor scores was 54.3%. Motor findings were consistent across the

surgical centers, despite variability in surgical technique and use of intraoperative

microelectrode recording. Results of the procedure were not affected by

the sample size or mean patient age, suggesting that DBS had a robust positive

effect on motor function regardless of these factors. The paper did not analyze

the impact of stimulation on the motor function in medications-on state;

however, there is a consensus that STN DBS does not have a significant

impact on the motor function in the medications-on state.

The meta-analysis also included an examination of UPDRS ADL scores

when they were available. Sixteen papers reported ADL scores for STN target.

ADL scores improved by approximately 40% in the medications-off state.

Meta-regression analyses pointed out, however, that the effect size for ADL

improvement was significantly smaller for studies with small sample sizes,

more recent studies (e.g., after the year 2000), and for studies in which the

mean age of study participants was greater than 55.

The largest Class III study published to date was conducted by the

Deep Brain Stimulation for Parkinson’s Disease Study Group (30). This multi-

site prospective study included 134 patients with advanced PD: 96 underwent

bilateral DBS of the STN, and 38 patients had bilateral DBS of the GPi. The

choice of the surgical target was based on the preference and experience of the

investigator. The primary outcome measure was the change in UPDRS motor

score stimulation-on versus -off at six months postsurgery. Evaluation was per-

formed in a double-blind crossover manner (stimulation-on vs. -off). The STN

group experienced a median improvement of 49% in their motor scores with

stimulation in the medications-off state. In addition to the blinded assessment,

the patients had unblinded evaluations performed preoperatively and at

one, three, and six months postsurgery. These assessments included UPDRS

Deep Brain Stimulation for Parkinson’s Disease: Motor Outcomes 203
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subscores, dyskinesia rating, and PD patient motor diaries. Compared to baseline,

patients had mean 51.3% improvement with stimulation in medications-off state

and 25.8% in the medications-on state at six months. ADL scores also improved

in the medications-off state (43.7%), but no changes were noted for the on-

medication state. The patients experienced a 47% increase in the duration of

on-time without dyskinesia based on the PD motor diaries. The mean dyskinesia

score improved by 58% and the mean PD medication dose reduction was 38%.

Several studies (n ¼ 8) have been published since the meta-analysis of

bilateral DBS was completed in 2003 (Table 2). Some of the studies included

long-term data on the patients who were previously reported in the earlier publi-

cations (16,45). The size of the reported cohorts ranged from 10 to 49. The dur-

ation of follow-up ranged between 6 and 60 months but most of the studies

reported at least 12 months of DBS experience. The average reduction of

UPDRS motor score with stimulation 12 months postoperatively was 46.9%

with the range between 31% and 66%. The conclusions of the recent studies

were consistent with the earlier observations. However, even recently published

data are mostly based on the open label pre–post intervention comparisons of the

motor outcome measures with no control groups. The only randomized study

published to date compared the efficacy of STN versus GPi target and will be dis-

cussed later (46). One other randomized study was recently published which

compared efficacy of unilateral pallidotomy with bilateral STN DBS (50). Predic-

tably, STN DBS was unequivocally superior to unilateral pallidotomy in all

motor outcome measures at six months follow-up. The STN group had a 49%

reduction of motor UPDRS scores when compared with 21% in the pallidotomy

group. The utility of these data are limited as presently it is well established

that majority of the patients require bilateral intervention for adequate control

of bilateral PD symptoms. Furthermore, ablative surgery is used only in

limited situations today.

Another important outcome measure of the efficacy of STN DBS interven-

tion is change in the amount of motor fluctuations and dyskinesia experienced by

patients with PD. The most commonly used method to capture the 24-hour

pattern of motor functioning in PD is the use of patient self-reported diaries

(51). The diaries are used to identify five categories of motor function: asleep,

off, on without dyskinesia, on with nontroublesome dyskinesia, and on with trou-

blesome dyskinesia. At 30-minute intervals, the patient marks off which of the

five categories best reflect his or her physical functioning for the prior 30

minutes. Good time is defined as the sum of 30-minute increments in which

the patient was either on without dyskinesia or on with nontroublesome dyskine-

sia; while the bad time is the sum of the off-periods and on with troublesome dys-

kinesias periods. Motor diaries are frequently used in studies of medications for

PD and much less frequently for surgical trials. Germano and colleagues (11)

used PD diaries as part of the assessment of the efficacy of unilateral STN stimu-

lation in PD over 12 months. The percent of medication on time without troubling

dyskinesias increased from 46% to 56% following unilateral DBS and the
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mean daily sleep time increased by an average of 30 minutes. Two studies

reported on the change in percent of off-time using motor diaries for individuals

undergoing bilateral STN and GPi DBS (30,52). In both studies and for both

target sites, off-time decreased, while on-time without troublesome dyskinesia

increased following DBS.

Another important outcome measure of the efficacy of the surgical

intervention in PD is the impact of the procedure on the use of PD medications.

Most trials report medication use as levodopa equivalence dose that is calculated

by converting the dosages of all dopaminergic medications to a single value. The

formula varies slightly across sites, but it is less relevant as the value that is

important is the percent reduction of the dose compared to the preoperative

level. All studies report reduction of the dose of dopaminergic therapy with

STN stimulation (34,72). The amount of reduction of PD medications varies

between 20% and 70%, with a small minority of the patients being able to stop

PD medications completely (72). Improvement of dyskinesia with STN DBS

surgery is attributed to the reduction of the dose of dopaminergic medications

(20,34). STN stimulation per se is not believed to be effective for suppression

of dyskinesia based on the observation that postoperative levodopa challenge

at the preoperative dose resulted in the same degree of dyskinesia as preopera-

tively (13). However, there are a few case reports of the direct dyskinesia sup-

pressing effect of DBS stimulation. The benefit was attributed to the more

dorsal location of the stimulated contact in STN (21,53).

Presently, there is published data on nearly 1000 patients who have under-

gone bilateral STN DBS. Despite wide variability in the scope of publications,

the data are very consistent regarding the short-term efficacy of the intervention

and can be summarized as following:

. STN DBS is effective for the improvement of PD motor disability.

. The benefit of stimulation is most robust in the medications-off state

and marginal in the medications-on state.

. Stimulation reduces motor fluctuations.

. Stimulation reduces dyskinesia as the result of reduction of medications

intake.

. The best predictor of the motor benefit of surgery is preoperative per-

formance in the medications-on state and the “delta” (difference)

between the UPDRS scores in the medications-on versus -off state.

The larger the “delta” the greater is the expected benefit of stimulation.

Long-Term Results of Subthalamic Nucleus Deep Brain Stimulation

There is much less information on the long-term impact of STN DBS on PD

motor disability, although in the past two years, several new publications

report on long-term (greater than 12 months) outcomes. The published long-

term outcome data remains in the format of pre–post intervention observations.

Analysis of the long-term outcomes is limited not only by the design of the
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studies, but also the progressive nature of PD which makes it impossible in the

absence of a medically treated control group to separate the impact of surgery

from disease progression. Table 3 summarizes the findings from studies that eval-

uated the long-term outcomes of surgery on PD motor disability. We restricted

data analysis to the studies that reported at least 48 months data and included

UPDRS motor scores pre- and postoperatively for each data point. The Grenoble

group who pioneered STN DBS surgery was the first to publish the long-term

outcome data for DBS. Krack et al. (42) reported the five-year outcome data

on the first 49 patients who underwent STN DBS surgery between 1993 and

1997. Outcome measures were the same as reported by Limousin (13) for the

original cohort. Patient outcomes were reported for preoperative evaluation,

and one and five years postoperatively. Consistent with the previous reports in

the medications-off state, UPDRS motor scores improved 66% from baseline

to one year and by 54% from baseline to five years postsurgery, UPDRS ADL

scores improved by 66% at one year and 49% at five years. Painful dystonia

resolved in the majority of patients at one year and the benefit persisted for

five years. Compared to baseline at five years postsurgery, STN DBS resulted

in persistent improvement of tremor (75%), rigidity (71%), and bradykinesia

though to a less degree (49%). At five years, gait and postural stability were

still better than baseline and did not change significantly compared to one

year. Speech improved at one year but declined to the baseline level by five

years. STN DBS did not have any impact on UPDRS motor and ADLs scores

Table 3 Long-Term Subthalamic Nucleus Deep Brain Stimulation Outcome Data:

Data Reported for Unified Parkinson’s Disease Rating Scale Part II Motor

Scores in Stimulation-On, Medications-Off State

First author Year Country N

Follow-up

(months)

UPDRS-off

% change

at 1 yeara

UPDRS-off %

change at last

follow-up

(3–5 yrs)

Krack (42) 2003 France 49 60 66 54

Visser

Vandewalle (54)

2005 Netherlands 20 48 55b 43

Rodriquez-

Oroz (52)

2005 Multiple

countries,

Spain

49 36–48 57 50

Ostergaard (55) 2005 Denmark 22 48 65 55

Schupbach (56) 2005 France 30 60 59c 54

Total/average 170 60.4 51.2

aPercentage change is reported as the difference compared with baseline.
bEvaluation was performed three months postoperatively.
cEvaluation was performed at six months postoperatively.

Abbreviations: UPDRS, unified Parkinson’s disease rating scale.
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in the medications-on state, which is consistent with earlier reports. Between the

first and the fifth year, tremor and rigidity scores did not change in the medi-

cations-on state, however, scores for bradykinesia, speech, postural stability,

and freezing of gait worsened resulting in worsening of the total motor

UPDRS score and ADLs score. Compared to baseline, the duration and severity

of dyskinesia reduced by 71% and 58%, respectively, and the benefit persisted up

to five years. Patients were able to reduce the dose of PD medications by 59% on

average at one year, and did not require further dose escalation by five years. At

five years, 11 of 42 patients were not taking levodopa, and three others were not

taking any dopaminergic therapy. The investigators concluded that DBS had per-

sistent benefit for the reduction of dyskinesia and painful dystonia. Further, motor

benefit was most robust for tremor and rigidity and less so for akinesia. Worsen-

ing of akinesia, speech, postural stability, and gait in the medications-on state at

five years was attributed to the natural progression of PD disability.

Rodriguez-Oroz et al. (52) reported the long-term data on the original

cohort of patients enrolled in the multicenter DBS study the short-term results

of which were discussed previously (30). The original cohort included 96 patients

who underwent STN DBS and 38 who underwent GPi DBS. A total of 69 patients

from the original cohort (49 STN and 20 GPi) were followed for a long term

(mean follow-up was 3.8 years). The assessment battery was similar to the one

reported by the Grenoble group, but also included the Goetz dyskinesia scale

(57) and Global Assessment scale. The primary outcome measure was the

change in the UPDRS motor score off-medications with stimulation at the last

evaluation (minimum of three years) compared to baseline. STN DBS resulted

in 50% reduction of UPDRS motor score compared to the baseline in the medi-

cations-off state and no change in the medications-on state. Similar to the Greno-

ble findings, stimulation improved all subscores of the motor and ADL scales in

the off-medications state with the exception of speech. Compared to the one-year

findings, UPDRS motor and ADL scores declined by the three- to four-year

follow-up point, specifically in speech, gait, and postural stability. The benefit

of stimulation for tremor, rigidity, and dyskinesia persisted long term. PD medi-

cation intake was reduced by 41% at one year and remained stable at three to four

years. These findings are very similar to the Grenoble experience and support the

universal nature of the findings considering the multi center and multinational

nature of the protocol. Both studies demonstrate long-lasting benefit of STN

DBS, however, the patients experience worsening of specifically axial symptoms

of PD (speech, posture, and gait) that is attributed to the progression of PD. This

study included evaluation of patients in the medications-off and stimulation-off

state, three to four years postsurgery: the UPDRS motor scores in that condition

did not differ from baseline scores. At the first glance, lack of escalation of PD

disability in the drug and stimulation “naı̈ve” condition would argue for a neuro-

protective effect of DBS, but the authors legitimately caution against such a quick

conclusion. They attributed the finding to the potential long duration effect of

medications and stimulation at the time of the assessment. In other words,
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these patients may not have gotten to a true off-medication/off-stimulation status

at the time of assessment.

Ostergaard and Sunde (55) reported four-year outcome data on 22 patients

treated with bilateral STN DBS in Denmark. In addition to the standard outcome

measures, they also included PD patient motor diaries. The results were consist-

ent with the previously reported data: UPDRS motor score was reduced by 65%

one year postsurgery in the medications-off state, and the benefit persisted long

term. Similar to the other studies, worsening of gait, postural stability, and

speech were noted between one- and four-year assessment. Deterioration of

those parameters was seen in the medications-on state as well. This group also

evaluated the patients in the medications and stimulation-off setting four years

after surgery and demonstrated no decline in UPDRS motor scores compared

to the baseline. They attributed lack of decline to the medications and stimu-

lation’s long-lasting effect, similar to the other groups.

Finally, Schupbach et al. (56) reported five-year outcomes of STN DBS

surgery in the cohort of 37 patients who underwent surgery between 1996 and

1999 in Paris, France. Of the original cohort, 30 patients were available for the

five-year follow-up. That group reported a 59% reduction in UPDRS motor

scores with stimulation in the medications-off state at six months postsurgery

compared to baseline with long-term persistent benefit (54%), but noted

decline in the axial PD symptoms. Dyskinesia was reduced by 79% and motor

fluctuations by 67% at five years compared to the baseline scores. The PD medi-

cation dose requirement was reduced by 64% at six months and 58% at five years

compared to baseline. UPDRS ADL scores were reduced by 67% in the medi-

cations-off state at six months, and 40% by five years postsurgery, the decline

in ADLs between one and five years was statistically significant.

In conclusion, there is a limited but growing amount of published data on

the long-term outcomes of bilateral STN DBS. The duration of published studies

ranged between 36 and 60 months, with average follow-up of 51 months. All the

published studies included standard evaluation based on the CAPIT protocol.

However, none of the studies were controlled randomized protocols. All the

studies reached similar conclusions that can be summarized as following:

. The benefit of STN DBS for improvement of PD motor disability per-

sists long term.

. STN DBS is effective for the improvement of PD motor disability in the

medications-off state.

. STN DBS is effective for reduction of dyskinesia and motor fluctu-

ations, but does not provide additional benefit in the medications-on

state.

. STN DBS provides persistent long-term improvement for tremor, rigid-

ity, and less so for bradykinesia.

. STN DBS results in the reduction of PD medications intake by an

average of 50%.
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. Axial symptoms of PD (speech, gait, and postural stability) worsen long

term. The decline is likely due to the progression of PD.

The longest reported duration of post-STN DBS outcome observations is

five years. Although it is a significant time-period for the procedure that is

hardly 10-years-old, it is still insufficient to establish the impact of this interven-

tion on the course of the disease that can span more than two decades, especially

considering the fact that surgical patients usually represent the younger subset of

PD patient population. Continuous follow-up of the surgical cohort and accumu-

lation of long-term data is necessary. At present, decline in PD axial symptoms at

three- to five-years postsurgery is attributed to the naturally progressive course

of PD disability. However, in the absence of a medically treated control group,

that conclusion remains an unproven hypothesis. Historical controls are of limited

value as it is challenging to match them by the disease severity, duration, and

medications intake. Although designing long-term controlled PD surgical trials

is expensive and difficult, from the ethical standpoint of declining patients

the procedure that is known to be effective at least for a short term, such

studies are necessary to establish the role of DBS surgery in the long-term

management of PD.

At the beginning of the STN DBS era, the PD research and clinical commu-

nities were not only excited by the efficacy of intervention for management of PD

motor disability, but also hopeful that the procedure potentially could turn out to

be neuroprotective. The anticipation was based on the hypothesis that STN DBS

reduces the glutaminegric outflow from STN nucleus that could be contributing

to further degeneration of nigrostriatal structures (58,59). As of today, there is no

evidence of neuroprotective effect of STN DBS. Some studies demonstrated no

change in UPDRS motor scores in the medications-off–stimulation-off state as

far as five years compared to the preoperative evaluation (30,55,56). The

expected rate of progression of PD motor disability is 10% annual increase in

PD motor scores early in the course of the disease though the curve can flatten

out in more advanced disease (60–62). While it is tempting to attribute lack of

change to the neuroprotective effect of the intervention, the more likely expla-

nation is the long duration effect of medications and stimulation that outlast

the standard 12 hours “defined medications-off” period. It already has been estab-

lished in the ELLDOPA study that the long duration response to levodopa can last

more than two weeks (63). The long duration response to dopamine agonists and

other PD medications has not been systematically studied. The latency of the

effect of DBS is not well established but also can be prolonged. Hilker et al.

(49) has recently published F-dopa positron emission tomography (PET)

study of 30 patients with successful STN DBS. PET scans were performed

preoperatively and 16+6 months postsurgery. The average reduction of PD

motor symptoms was 52% consistent with other reported cohorts. PET data

demonstrated 9.5% to 12% annual rate of decline of tracer uptake in the

putamen. These data are in agreement with the rate of decline of tracer-binding
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reported in medically treated PD patients. The rate of decline of F-dopa uptake

was shown to correlate with the rate of progression of PD disability and is con-

sidered to be the surrogate marker of the progression of PD (64). Hilker et al. is

the first study to report the rate of F-dopa uptake decline in the cohort of patients

with successful STN DBS. Based on these results, STN DBS provides effective

control of PD motor disability but does not have an impact on the rate of pro-

gression of dopaminergic cell loss. That conclusion correlates with the long-

term STN DBS outcome data demonstrating long-term worsening of the axial

symptoms of PD, considered to be the markers of disease progression, despite

otherwise successful DBS.

COMPARISON BETWEEN GLOBUS PALLIDUM INTERNA AND
SUBTHALAMIC NUCLEUS DEEP BRAIN STIMULATION

The other target of DBS for PD used less frequently is the GPi. Studies of GPi

stimulation also have reported improved motor function and time spent in the

“on”-state (Table 4). Although STN has become the preferred surgical target

for PD patients, there is paucity of studies comparing the two. GPi stimulation

can directly suppress dyskinesia independent from the reduction of the dose of

PD medications. Actually, one consistent difference between outcomes of STN

versus GPi DBS is the lack of reduction of the dose of PD medications with

the GPi target (46). GPi may be a more forgiving target with respect to the devel-

opment of adverse events but due to its larger size, may also be more difficult to

target for maximal benefit in motor symptoms (65). Secondly, since the GPi is a

much larger target than the STN and there are few structures lateral and anterior

to the GPi that can affect nonmotor function, it might be associated with less side

effects on behavior, mood, and cognitive function (46).

A recent meta-analysis comparing bilateral STN to GPi stimulation found

that motor function improvement was comparable in both groups (14). The meta-

analysis included 31 STN and 14 GPi studies published prior to 2004. Motor

function improved significantly following stimulation for both targets (54% for

STN; 40% for GPi), with effect sizes of 2.59 and 2.04, respectively. STN and

GPi subjects had comparable improvement in motor function following

surgery after controlling for baseline characteristics (P ¼ 0.094). As discussed

before, medication requirements were significantly reduced for STN, but did

not change for GPi subjects (14). The first randomized trial of STN and GPi

DBS was published in 1999 (19), and a follow-up was published in 2005 (46).

This study included 10 GPi and 13 STN subjects followed for up to 12

months. Off-medication UPDRS motor scores improved after 12 months of

DBS in both GPi and STN groups (39% and 48%; P ¼ 0.40), whereas levodopa

dosage was decreased by 38% in the STN group versus 3% in the GPi group

(P ¼ 0.08). The authors concluded that stimulation of either site improves

many of the features of PD and that it is too early to exclude GPi as a target

for DBS in persons with PD. However, given the small sample size, a larger
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randomized trial with additional outcomes and longer follow-up is warranted to

better understand the impact of both targets on physical and cognitive function-

ing, as well as quality of life in persons with advanced PD.

The AAN Quality Standards Subcommittee has recently published an evi-

dence-based review on treatment of PD with motor fluctuations and dyskinesia

that contains a section on surgical treatment (72). The Committee commented

on the paucity of the Class III evidence, but concluded that based on the available

data “STN DBS is possibly effective in improving motor function and reducing

motor fluctuations, dyskinesia, and anti-parkinsonian medications usage in PD

patients. Adverse events may limit application of this therapy . . . data are insuffi-

cient to determine efficacy of GPi DBS.”

CONCLUSIONS

DBS surgery is now an accepted and widely used procedure for management of

patients with advanced PD complicated by motor fluctuations. The criteria for

patient selection and short-term efficacy of DBS are reasonably well established.

DBS is undoubtedly the most effective intervention in the history of PD surgery.

The preferred target of choice is STN though there is paucity of controlled studies

confirming its superiority over GPi as a target. STN DBS is effective for the man-

agement of PD motor disability in the medications-off state, as well as reduction

of motor fluctuations and dyskinesia. The benefit of stimulation persists long-

term, though the patients experience worsening in axial PD motor symptoms

(speech, gait, and postural control), likely as the reflection of the progressive

nature of PD, but controlled studies are lacking to prove that concept.

The future research of DBS in PD should:

. Establish the mechanism of action of DBS.

. Establish comparative efficacy of STN versus GPi DBS target.

. Collect long-term data on the efficacy of STN DBS for the motor and

nonmotor manifestations of PD.

. Establish the long-term impact of STN DBS on PD disability compared

to the medically treated cohort

. Simplify the surgical and programming algorithm.
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INTRODUCTION

Parkinson’s Disease and Motor Symptoms

Dating back to 1817 and his first descriptions of six patients with the “shaking

palsy,” James Parkinson established the common motor symptoms of parkinson-

ism consisting of resting tremor, decreased motor control, stooped posture, and

gait abnormalities (1). Today, clinicians still diagnose idiopathic Parkinson’s

disease (PD) based on the presence of four cardinal motor features: bradykinesia,

tremor, rigidity, and postural instability (U.K. Parkinson’s Disease Society Brain

Bank Clinical Diagnostic Criteria) (2). Bradykinesia and one other symptom

listed are considered sufficient to make a diagnosis of probable PD.

Parkinson’s Disease and Nonmotor Symptoms

Our understanding of PD has expanded to include numerous nonmotor symptoms

that may accompany the classic motor features. Though Parkinson described
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nonmotor symptoms such as sleep disturbances, constipation, speech impairment,

dysphagia, sialorrhea, fatigue, and delirium in his original treatise (1), the recog-

nition and wide acceptance of nonmotor symptoms as part of the spectrum

of disease has occurred only recently. The commonly identified nonmotor

symptoms of PD are listed in Table 1.

Nonmotor symptoms are highly prevalent in PD. In one recent study,

ninety-nine PD patients were asked whether they experienced fatigue, anxiety,

depression, sleep disorders, or sensory symptoms. Nearly 90% endorsed at

least one such complication (3).

Cognitive impairment, a frequent occurrence, may affect over three-fourths

of PD patients during the course of disease (4), and over 40% of patients have

dementia after four years (5,6). More than half of all PD patients experience

Table 1 Nonmotor Symptoms in Parkinson’s Disease

Cognitive impairment/mood

Dementia

Psychosis

Depression

Anxiety

Autonomic disorders

Cardiovascular reflexes (orthostasis, bradycardia, etc.)

Gastroparesis and constipation

Sialorrhea

Dysphagia

Hyperhidrosis and seborrhea

Temperature dysregulation

Urologic dysfunction

Sexual dysfunction

Disorders of smell

Speech disorders

Hypophonia

Dysarthria

Sleep disorders

Insomnia

Excessive daytime sleepiness (EDS)

Circadian rhythm disorder

REM behavioral disorder (RBD)

Restless legs syndrome (RLS)/periodic leg movements disorder (PLMD)

Fatigue

Weight loss/gain

Sensory

Pain

Tightness

Tingling

Burning
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dysautonomic symptoms including urinary problems, constipation, or sexual

dysfunction (7). Furthermore, just as PD patients suffer motor fluctuations as the

disease progresses, nonmotor fluctuations can occur. In one survey of nonmotor

fluctuations, dysautonomic fluctuations affected up to 64% of PD patients with

moderate-to-severe PD (mean H and Y “off” ¼ 3.8) while sensory fluctuations

affected 54% (8). More than one-quarter of these patients felt that the nonmotor

fluctuations were more troublesome than the motor fluctuations they experienced.

Emerging Recognition of Nonmotor Symptoms

The well-established and widely-used Unified Parkinson’s Disease Rating Scale

(UPDRS), developed in 1987 (9), is a relatively sensitive instrument to assess

motor symptom severity, but it does not adequately address nonmotor symptoms

(10). Similarly, it has been shown that even movement disorder specialists fail to

recognize such features in their patients more than 50% of the time (11). In

acknowledgment of this, the UPDRS is being revised to incorporate a wide

spectrum of nonmotor symptoms pertaining to altered cognition, mood, dysauto-

nomia, sleep, and the implication of these on daily function (12). In addition, the

American Academy of Neurology has recently published evidence-based practice

parameters for the treatment of cognitive and psychiatric nonmotor symptoms in

PD (13). With wider recognition, nonmotor symptoms have greater bearing on

the surgical treatments for PD.

Pathophysiology of Motor and Nonmotor Symptoms and Subthalamic
Nucleus Deep Brain Stimulation

The classic Albin-Delong anatomic model of basal ganglionic function (14,15)

has some limitations, but it remains useful in conceptualizing the origin of the

motor symptoms in PD. These symptoms, particularly bradykinesia and rigidity,

are attributed to the loss of dopaminergic neurons originating in the substantia

nigra and projecting to the striatum, accompanied by the presence of Lewy

bodies in the surviving neurons. This dopamine-mediated system is usually

responsive to treatment with levodopa and dopamine agonists; success with

medication predicts success with subthalamic nucleus deep brain stimulation

(STN-DBS) (16).

Conversely, nonmotor symptoms may be mediated by both dopaminergic

and nondopaminergic neurotransmitter systems that become increasingly

affected as the disease progresses. There is good experimental evidence of cog-

nitive, autonomic, and sensory functions affected by dopaminergic pathology in

the basal ganglia (17,18,19). In addition, Lewy body inclusions have been found

in the nondopaminergic neurons of the substantia innominata, the mesocortico-

limbic system, nucleus basalis of Meynert, locus ceruleus, midline raphe

nucleus, dorsal motor nucleus (DMN) of the vagus, and hypothalamus. The sym-

pathetic, parasympathetic, and enteric nervous systems are also involved. Such

pathological changes of central nondopaminergic neurons, as well as peripheral
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sympathetic, parasympathetic, and enteric neurons, likely lead to some of the

nonmotor symptoms of PD (Table 2) (20). Given the dual involvement of dopa-

minergic and nondopaminergic neurons in nonmotor symptoms of PD, such

symptoms are relatively refractory to dopaminergic medications. As such,

many nonmotor, nondopaminergic symptoms do not benefit from STN-DBS.

However, clinical experience reveals this is not universal; some nonmotor symp-

toms improve while others worsen following surgery. It should also be noted that

worsening of symptoms may occur due to the progression of disease as opposed

to a direct result of the surgery.

Response of Motor and Nonmotor Symptoms to
Deep Brain Stimulation

Numerous case series and cohort studies have been published evaluating out-

comes of STN-DBS in PD patients including a recent meta-analysis and

summary of outcomes (16). The overall clinical experience supports a robust

improvement in motor symptoms following STN-DBS. Results from this meta-

analysis of 34 studies found UPDRS motor scores to improve by approximately

50% over the ensuing six months to five years. Significant reduction in

Table 2 Extra-nigral Sites of Cell Loss and Presence of Lewy Bodies in Parkinson’s

Disease: Neurotransmitter Involvement and Possible Anatomical Localization of

Nonmotor Symptom(s)

Location Neurotransmitter Nonmotor symptoms

Mesocorticolimbic

system

Dopamine Neuropsychiatric

Nucleus basalis of

Meynart

Acetylcholine Cognitive

Locus ceruleus Norepinephrine Cognitive; neuropsychiatric;

sleep; sensory/pain

Midline raphe nucleus Serotonin Neuropsychiatric Sleep

Hypothalamus Dopamine, Norepinephrine

Acetylcholine, GABA

Dysautonomias; sleep;

fatigue; weight gain

Parasympathetic nuclei Acetylcholine Dysautonomias; sleep

Dorsal motor

nucleus of the vagus

Pedunculopontine

nucleus

Edinger-Westphal

nucleus

Sympathetic Acetylcholine, norepinephrine Dysautonomias

Parasympathetic Acetylcholine Dysautonomias

Enteric Acetylcholine, Norepinephrine,

Dopamine

Dysautonomias
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dyskinesia, off-time, and dopaminergic medication requirement following

surgery was also reported. Though literature regarding impact of STN-DBS on

quality of life is limited, available data suggest an overall benefit; in these

studies, assessments were generally based upon physical aspects of functions

rather than nonmotor symptoms (16,21). This emphasizes the importance of

assessing the consequences of STN-DBS on nonmotor functions as well as on

motor function.

This chapter will discuss evidence for the efficacy of STN-DBS for nonmotor

symptoms in PD, including disorders of autonomic function, olfaction, speech,

sleep, weight, and sensation. Cognitive and psychiatric nonmotor symptoms will

be addressed separately in chapters 15 and 16.

AUTONOMIC DISORDERS

The term “autonomic disorders” or “dysautonomias” refers to a broad category of

nonmotor symptoms in PD. These include symptomatic orthostasis, urinary and

bowel dysfunction, sexual dysfunction, sialorrhea, temperature dysregulation,

and swallowing problems. Such symptoms likely involve neuronal loss in the

areas of the hypothalamus, parasympathetic nuclei, and autonomic ganglia and

plexi of the peripheral nervous system. Additionally, Lewy bodies have been

found in the hypothalamus, sympathetic system (intermediolateral nucleus

from T1 to L2 and sympathetic ganglia), parasympathetic system (dorsal,

vagal, and sacral parasympathetic nuclei), adrenal medulla, and the plexi of the

gut, heart, and pelvis (22). The impact of dysautonomias and their response to

STN-DBS are discussed subsequently.

Cardiovascular Reflexes

Epidemiology

PD patients often experience heart rate and blood pressure variability, clinically

manifested as orthostatic and/or postprandial hypotension (23,24). Orthostatic

hypotension occurs in 20% to 50% of patients with PD (25–27), while the true

prevalence of postprandial hypotension in PD is unknown (28).

Pathophysiology

Both orthostatic and postprandial cardiovascular changes may involve central

and peripheral dysregulation of projections between the nigrostriatal pathway

and the arterial baroreceptor reflex. Centrally, stimulation of the substantia

nigra pars compacta has been shown to release dopamine into the striatum

causing hypertension and tachycardia in animal models (29). Treatment with

levodopa and dopamine agonists may also exacerbate orthostasis (30–32),

while receptor blockage with haloperidol (a dopamine antagonist) blunts this

effect (33). Peripherally, cardiovascular sympathetic denervation occurs in

most PD patients as well, with the loss being most dramatic in those with
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orthostatic hypotension. Finally, postprandial effects may arise from excess

release of vasodilatory gut peptides (28).

Impact of Subthalamic Nucleus-Deep Brain Stimulation

According to the classical model of basal ganglia function in PD, there is

increased excitatory output from the STN resulting in increased inhibitory

output from the thalamus (14); this is postulated to reduce the compensatory

tachycardic response to postural changes required to prevent symptomatic

orthostasis (18).

The effect of STN-DBS on cardiovascular function has been evaluated

during and after surgery. Sauleau et al. (34) directly monitored objective intrao-

perative autonomic side effects in 17 patients undergoing STN-DBS for PD. In

fifteen of these patients (88%), tachycardia arose within seconds of stimulation,

while hypertension lagged by approximately one minute. Return to baseline

occurred within a few minutes following discontinuation of stimulation.

Kaufmann et al. (35) noted that high-frequency STN-DBS caused tachycardia

six months after surgery, suggesting that the immediate trend towards tachycardia

after STN-DBS may persist. Conversely, Holmberg et al. (30) investigated

cardiovascular autonomic function in 11 patients with bilateral STN-DBS for

advanced PD and found no lasting effect after surgery. Five of 11 (45%) patients

showed significant orthostatic hypotension and pathological heart rate variability

with deep breathing at enrollment; there was no significant change in these

functions at one-year follow-up.

As such, available data suggest that STN-DBS may cause transient

tachycardia and hypertension though the long-term clinical significance of this

is unknown.

Gastroparesis and Constipation

Epidemiology

Gastroparesis and constipation were recognized as features of PD by Dr. Parkinson

(1) and remain frequent complications of the disease. Collectively, early satiety,

abdominal fullness, nausea, vomiting, and constipation have been identified

in up to 48% of PD patients (36). Edwards et al. (37) found 51% of PD patients

with constipation (less than three bowel movements per week) and 64%

with defecatory dysfunction (stooling with straining or incomplete eva-

cuation). Constipation alone also increases in severity and frequency as PD

progresses (37,38).

Pathophysiology

The presence of Lewy bodies in the myenteric plexi of the esophagus and colon

supports a primarily peripheral mechanism for these symptoms of dysmotility.

Nausea and vomiting may also arise from central involvement of the dorsal

motor nucleus of the vagus. These symptoms have shown variable responses to
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levodopa replacement (37,39). One study by Hardoff et al. (36) proposed that

levodopa may initially further slow gastric emptying, while long-term treatment

resulted in improved motility as a result of increasing intestinal dyskinesia. Use

of central dopamine agonists to improve motility have been disappointing,

and nausea can be further exacerbated by levodopa or dopamine agonists due

to unwanted stimulation of peripheral dopamine receptors. The addition of

peripheral dopamine antagonists (i.e., domperidone) improves gastric emptying

in PD and alleviates nausea (40,41).

Impact of Subthalamic Nucleus-Deep Brain Stimulation

There is no data available regarding the effects of STN-DBS on gastric

dysmotility. However, given the relatively unreliable response to dopaminergic

replacement therapy described above, it is unlikely that STN-DBS would mark-

edly affect gastroparesis or constipation.

Sialorrhea

Epidemiology

Sialorrhea occurs in 70% to 80% of PD patients (42,43). It is typically an early

feature of the disease, initially occurring at night as wetting of the pillow, and pro-

gressing to daytime drooling as the disease advances. It may occur in combination

with dysphagia. Eadie and Tyrer (42) reported drooling in 86% of PD patients with

swallowing difficulties and in 44% of patients without swallowing difficulties.

Pathophysiology

Sialorrhea may be both a motor and a nonmotor symptom of PD. Management of

secretions depends on two processes: salivary production and salivary control.

Pathophysiologically, salivary production involves central and peripheral dopa-

minergic activity (43a) as well as parasympathetic cholinergic activity at the

glandular level. Salivary production may actually be lessened in PD patients

(44), but lingual and facial bradykinesia worsen salivatory control and lead to

drooling (42,45). Sialorrhea may cause serious medical consequences (i.e.,

choking and aspiration pneumonia) as well as embarrassing social situations.

Impact of Subthalamic Nucleus-Deep Brain Stimulation

No published STN-DBS studies have evaluated sialorrhea as a primary outcome.

Two reports of increased sialorrhea have been published as adverse effects

(46,47). One of these may have been complicated by worsened cognition contri-

buting to reduced control of secretions. Esselink (48) reported increased drooling

at six months of follow-up in three out of 20 PD patients that underwent STN-

DBS. It is not clear that this is an effect of DBS; other factors, such as natural

progression of disease or modification of medication regimens, may have influ-

enced this outcome. Dry mouth or improved salivary control has not been

reported after STN-DBS.
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Dysphagia

Epidemiology

Dysphagia is a relatively common and treatment-resistant manifestation of PD,

affecting approximately 50% of patients with mild-to-moderate disease (Hoehn

and Yahr stage ¼ 2–3) (37). The prevalence of dysphagia rises as disease dur-

ation progresses (42,49). Up to 30% of PD patients have accompanying signs

of aspiration (coughing, choking, and nocturnal dyspnea) (49,50). Evaluating

two cohorts of PD patients with similar severity, Ali et al. (51) found at least

one objective indicator of pharyngeal dysfunction in 12 out of 12 patients with

subjective dysphagia (mean H & Y ¼ 2.58), as well as in six out of seven patients

without subjective dysphagia (mean H & Y ¼ 2.43), indicating that swallowing

abnormalities are more prevalent than clinically recognized.

Pathophysiology

Normal swallowing is a complex process involving highly coordinated

contraction and relaxation of the masticatory muscles, teeth, tongue, pharynx,

and esophagus. This process includes motor and nonmotor components, as

well as dopamine and nondopamine-mediated systems. The process can also

be divided into oropharyngeal and esophageal phases. At the neuronal level,

swallowing is mediated by the nucleus tractus solitarius and substantia reticularis

via voluntary and autonomic afferent and efferent neural projections.

While voluntary activity is largely nondopaminergic, bradykinesia and

rigidity primarily affect the oropharyngeal phase, suggesting dopamine-mediated

extrapyramidal involvement (52–54). Dysfunction of the esophageal phase has

been attributed to central damage to the DMN of the vagus and peripheral

dopamine depletion. The upper esophageal sphincter has been found to exhibit

incomplete relaxation in up to 25% of PD patients (51), possibly due to involve-

ment of the DMN. Lewy bodies have been found in the myenteric plexi of

the distal one-third of the esophagus of PD patients, supporting peripheral

involvement (55).

The literature is inconsistent regarding the effects of dopamine replacement

on dysphagia (54,56,57). Monte et al. (54) demonstrated that any apparent benefit

may actually be mediated by intercurrent medication-induced dyskinesia, as

dyskinetic patients performed better in oropharyngeal swallowing function

than nondyskinetic patients. Generally, swallowing is more coordinated when

medications are working (i.e., the “ON” state).

Impact of Subthalamic Nucleus-Deep Brain Stimulation

Dysphagia has been reported as an adverse event in some of the published

outcome studies, occurring in approximately 4% to 8% of patients followed

(58–60). It is unclear whether the reported worsening of swallowing function

is a direct result of STN-DBS or a progression of disease with further involve-

ment of nondopaminergically mediated pathways. Only one study has directly
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evaluated postoperative dysphagia (61). Bejjani et al. (61) found swallowing

function after STN-DBS off medication to be similar to preoperative functioning

on medication in 10 patients, consistent with the fact that there is some

dopaminergically-mediated component to swallowing. Further studies are

needed to assess the true impact of STN-DBS on swallowing function.

Hyperhidrosis and Seborrhea

Epidemiology

Nearly two-thirds of PD patients report sweating abnormalities (8,62,63), with

the majority suffering from hyperhidrosis. Seborrheic dermatitis affects more

than 50% of PD patients (64). It has been suggested that excessive perspiration

and sebum production may worsen as a nonmotor “off” symptom (8,64–66),

and hyperhidrosis is particularly exacerbated by accompanying dyskinesias

(62). Many PD patients describe these symptoms as a source of significant phys-

ical, social, and emotional disability (62).

Pathophysiology

Sweating occurs when the anterior hypothalamus activates the sympathetic

sudomotor reflex, causing eccrine sweat production and peripheral vasodilation

via postganglionic cholinergic fibers (67). In PD, it is hypothesized that hyperhi-

drosis arises from preganglionic dysregulation early in the disease process,

progressing to postganglionic pathology later (63). Dopaminergic replacement

therapies can improve symptoms in early disease (66), though sweating can

also be a side effect of dopamine excess. Seborrhea is thought to arise from dopa-

mine depletion that leads to release of melanocyte-stimulating hormone and

sebum (68). In addition, bradykinesia and immobility leads to stasis of secreted

sebum, yeast growth, and subsequent dermatitis (68). Improved motor function

alone may also relieve excessive seborrhea and hyperhidrosis (62,64,66).

Similar to hyperhidrosis, there is evidence that dopamine replacement directly

mitigates sebum production (64,69).

Impact of Subthalamic Nucleus-Deep Brain Stimulation

Currently, there are no published studies addressing the impact of STN-DBS on

hyperhidrosis or seborrhea in PD. There is experimental evidence that STN-DBS

may decrease sympathetic skin response (70).

Temperature Dysregulation

Epidemiology

Recent descriptive statistics on temperature dysregulation in PD are lacking.

Appenzeller and Goss (1971) described failure of thermoregulation in 18 out

of 25 patients, measured by reflex vasodilatation of digits in response to increas-

ing body temperature (71).
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Pathophysiology

Temperature dysregulation issues in PD usually manifest as heat intolerance,

likely arising from reduced sweating response and impaired peripheral

vasodilatation via somatosympathetic reflexes (71). Poorly delineated mechan-

isms of sympathetic hyperactivity and dysregulated basal ganglionic involve-

ment also lead to the overproduction of heat (18). Involvement of

dopaminergic systems within the basal ganglia is also supported by the neuro-

leptic malignant syndrome (NMS) characterized by hyperthermia and rigidity in

the setting of dopamine withdrawal or D2-receptor blockade. Conversely, there

is also evidence for lowered nocturnal core body temperature in PD (72).

In addition to causing the discomfort of heat intolerance, thermoregulatory

mechanisms may impact motor symptoms in PD. Meigal and Lupandin (73)

reviewed the evidence for a “thermoregulation-dependent component” of PD.

Analogous to a “cold shivering,” tremor may involuntarily activate to overcome

misperceived heat loss. Similarly, there is evidence that decreased body tempera-

ture activates flexor musculature, which may contribute to stooped posture and

festinating gait. Animal models have identified the “efferent tract of shivering”

to be the ventromedial and dorsomedial hypothalamus, caudate nucleus,

putamen, globus pallidus, substantia nigra, red nucleus, mesencephalic reticular

formation, and the lateral portion of reticular formation of pons and medulla

(74,75). This shows considerable overlap with the primary pathological

damage seen in PD.

Impact of Subthalamic Nucleus-Deep Brain Stimulation

Temperature dysregulation has not been studied directly in STN-DBS. In 2004,

Linazasoro et al. (76) described a case of STN-DBS masking “possible” NMS

in PD. Hyperthermia, hyperhidrosis, and hypertension were presumed due to

NMS from levodopa withdrawal, while lack of rigidity was attributed to a

subthalamotomy effect. In this single case, there was an absence of effect on

temperature regulation by STN-DBS though conclusions cannot be drawn

based on this limited experience.

Urologic Dysfunction

Epidemiology

Urologic dysfunction affects up to 70% of PD patients (77,78). The extent of

dysfunction increases with progression of PD (77).

Pathophysiology

Loss of bladder control in PD is multifactorial. Decreased bladder capacity (79),

detrusor hyperreflexia (77), motor fluctuations (80), and diminished mobility
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(81,82) have been suggested as contributing factors of incontinence. Several

animal models support the theory of basal ganglionic control of the bladder

(18) and administration of D1-agonists provides improved urinary control in

nonhuman primates (83). In humans, levodopa treatment usually worsens detru-

sor hyperreflexia; this may enhance emptying during the voiding phase, but it

may aggravate incontinence during the filling phase (84a). If functional micturi-

tion is worsened by diminished mobility, dopamine replacement may provide

some relief.

Impact of Subthalamic Nucleus-Deep Brain Stimulation

Cystometrogram studies demonstrate that stimulation of the globus pallidus

reduces detrusor hyperreflexia in rats (85); in humans, STN-DBS should

provide a similar effect. Two prospective studies have evaluated STN-DBS

and urinary function. Finazzi-Agro et al. (86) reported significantly

increased bladder capacity and reflex volume in five patients with bilateral

STN-DBS; detrusor hyperreflexia showed a trend for improvement. A larger

trial by Seif et al. demonstrated significantly increased bladder capacity and

reduced voiding desire (i.e., urge) after bilateral STN-DBS in 16 patients (87).

These preliminary findings suggest a positive impact of STN-DBS on urinary

function.

Sexual Dysfunction

Epidemiology

Sexual dysfunction in PD is a common disorder, affecting men more often than

women. Rates of sexual dissatisfaction have been reported as 59% in men and

36% in women (88).

Pathophysiology

Modulation of sexual desire in PD is a complex process involving both dopamin-

ergic and nondopaminergic mechanisms. Considering sexual behavior in two

stages (anticipatory and consummatory), two central dopaminergic systems are

implicated. The anticipatory stage involves the mesolimbic-mesocortical

system with arousal, motivation, and reward, while the consummatory stage

requires motor coordination from the nigrostriatal system (88,89). The motor

stage is more critical in men for erection and ejaculation. Other nonmotor

features of urologic dysfunction, sleep disturbances, mood changes, and dimin-

ished cognition may also impact libido. Dopamine replacement with levodopa

or dopamine agonists generally improves sexual function, particularly in

younger patients (90,91). Hypersexuality has been reported in several patients

after initiation of dopaminergic therapy as well (92–95), possibly from additional

activation of the D3-receptors of the mesolimbic system. Hypersexuality as a
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manifestation of an impulse control disorder associated with dopaminergic

therapy has become increasingly recognized (92).

Impact of Subthalamic Nucleus-Deep Brain Stimulation

A single published trial reported improved sexual well-being as a primary

outcome following STN-DBS (95). Castelli et al. found increased frequency,

increased satisfaction, and decreased avoidance of sexual activity in men less

than 60. While there was no significant change in sexual functioning for

women in this study, depression scores improved; this has been shown to be

highly correlated with sexual well-being in other studies (96,97).

Others have reported hypersexuality following STN-DBS as an adverse

effect (61,98). Hypersexuality with mania affected five out of 57 reported patients

from two case series, though an accurate incidence would require larger studies

(61,98). The mechanism for excessive arousal is unknown.

DISORDERS OF SMELL

Epidemiology

Significant olfactory deficits occur in PD, affecting more than 70% of individuals

of varying stages of disease (99,100). It has been suggested that seemingly

idiopathic hyposmia may represent a preclinical marker of PD, conferring at

least a 10% risk of developing the disease among first degree relatives of PD

patients (101).

Pathophysiology

Early pathologic changes, including Lewy bodies, have been found in the

olfactory bulb and the anterior olfactory nucleus (103). Subsequent neurodegen-

eration of the olfactory tract correlates with disease duration (104) and olfactory

function may worsen with more severe PD (102). Treatment with dopaminergic

or cholinergic agents has not demonstrated improvement in olfaction (100,105).

Impact of Subthalamic Nucleus-Deep Brain Stimulation

One published trial evaluated olfaction as a primary outcome of treatment with

STN-DBS (106). Hummel et al. demonstrated improvement in mean odor

discrimination among nine hyposmic PD patients with bilateral STN-DBS.

There was no change in odor threshold measures. The authors propose an indirect

effect of DBS on olfaction, perhaps through release of inhibitory cortical-basal

ganglionic projections. This is supported by two case reports of subjectively

improved olfaction after transcranial electromagnetic stimulation of the entire

head, which may also block inhibitory processes (107).
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SPEECH DISORDERS

Epidemiology

Speech disorders are common in PD, reported in up to 89% of patients with

advanced disease (108,109). More simple disorders of voice (loudness, pitch,

rate, breathiness) typically precede complex perturbations of articulation,

fluency, and prosody (110,111).

Pathophysiology

Like swallowing function, normal speech production requires the coordination

of multiple modalities, as laryngeal, respiratory, and articulatory functions are

required to create intelligible speech. Speech dysfunction in PD is complex

and probably multifactorial. Basal ganglionic pathology of PD may result in

“hypokinetic dysarthria” with hypophonia, monotony, breathiness, and hoarse-

ness (112,113). Discoordinated chest wall and respiratory muscle movements,

coupled with reduced airflow across the vocal folds, can also contribute to hypo-

kinetic dysarthria (112). Other factors, such as glottal incompetence (114), poor

vocal fold closure (115,116), impaired fold vibration (115), and laryngeal

tremor (115) may also contribute to speech disability. In addition, poor articu-

lation with imprecise consonants, stuttering, pallilalia, and impaired prosody has

also been described in PD patients, representing more definitively nonmotor

symptomatology (109,111). Greater description of the features of hypokinetic

dysarthria is beyond the scope of this chapter, and more detailed reviews are

available in the literature (112,113,117).

Sensory feedback has also been implicated in the pathophysiology of

speech disability. It has been proposed that the basal ganglia assist in deciphering

afferent sensory information to help guide coordinated motor movements and

impaired speech in PD may arise from damage to this feedback loop (118). A

recent study of two PD patients undergoing STN-DBS surgery (prior to stimu-

lation) revealed that neuronal activity as measured by microelectrode activity

within the STN directly correlated to vocal tasks, likely related to planning of

speech (119). Poststimulation data has not been published. Few positive

reports of dopaminergic therapy on speech have been reported either

(117,120,121), consistent with the notion that hypokinetic dysarthria may be a

nonmotor, nondopaminergic complication of PD. Furthermore, even if

dopaminergic agents slightly improve vocalization early, subsequent worsening

dyskinesias can exacerbate dysarthria as the disease progresses (122).

Impact of Subthalamic Nucleus-Deep Brain Stimulation

The effect of STN-DBS upon speech has been evaluated in several studies, and

the results remain mixed. It has been proposed that simple motor aspects of

speech (hypophonia, breathiness) may improve in a similar manner to other

motor aspects of the disease, while overall articulation from complex
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coordination of multiple neuronal circuits are less responsive (123). Several

authors have reported improvements in lingual and phonic parameters after

STN-DBS, likely the result of motor benefits of lip, tongue, and pharyngeal

movements (124–128). Other publications have shown deleterious effects fol-

lowing STN-DBS surgery on speech (129,130). In the largest long-term series

of STN-DBS published to date, Krack et al. (129) found that speech continued

to decline for five years postsurgery. Speech may be a symptom less amenable

to surgical intervention that continues to deteriorate as part of the natural history

of disease. There is no clear evidence that there is causality between STN-DBS

surgery and worsening speech, but there are the descriptions of worsened dys-

arthria and hypophonia published as side effects (16). This side effect, particu-

larly at higher levels of stimulation, may arise from diffusion of current from the

STN to the corticobulbar fibers controlling laryngeal, pharyngeal, and lingual

muscles (123,131) and should improve with adjustment and optimization of

stimulation parameters.

SLEEP DISORDERS AND FATIGUE

Epidemiology

Sleep disorders comprise a varied and under-recognized constellation of

abnormalities causing significant morbidity in PD. Problems include restless

legs syndrome (RLS) and periodic limb movements disorder (PLMD), REM-

sleep behavior disorder (RBD), shifting circadian rhythms, and insomnia (132).

Resultant excessive daytime sleepiness (EDS) has been recognized in over 50%

of PD patients (132). Distinct from sleepiness, fatigue in PD describes exhaustion

or loss of energy without the need for more sleep (133). It affects about 50% of

patients with PD (134), and it is not related to stage or duration of disease (135).

Pathophysiology

The pathophysiology of sleep disturbances in PD depends upon the particular

disturbance. Descriptions of fatigue are so nonspecific that discreet localization

within the neuroaxis is not practical.

RLS describes an urge to move the legs while at rest, worse at night, and

relieved by movement (136). PLMD describes periodic episodes of repetitive

stereotypical movements of the legs associated with sleep disturbance (137).

Collectively, these movements may occur from dopaminergic depletion in the

nigro-striatal pathway, possibly mediated or exaggerated in the setting of iron

deficiency (138).

RBD results in motor activity during the usual atonic REM-stage of sleep,

likely arising from disruption of the complex network of dopaminergic, cholin-

ergic, noradrenergic, and serotonergic pathways in the brainstem that are involved

in the pathology of PD (139). In early PD, neuronal dropout and Lewy body depo-

sition occurs rostrally through the brainstem. This stepwise involvement of the
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medullary nucleus reticularis magnocellularis, the pontine locus ceruleus, and the

midbrain pedunculopontine nucleus (PPN) and substantia nigra could explain why

RBD precedes significant parkinsonism in many patients.

In shifting circadian rhythms (under suprachiasmatic nuclear control), the

trend for earlier sleep onset results in earlier morning awakenings (140). This

may be exaggerated in the PD patient whose sleep is already disrupted by

RLS/PLMD or RBD.

Primary insomnia, as fragmented sleep and increased sleep latency, is more

common in PD patients, though a particular pathologic correlate is not known

(141). Worsened nighttime motor symptoms (tremor, dystonia, akinesia) can

also contribute to disrupted sleep.

EDS may result from any nighttime disruption of sleep, and it typically

worsens in the PD patient in conjunction with worsening cognitive impairment;

each symptom can exacerbate the other, leading to a vicious cycle (133). “Sleep

attacks” are defined by the irresistible urge to sleep not preceded by sleepiness

(classically seen in narcolepsy) (132,142). These phenomena are recognized in

PD patients, but the risk can be quadrupled in patients taking dopamine agonists

(ergot and nonergot) (142,143). A less pronounced risk is seen with levodopa

therapy.

Impact of Subthalamic Nucleus-Deep Brain Stimulation

Sleep generally gets better after STN-DBS. Sleep architecture, sleep quality and

sleep duration improve, associated with reduced nighttime symptoms of akithisia,

dystonia, cramps, and tremor (144–150). Along with reduction in motor symp-

toms, other hypotheses for sleep improvements relate to secondary benefits of

STN-DBS including improved mood and reduction of dopaminergic agents

(147). A primary response to STN-DBS is also a possibility, as it has been

proposed that inhibition of STN output to the PPN diminishes its influence

upon disrupted sleep-wake cycles (147).

In contrast to its beneficial effect upon overall sleep, STN-DBS has

demonstrated inconsistent results with regard to RLS, RBD, and EDS. Kedia

et al. (151) described the new appearance of RLS in 11 out of 195 patients fol-

lowing STN-DBS. It was proposed that the reduction of dopaminergic agents

could have “unmasked” latent symptoms. Conversely, Driver-Dunckley et al.

(152) reported six advanced PD patients with improved symptoms after bilateral

STN-DBS, even with decreased dopamine equivalent usage. Others have

reported no effect (Iranzo, Hjort, Lyons, Monaca). There are no reports of

benefit or detriment of STN-DBS on RBD. Most authors report no change in

the EDS after STN-DBS (145,146,150), while others reported improvement

(153) and worsening (154). Finally, Krack et al. (155) described fatigue and

“lack of initiative” in two out of eight STN-DBS patients, attributing it to medi-

cation withdrawal postoperatively. Fatigue has not adequately been assessed as

an outcome measure in STN-DBS trials.
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METABOLIC DISORDERS AND WEIGHT CHANGES

Epidemiology

Weight loss commonly occurs in PD, affecting more than half of patients (156).

In one study of 51 PD cases and 49 age- and sex-matched controls, four times as

many PD patients reported weight loss of at least 10 pounds versus controls, with

a mean weight loss of 7.2 pounds (157).

Pathophysiology

Loss of weight in PD has been attributed to an increase in resting energy

expenditure in the form of dyskinesia (158). Diminished food intake may be due

to bradykinesia with increased chewing time, gastroparesis with early satiety,

and swallowing dysfunction. Depression commonly occurs in PD and may also

result in decreased appetite and intake. Finally, dopaminergic medication side

effects such as nausea and vomiting also contribute to decreased intake (158,159).

Impact of Subthalamic Nucleus-Deep Brain Stimulation

Weight gain has become a well-recognized consequence of STN-DBS, though

whether it is transitory, or permanent is not known. Several studies have specifi-

cally evaluated weight gain in STN-DBS, while others have reported it as a side

effect. Barichella et al. (160) followed 30 patients (22 male, 8 female) up to 12

months postoperatively and found that all but one of the patients in the study

gained weight. Average weight gain in these patients was 9.3 kg. Similarly,

Macia et al. (161) found that all of 18 post-STN-DBS patients studied experi-

enced weight gain with an average increase of 9.7 kg within the first three

months. Other investigators have reported a high prevalence of weight gain

as a side effect in their cohorts (130,154,162–164).

STN-DBS improves rigidity, reduces dyskinesia, and allows the reduction

of levodopa requirements—all measures that collectively decrease resting

energy expenditure and diminish nausea, leading to increased weight. Weight

management with attention to proper diet and exercise need to be part of

preoperative counseling.

PAIN AND OTHER SENSORY DISTURBANCES

Epidemiology

Sensory disturbances are an underappreciated manifestation of PD. Up to 75% of

PD patients experience pain attributed to their disease (8,166,167). Symptoms

may arise secondary to painful dyskinesia, akithesia, and dystonia, but up to

30% of patients experience sensations representing a “primary” sensory syn-

drome not attributable to these (166). Complaints include burning, aching,
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itching, or tingling sensations in varied parts of the body (168). It has also been

shown that concomitant pain in PD leads to significantly lower health-related

quality of life for the patients (169).

Pathophysiology

Pain in PD can be considered as a primary syndrome, representing another

nonmotor complication of the disease. Chudler and Dong (170) reviewed a multi-

factorial model of the basal ganglionic role in primary pain, involving nocicep-

tion, affect, cognition, and modulation. While the details are beyond the scope

of this chapter, there is evidence of inhibitory pallidothalamic and nigrothalamic

pathways that modulate pain. In PD, loss of dopaminergic neurons from these

pathways may trigger excitatory first-order pain fibers to spontaneously transmit

at the level of the dorsal horn. Similarly, neurodegeneration may allow for stimu-

lus hypersensitivity within the basal ganglia. Djaldetti et al. (168) confirmed that

PD patients demonstrate decreased threshold for thermal pain correlated with the

more affected side. This hypersensitivity did not vary with stage or duration of

disease. Further, stimulation of the substantia nigra inhibits nociceptive activity

from the intralaminar neurons of the thalamus.

Impact of Subthalamic Nucleus-Deep Brain Stimulation

While pallidothalamic and nigrothalamic connections have been implicated in

primary pain, the STN has not been singularly recognized. Furthermore, while

intractable pain has been treated by DBS for the past half century, the specific

targets have always been the sensory thalamus, internal capsule, or periventricular/
periacqueductal grey areas (171). No prospective studies in STN-DBS have

evaluated pain as a primary outcome, though surrogate measures of dystonia and

dyskinesia have evaluated secondary pain. The effectiveness of STN-DBS in

improving dystonia and dyskinesia is well established (16), though STN-DBS

effect on pain as a nonmotor symptom has not specifically been reported.

SUMMARY

While STN-DBS is performed to improve the motor symptoms of PD, knowledge

of its effects upon the nonmotor aspects of the disease is valuable for the treating

physician. Generally, the patient may expect some persistent improvement in

urologic function, sexual satisfaction, olfaction, sleep quality, and secondary

pain. Transient changes in heart rate (increased) and blood pressure (increased)

are also possible. Postoperative weight gain is well described, and this may

represent a positive outcome in patients with excessive weight loss prior to

surgery. There are no convincing effects of STN-DBS upon gastrointestinal

function, skin changes, temperature dysregulation, and primary sensory

syndromes in PD. Persistently worsened swallowing and drooling have been

STN-DBS and Nonmotor Symptoms of Parkinson’s Disease 235



DK7019-Baltuch-ch14_R2_190107

noted in patients after STN-DBS, but it is unclear whether these represent a side

effect of the surgery or the natural progression of a treatment-resistent nonmotor

symptom of PD. Effects upon speech remain mixed, and careful adjustment of

stimulation parameters may relieve worsened dysarthria and hypophonia. With

an understanding of potential nonmotor outcomes from surgery, the patient and

caregiver can have realistic expectations of the full potential of STN-DBS in

treating PD.
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INTRODUCTION

A progressive and debilitating neurodegenerative process, Parkinson’s disease

(PD) is characterized by systemic degeneration of dopaminergic neurons, with

selective loss in the brain’s basal ganglia—a bundle of neuron fibers consisting

of the corpus striatum, subthalamic nucleus (STN), and substantia nigra. Overt

PD symptomatology typically emerges after 70% of dopaminergic reduction in

the nigrostriatal regions (1). Primary behavioral manifestations of the disorder

include resting tremor, bradykinesia, postural instability, and rigidity. As

such, PD is regarded primarily as a movement disorder. However, various
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secondary “nonmotor” disturbances are common in PD, likely due to disruption

of noradrenergic and serotonergic neurotransmitter systems, as well as systemic

disruption of the dopaminergic system. These nonmotor symptoms include

psychiatric and cognitive changes, as well as autonomic, sleep, and sensory dis-

orders. Changes in mood and cognition are common in the advanced stages of

PD, though they may antedate the onset of obvious motor symptoms. Psychia-

tric complications of PD include anxiety, depression, apathy, hypersexuality,

and other neuropsychiatric symptoms ranging from vivid dreams to psychosis

and delirium. Changes in cognitive functioning are common and may range

from none or slight impairment of cognitive abilities to frank dementia.

COURSE OF PARKINSON’S DISEASE-RELATED
COGNITIVE IMPAIRMENT

Although the typical course of PD involves onset of motor symptoms followed by

progressively worsening cognitive functioning, it is possible for the nonmotor

symptoms to emerge first. Indeed, there are various phenotypes of PD

progression, with distinct initial symptomatology and progressive course.

Cognitive impairment associated with idiopathic PD may take years to

develop, or symptoms may manifest early in the course of the disease (2).

Similarly unpredictable, cognitive impairments may be stable and of insufficient

magnitude to affect daily functioning or they may occur in severe, progressive,

and debilitating fashion. Although an historical debate exists regarding

whether cognitive deterioration in PD represented a disease-related process or

a distinct phenomenon superimposed on the disease process, it is now understood

that mental decline is common in PD (3) and represents a behavioral manifes-

tation of disease progression. Despite variability in presentation and severity of

cognitive symptomatology in PD, current estimates suggest that up to 80% of

PD patients demonstrate measurable cognitive impairment at some point

during the disease course (4).

NEUROPSYCHOLOGICAL FUNCTIONING IN
PARKINSON’S DISEASE

The most commonly reported neuropsychological finding in PD is impaired

executive functioning. Executive functions include the ability to plan, initiate,

and monitor behavior, as well as think abstractly, solve problems, and adapt

to novel environmental stimuli. The myriad of difficulties in this domain is

collectively referred to as dysexecutive syndrome and reflects underlying cortical

and subcortical pathophysiology. Compared with groups of healthy controls,

clinical samples of patients with PD demonstrate significantly more impaired per-

formance on measures of executive functioning (5). Indeed, mild impairments in

executive functioning are often present in the prodromal stage of the disease (6,7)

and executive functions appear to be the most susceptible to decline (8).
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Visuospatial functions also appear to be affected. Patients may demonstrate dif-

ficulty in visual attention (5), constructional praxis, visual and spatial perception

(9), and mental rotation (10). One of the earliest signs of altered visuospatial

perception may be changes in handwriting, with those affected by PD demon-

strating characteristic micrographia (11). Findings of visuospatial impairment

in PD are equivocal though, as some studies comparing age- and education-

matched healthy controls to patients with PD fail to support the idea of a gen-

eralized visuospatial deficit (12). In fact, several researchers hypothesize that

the observed visuospatial deficits in PD may be attributable to the executive

demand of visuospatial tasks, and thus represent a manifestation of dysexecutive

syndrome (13,14).

In addition to executive and visuospatial deficits, impairments in controlled

word-list generation (i.e., verbal fluency) (15), attention (16), and working

memory (17) are also characteristic of PD. There is evidence of impaired

verbal learning and memory, though poor performance on these tasks appears

to be related to failure to use efficient strategies for encoding and retrieving

information (14). Psychomotor slowing is also commonly observed (5).

DEMENTIA IN PARKINSON’S DISEASE

Dementia in PD is characterized by impaired executive functioning, decreased

visuospatial ability, and fluctuating attention—similar to those neuropsychologi-

cal deficits observed earlier on in the disease course, though of greater severity.

Thus, there is a positive predictive value in identifying prodromal neuropsycho-

logical impairment in PD (18). Aphasia and agnosia are uncommon in PD-related

dementia (PDD) (19). The incidence of dementia in the population of patients

with PD is higher, up to six times higher, than among peers without the disease

(20). In cross-sectional samples, 10% to 20% of patients with PD meet criteria

for dementia (21). In prospective community and clinic-based samples, up to

30% meet criteria for dementia within less than five years (4,22). This number

increases dramatically over time. Aarsland et al. (2005) followed 224 patients

with PD over eight years and observed that 78.2% of them developed dementia

within the eight-year follow-up. In that study, the four-year prevalence of demen-

tia was three times that of the non-PD population sample control group, indicating

that PD constitutes a risk factor for dementia (23). A recent review of largely com-

munity-based prevalence studies of dementia in PD suggests that 24% to 31% of

PD patients meet criteria for dementia, depending on the diagnostic criteria used

(24). Although it is unclear whether PDD is related to the age of onset of disease,

risk factors for PDD include older age, depression, family history of dementia,

hallucinations (4), and severity and subtype of motor symptoms (25,26).

Pathophysiology of Dementia in Parkinson’s Disease

PDD appears to be directly related to an interaction between neuronal loss in the

substantia nigra of the basal ganglia superimposed on age-related pathological
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changes (27), particularly in cortical and limbic structures. Neuroanatomical

findings suggest that dementia in PD is similar to dementia of the Lewy body

type (DLB), and it has been argued that they are part of the same spectrum of dis-

orders (14). Specifically, Aarsland et al. (2003) reported that the presence of

hallucinations, a common finding in DLB, predicted dementia in PD, supporting

the hypothesis that PDD and DLB are similar spectrum disorders. Furthermore,

the presence of limbic or neocortical Lewy body disease was found to be signifi-

cantly associated with the rate of cognitive decline, again suggesting shared

underlying neuropathology in PDD and DLB (28,29).

Many PD patients with dementia also have Alzheimer’s disease (AD).

However, accurate estimation of the incidence of AD in PD patients is difficult

given that progressive deterioration of cognitive abilities is characteristic of

PD itself and that accurate diagnosis of AD may only be provided post

mortem. Although some AD neuropathological changes such as the presence

of neurofibrillary tangles and amyloid neuritic plaques have been observed in

individuals with PDD (29), evidence fails to support the hypothesis that PDD

and AD are causally related.

Prevalence and Impact of Impaired Cognition and Dementia
in Parkinson’s Disease

Persons with PD and cognitive disturbance report greater impairments in

everyday living and poor quality of life (QOL) (30). QOL in patients with

chronic disease includes aspects of physical and emotional health, as well as cog-

nitive functioning. Indeed, neuropsychological functioning ranks as one among

five major dimensions relating to patients’ reported QOL (31). Furthermore,

dementia in PD is a poor prognostic indicator, associated with higher mortality

rates (32,33) and increased caregiver burden (34). According to data from the

Centers for Disease Control and Prevention, approximately 1% of the United

States population over age 65 (estimated to be approximately 2,000,000 based

on U.S. Census data) carries a diagnosis of PD. With upwards of one-quarter

of those patients suffering from Parkinson’s-related cognitive impairment

or dementia, and the significant negative impact of PDD on patient and caregiver

QOL and patient survival, consideration of cognitive decline in PD is an

important aspect when considering treatments for the disease.

TREATMENT FOR PARKINSON’S DISEASE

There are several available treatments for PD, though none are able to comple-

tely halt or reverse the disease process. Rather, symptomatic treatment is aimed

at maintaining patients’ functioning and QOL. Primary treatments include

pharmacological and surgical interventions, and the refinement of these tech-

niques over time has had considerable positive impact, with PD patients

living longer and experiencing less disability.
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PHARMACOLOGICAL MANAGEMENT OF PARKINSON’S DISEASE

The United States Food and Drug Administration (FDA) has approved over a dozen

pharmacological agents for the treatment of PD. Levodopa (L-dopa) is the gold stan-

dard, first-line treatment for PD. It is often used in combination with dopamine

receptor agonist agents such as carbidopa and bromocriptine. Other adjunctive or

alternative therapies include anticholinergic agents (e.g., benztropine mesylate),

MAO-ß-inhibitors (e.g., selegeline hydrochloride and the recently FDA-approved

rasagiline), COMT inhibitors (e.g., entacapone and tolcapone), as well as apomor-

phine (AMP), a selective dopamine receptor agonist. Although the efficacy of these

agents is often measured by improvements in motor functioning, it is clear that they

also have some impact on the nonmotor symptoms of PD, including cognition. For

example, L-dopa has been shown to improve attention, executive functioning (35),

and verbal and visual memory (36,37). Although subcutaneous infusion of apomor-

phine (APM-csi) improves motor ability in patients with PD (38), the treatment

appears to have deleterious effects on visuospatial ability and processing speed

(39). Similarly, the use of anticholinergic agents may aggravate existing neuropsy-

chological impairments and may lead to confusion, impaired memory, and sedation

in patients. The cognitive effects of these medications is of particular concern as

there is tolerance, and patients often must increase dosage of the medication over

time to maintain control of symptoms.

Pharmacological Treatment of Cognitive Disturbance
and Dementia in Parkinson’s Disease

Recently, the Quality Standards Subcommittee of the American Academy

of Neurology released a report stating that cholinesterase inhibitors, such as

donepezil or rivastigmine, are effective treatments for dementia in PD (40). In

June 2006, the FDA approved rivastigmine tartrate (Exelonw), manufactured

by Novartis, as the first approved medication for treatment of PDD. As a class,

these agents have been found to improve cognitive and functional abilities, as

well as reduce behavioral disturbance and psychoses (41). However, it should

be noted that improvements in cognition may be modest and these treatments

may exacerbate motor symptoms.

SURGICAL INTERVENTIONS IN PARKINSON’S DISEASE

Though often reserved for individuals with the most severe forms of PD or those

who fail to respond adequately to pharmacological treatment, surgical interven-

tions have been successful in controlling at least the motor symptoms of the

disease. Stereotactic lesioning of the globus pallidus interna (GPi) (i.e., pallidot-

omy) and surgical removal of the thalamus (i.e., thalatomy) were the surgical

treatments of choice in the 1950s and 1960s (42). The negative sequelae of palli-

dotomy include scotoma in the visual field, injury to the internal capsule, facial

paresis, and, rarely, intracerebral hemorrhage. As with thalamotomy, dysarthria,
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dysphagia, and impaired cognition can be observed after pallidotomy. As such,

with the advent of powerful pharmacological agents and more refined surgical

techniques, such procedures are currently not the standard of practice.

Subthalamic Deep Brain Stimulation

Advances in surgical techniques along with greater understanding of the

pathophysiology of PD have allowed the use of deep brain stimulation (DBS)

techniques in treating PD (43). Specifically, deep brain stimulation of the subtha-

lamic nucleus (STN DBS) confers obvious and significant motor benefits

(44,45,45a). Approved by the FDA for use in the surgical treatment of PD,

STN DBS has become an accessible and acceptable therapeutic option for treat-

ment in patients with advanced disease that is complicated by wearing off motor

fluctuations and dyskinesias. Bilateral STN DBS is efficacious in the treatment of

motor symptoms (i.e., dyskinesias and fluctuations) in advanced PD (45,45a).

Among the most notable improvements are reduced tremor, bradykinesia, rigid-

ity, dystonia, motor fluctuations, and drug-induced dyskinesias as well as

improved ability to perform activities of daily living. Its benefits over existing

surgical interventions (e.g., pallidotomy, thalatomy) include reversibility,

decreased risk of reoperation, and decreased morbidity. However, serious com-

plications including infection, ischaemic stroke, subdural hematoma, and intra-

cerebral hemorrhage can occur (46). Presently, several hundred patients have

undergone STN DBS.

Mechanism of Action

The procedure consists of implantation of an electrode either unilaterally or

bilaterally into the STN. A wire extends subcutaneously from the site of implan-

tation into the patient’s chest wall, where an implantable pulse generator is

inserted into a pocket beneath the skin. This allows for manipulation of stimu-

lation parameters to individualize treatment. Though the exact mechanism of

action in regulating motor symptoms is unknown, STN DBS may exert its

effects by inhibiting neuronal activity in the overactive subthalamic nucleus (47).

Cognitive Effects of Subthalamic Nucleus Deep Brain
Stimulation in Parkinson’s Disease

STN DBS may offer an attractive alternative to lesioning techniques if it can

be established that there is less cognitive morbidity than that associated with

ablative procedures (48). In a controlled comparison study of 16 patients with

treatment refractory PD, nine patients with STN DBS placement and seven

patients undergoing continuous APM-csi, it was observed that the STN DBS

group performed significantly worse on verbal fluency at six months and

speeded naming at the six-month and one-year follow-ups (38). These changes

were independent of pre- or postsurgical depression scores and pre- or postdose

of L-dopa and were thus attributed to the direct effects of STN DBS. Conversely,

minor improvements in verbal fluency, confrontation naming, mood, and QOL
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have been reported for STN DBS (43). Neuropsychological changes following

STN DBS may be attributable to the electrical stimulation of specific brain

structures or inhibition of overactivity in the thalamic region. There may

also be direct mechanical damage that occurs in positioning the electrode and

its penetration through cortical structures that could affect postsurgical cognitive

outcomes (38).

Given that STN DBS techniques for PD are in their relative infancy and

equivocal results of observational studies, the true impact of STN DBS on

cognition in patients with PD is unclear. Furthermore, a number of methodologi-

cal issues in studies reporting cognitive changes following DBS call into question

the true magnitude of the observed differences (43). Specifically, PD patients

with dementia or severe cognitive deficit are often prohibited from undergoing

the procedure, thus limiting the possible range of improvement on cognitive func-

tioning tasks postsurgery. In addition, the heterogeneity of postsurgical variables

such as error in placement of electrodes, length of elapsed time between pre- and

postoperative neuropsychological evaluations, stimulator parameter settings, and

postsurgical medication regimen are also factors. The ecological validity of the

neuropsychological tests used to measure cognitive performance is questionable

at times, and few have examined the impact of the surgery on patients with and

without cognitive deficits pre- and post-STN DBS.

The lack of data on such an important outcome variable is disturbing, given

that the motor, psychiatric, and cognitive concomitants of PD may lead to social

embarrassment, loneliness, and dependence on others for functionality. Of those

that have evaluated postsurgical QOL of PD patients, results have been equivocal.

Ford (2004) reported failure of DBS to improve functional capacity independent

of postsurgical medication use as measured by the Hoehn and Yahr stage (49),

whereas others have noted specific improvement across QOL domains (50). For

example, Castelli et al. evaluated depression, anxiety, and sexual well-being in 31

patients submitted to STN DBS preoperatively and 9 to 12 months postoperatively.

In younger male patients, reported sexual well-being and satisfaction increased pre-

to post-DBS placement (51). Depression scores on the Beck Depression Inventory

(52) also improved pre- to postoperatively. Considering that depression appears to

be the most significant factor impairing QOL in PD patients (53), such improve-

ments may be a considerable benefit of STN-DBS treatment.

Although several reviews suggest that STN DBS does not have a deleterious

effect on cognition in PD patients, and may actually improve functioning in some

domains, there are insufficient data regarding the magnitude of the effects (positive

or negative) of the procedure on cognition in patients with PD. As such, we per-

formed a comprehensive literature review to evaluate the overall impact of STN

DBS on neuropsychological functioning in PD.

Impact of Subthalamic Nucleus Deep Brain Stimulation on Cognition

Studies examining the neuropsychological sequelae of STN DBS are presented in

Table 1. It is notable that many of these studies consist of a small number of
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Table 1 Studies Examining Neuropsychological Sequelae of STN DBS: Domains Assessed and

Areas Demonstrated Change

Study
(first author) % male

Mean age at
surgery

Mean H & Y
(off)

Mean disease
duration (yrs)

Unilateral, bilateral,
or mixed

Alegret
(2001)

46.60% 61.1 (8.3) 4.17 (0.83) 16.1 (8.3) bilateral

Alegret
(2004)

62.86 (8.43) 14.14 (3.44) bilateral

Biseul
(2005)

control
¼ 40%,

pre- and
post ¼ 60%

control
¼ 59.9 (6.9),

pre ¼ 59.2 (6.9),
post ¼ 61.7 (8.2)

pre
¼ 13.7 (4.5)

post
¼ 15 (6.2)

bilateral

Castelli
(2006)

58% 60.5 (6.5) 15.1 (5.1) bilateral

Contarino
(2006)

64% 57.5 (7.4) 15.5 (5.6) bilateral

DeGaspari
(2006)

73% 59.8 (7.4) 15.8 (3.6) bilateral

DeGaspari
(2006)

60.5 (6.5) 3 12 (2.45)

Dujardin
(2001)

66% 54.78 (8.15) 4.66 (0.71) 13.11 (2.93) bilatera

Funkiewiez
(2003)

58% 54.6 (7.9) bilateral

Funkiewiez
(2004)

56% 55 (8) 15 (5) bilateral

Gironell
(2003)

pall ¼ 62.7(9.9),
STN ¼ 56.6(4.8)

pall ¼ 4.2 (0.7),
STN ¼ 4.3 (0.6)

pall ¼ 15.8 (5.7)
STN ¼ 12.5 (4.8)

bilateral

Moretti
(2003)

67% 68.7 (7.89) 4.01 8.91 (2.34) bilateral

Patel
(2003)

63% 56 (11) pre ¼ 4.1 (0.3),
post ¼ 2.5 (0.2)

10 (3.5) bilateral

Perozzo
(2001)

60% 61.6 (6) 4 (0.4) 15.4 (4.9) bilateral

Perriol
(2006)

62% median
¼ 59 (45-73)

median ¼ 4 median ¼ 14
(4–25)

bilateral

Saint-Cyr
(2000)

55% 67 (8) 4 (1.2) 15 (3) bilateral

Schupbach
(2005)

65% 54.9 (9.1) 5 15.2 (5.3) bilateral

Smeding
(2005)

pall ¼ 36%,
STN ¼ 30%

pall
¼ 62.1 (8.1),

STN
¼ 59.2 (8.6)

pall ¼ 4,
STN ¼ 4

pall ¼ 11,
STN ¼ 12

bilateral

Whelan
(2003)

80% 63.2 (4.8) pre ¼ 3.2,
post ¼ 2.7

10.8 (4.1) bilateral

Straits-Troster
(2000)

86% 65 (12) 8 (3.8) unilateral-3R, 4L

Troster
(2003)

54% 56.6 (11) 9.5 (4.9) bilateral

Morrison
(2004)

DBS ¼ 76%,
CPD ¼ 91%

DBS
¼ 59.9 (7.7),

CPD
¼ 62.7 (11.5)

DBS ¼ 3.2 (0.8)
CPD ¼ 3.3 (0.6)

DBS
¼ 10.8 (3.4)

CPD ¼ 10 (3)

bilateral

Pillon
(2000)

STN1
¼ 56%,

STN2
¼ 67%

STN1
¼ 55.7 (7.5),

STN2
¼ 53.5 (9.7)

STN1 ¼ 15 (4.9),
STN2 ¼ 14.2
(5.5)

bilateral

Halbig
(2004)

83% 59.9 (7.7) 2.8 (0.5) 16.2 (5) bilateral

Limousin
(1998)

46% 56 (8) 14 (5) bilateral

Moro
(1999)

14% 57.4 15.4 bilateral

Schneider
(2003)

25% 62.1 (6.1) 17 (6.3) bilateral

Schroeder (2002) 43% 59.14 (12.98) 15.29 bilateral
Witt (2004) 74% 57.4 (5.5) 15.1 (5.5) bilateral
Jahanshahi (2000) 77% 52.8 (4.9) 4.5 15.1 (4.8) bilateral
Burchiel (1999) 70% 62.8(12) 4 13.6 (5) bilateral
Brusa (2001) 53.5 (6.18) 15.16 (6.55) bilateral

Abbreviations: Att, attention; CPD, clinically similar PD control; Front, frontal/executive functions; GC, global; IQ, intelligence quotient; stimulation;

Vmem, verbal memory; VS, visuospatial; Lang, language; N/a, not applicable; NVMem, nonverbal memory; STN DBS, subthalamic nucleus
deep brain.
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STN, GPi,

or mixed

Surgical vs.

On/off

Mean follow-up

(months) Functions assessed Improvements Declines

STN surgical 3 VMem, VS, Front, Lang Front VMem, VS, Lang

STN surgical 6 & 12 VMem, Front, Lang, VS,

Mood, GC

N/a Lang

STN surgical implant 7.2 (12.1) mo

before

GC, Front, Lang N/a N/a

STN surgical 15 (range 12–20 mo) IQ, VS, Att, VMem,

Front, Lang, Mood

Front, Mood Lang

STN surgical 12 & 60 mo GC, IQ, VMem, VS,

Lang, Front

GC Lang, IQ, VS

STN surgical 15 (9.2) mo GC, Front, Mood, Lang,

IQ, VMem

N/a Lang

STN surgical 12 GC, Mood, IQ, Lang,

VMem

N/a Lang, Mood

STN surgical 3 mo & 1 yr VMem, Front, Lang, GC N/a Front, VMem

STN surgical 12 patients @ 3 mo, 14

@ 12, 13 @ 24, 10@ 36,

1 @ 48

Mood, GC, Front Mood N/a

STN surgical 12 & 36 GC, Front, VS, VMem,

Att, Lang, Mood

Mood Lang

STN surgical 6 VMem, NVMem, Att,

VS, Front, Lang

N/a Lang

STN surgical 1, 6, & 12 Front, IQ, Lang, Mood,

VS, VMem

N/a Lang, Front

STN surgical 12 Att, VMem, Front, Lang,

IQ

N/a N/a

STN surgical 6 VMem, NVMem, IQ,

Att, Front

N/a N/a

STN surgical 12 GC, Mood N/a N/a

STN surgical 3–6 & 9–12 IQ, Front, Lang, VMem,

NVMem, Att, Mood

N/a Lang, VMem,

NVMem

STN surgical 6, 24, 60 GC, Front, mood N/a GC, Front

STN surgical baseline, 6, & 12 Front, mood, Att, Lang,

IQ, GC

N/a Front

STN surgical 3 Lang N/a Lang (reaction time)

mixed surgical STN ¼ 4.4 (1.3) mo Mood N/a N/a

STN surgical 3.5 mo Mood, GC, Att, Front,

Lang, VS, Vmem,

NVMem

N/a N/a

STN both 13.3 (7.8) wk after

baseline, 9.7 (7.7) days

between conditions

Att, Lang, VS, VMem,

Front, Mood

N/a Lang, VMem

(surgical)

mixed both 3 & 12 GC, Front, Lang, VMem,

NVMem Mood

Front (off/on),

NVMem,

Lang

VMem

STN on/off Att, GC, Lang, Front,

Mood, NVMem, VMem

NVMem, Att VMem

STN on/off 1, 3, 6 & 12 Front, GC N/a N/a

STN on/off 1, 3, 6, 12, and annually

thereafter

IQ, VMem, Lang, GC N/a N/a

STN on/off implant 9.3 (6.9) mo

prior to study

Mood, VMem, Front,

Lang

N/a N/a

STN on/off 5 GC, IQ, VS, Front N/a Front

STN on/off 8.8 (6.6) mo after

implantation

Lang, Front, GC, Att Att N/a

mixed on/off Front, Att, Lang, IQ Front, Att,

Lang

Front

mixed on/off 10 days, 3, 6 & 12 mo VMem, Att, Mood Mood N/a

mixed on/off (for both

stimulator and

l-dopa)

4 different conditions each

1 mo apart

Front, Lang, Mood, Other N/a N/a
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subjects with variable follow-up times. Indeed, a recent study by Parsons et al.

(2006) indicated that in order to detect even the most prominent neuropsycholo-

gical deficits in patients undergoing STN DBS, a minimum sample size of 48

patients is needed. As such, a majority of these studies are under-powered.

Executive Function

Of the 31 studies reported in Table 1, 25 (81%) included in their assessment of

cognitive function some measure of frontal/executive function. The majority

of investigators utilized the Stroop Color-Word Task (54) and/or the Trail

Making Test (55) as putative measures of frontal system functioning. Of the 16

studies that assessed frontal/executive function before and after DBS surgery,

two improvements (12%) and five declines (31%) were reported. For example,

Castelli et al. (2006) reported an improvement in the Nelson Modified Card

Sorting Test an average of 15 months post-DBS surgery. In addition, Alegret

et al. (2001) assessed cognitive function in several domains before surgery and

three months post-DBS surgery. Although several of the domains tested

showed declines at follow-up, performance on Part B of the Trail Making Test

showed indications of improvement postsurgery. Although it could be argued

that this improvement simply reflected improvements in basic motor function

or practice effects, it is notable that subjects’ performance on Part A of the

Trail Making Test did not show improvements and the motor demands for

both tasks are roughly equivalent.

Alternatively, Dujardin et al. (56) and Moretti et al. (57) reported declines

in executive function, as measured by the interference condition from the Stroop,

3, 6, and 12 months post-DBS surgery, respectively. In addition, Smeding et al.

(2005) (58) reported an increase in the number of errors on the Stroop and Trail

Making tasks post-DBS surgery. Schupbach et al. (59) also reported a decline in

frontal system function, although they did not specify which tasks were included

in the assessment. Interestingly, these investigators observed a declining trend 6,

24, and 60 months post-STN DBS surgery, with the latter assessment yielding a

significantly worse performance from baseline. It would appear then that these

frontal deficits are robust and persistent.

Lastly, nine of the reported studies examined frontal lobe function in DBS

patients “on” and “off” stimulation. One advantage to this type of analysis is that

it allows direct comparisons of the effects of stimulation per se and not the effects

of surgery plus stimulation (as is seen in standard “pre–post” surgery designs). In

addition, since each patient is serving as their own control in such a within-

subjects design, this analysis has greater power. Pillon et al. (2000) (60) reported

stimulation improvements in patients’ performance on the Trail Making Test and

reproduction of graphic series. Jahanshahi et al. (61) also reported improvements

on stimulation on the Trail Making and Wisconsin Card Sorting Tests; however,

a simultaneous decline was observed on the Visual–Visual Conditional

Associative Learning test, a task that requires subjects to learn associations

256 Moberg et al.
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between arbitrary objects. Also, Schroeder et al. (62) reported a decline in the

change between the control and interference condition in a Stroop task among

subjects on and off DBS. The authors indicated that patients off stimulation

demonstrated slower reaction times during the control condition and faster

reaction times during the interference condition, suggesting less semantic

processing on the part of the patients.

Language and Related Functions

Of the 18 studies that investigated language before and after DBS surgery, 12

(67%) observed a decline and no study reported an improvement in language

functions relative to baseline levels. This finding is consistent with other

reports that have suggested that language function is the single most vulnerable

cognitive domain following STN DBS surgery. The majority of studies reviewed

observed declines in verbal fluency post-DBS surgery (38,63,64) including

studies of semantic (57,65–68), phonemic (57,65,66,68,69), and syllabic

frequency (57). Declines were also noted in other language tasks such as the

Boston Naming Test (66), lexical decision-making task (70), and the naming

condition of the Stroop (38). These declines in performance on verbal fluency

tasks were observed after as few as three months post-DBS surgery (71) and as

many as 36 months post-DBS surgery (72). Eight studies assessed language func-

tion in postsurgical patients on and off stimulation. With the exception of two

studies reporting changes in performance on the word condition of the Stroop,

all studies examined failed to observe a significant improvement or decline in

verbal fluency in the on-stimulation compared with the off-stimulation condition

(60,61). This would suggest, therefore, that the previously mentioned language

changes in patients post-DBS surgery compared to baseline may reflect a surgical

effect rather than a stimulation effect per se.

Memory and Learning

As seen in Table 1, a variety of memory tests were employed across studies,

including tests of both verbal and nonverbal memory. In light of the strong

language effects noted previously in patients post-STN DBS, one might expect

to see a greater difference in verbal memory performance relative to nonverbal

abilities. In fact, 14 of the 18 studies (78%) listed in Table 1 that tested

memory performance before and after DBS surgery utilized a verbal memory

task. Among them, four (22%) found declines in memory performance. For

example, Morrison et al. (2004) tested subjects with the Hopkins Verbal Learning

Test and the Randt Memory Test, which includes Digit Span subtests, verbal

memory for passages, and picture memory. The authors reported an immediate

and delayed composite memory score; the delayed recall score, alone, declined

at follow-up testing. Alegret et al. (2001) observed a decline in performance

on the Rey Auditory Verbal Learning Test (RAVLT). Also, Pillon et al. (2000)

tested subjects 3 and 12 months post-DBS surgery. A decline in free recall on

Neuropsychology of Deep Brain Stimulation in Parkinson’s Disease 257
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the Grober–Buschke Memory Test at three months, which seemed to recover at

the 12-month follow-up assessment, was observed. The authors noted that overall

their data support few long lasting cognitive effects of DBS treatment.

Saint-Cyr et al. (2000) (65) observed a decline in performance on the long

delay free recall and long delay cued recall portions of the California Verbal

Learning Test (CVLT). They also reported a decline in a nonverbal memory

test of immediate and delayed recall for a complex figure and several designs

(i.e., battery of memory efficiency). The authors described that the pattern of

the observed memory deficits reflected an encoding deficit as opposed to impair-

ment in free recall. In contrast, previous studies with PD patients have observed

poor performance in free recall tests but near normal performance on recognition.

Thus, PD patients are thought to have a retrieval deficit. The nature of the specific

component memory processes affected by STN DBS is still relatively unclear,

and further studies detailing these component processes are clearly needed.

Eight studies listed in Table 1 explored verbal and/or nonverbal memory in

patients on versus off stimulation. Halbig et al. (2004) observed an improvement

on stimulation on a weather prediction paradigm in which subjects predict rain or

shine outcomes based on cues. Alternatively, Halbig et al. (2004) also observed a

decline in performance on the verbal multiple-choice follow-up test to the

weather prediction task (73). This surprising result warrants further investigation.

Visuospatial and Visuoperceptual Function

Basic visuospatial and visuoperceptual skills appear to have attracted the least

research attention in the STN DBS literature. Of the eight papers that examined

visuospatial ability before and after DBS surgery, no study reported improvement

postsurgery and only one reported decline at the follow-up assessment. Specifi-

cally, Alegret et al. (2001) tested judgments of line orientation among a larger

battery of cognitive assessments and found a significant decline in performance

three months postsurgery. In light of the limited coverage of these functions in

STN DBS research, more detailed study of basic visuoperceptual and spatial

skills is needed.

Attention

Eight of the investigations reviewed in Table 1 tested attention specifically and no

declines or improvements postsurgery were reported. Additionally, five papers

detailed the assessment of attention on and off STN DBS. Jahanshahi et al.

(2000) utilized two attentional tasks including the missing digit task, where sub-

jects listen to a series of digits and report the one that is not included, and a paced

auditory serial addition test which has subjects listen to a series of digits and

report the sum of the current and previous digits. On both of these attentional

tasks, performance improved on versus off stimulation. Halbig et al. (73) also

observed improvements in a sample of 12 patients on versus off stimulation.

They utilized a simple motor reaction time task in which subjects had to

258 Moberg et al.
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respond to a visual stimulus. Finally, Witt et al. (74) report that the only cognitive

domain that improved with stimulation was attention as measured by a random

number generation task. These data suggest that subtle improvements in attention

due to stimulation may be missed in standard pre–post surgical designs.

Mood and Affect

The impact of depression and other emotional dysregulation on cognition is well

known and must be factored into any assessment of neuropsychological function

in PD patients. As changes in affect and mood are covered in Chapter 16, the

impact of DBS on these functions will only be briefly summarized here.

Twenty-one studies reviewed in Table 1 assessed mood and four reported an

improvement in affect following STN DBS. The most common method for eval-

uating mood was the Beck Depression Inventory (64,72,75,76). Only one study

(67) observed a decline in mood ratings post-DBS surgery.

Global Cognition/IQ

Finally, 29 studies reviewed in Table 1 included an assessment of either overall intel-

lectual function (i.e., IQ) or global cognition [e.g., Mini-Mental State Exam

(MMSE)]. Contarino et al. (2006) (69) observed a decline in nonverbal intellectual

performance on the Raven’s Matrices post-DBS surgery. Performance on the Mattis

Dementia Rating Scale was also shown to decline postsurgery (59). The only excep-

tion to stability or slight decline was seen in a study by Contarino et al., where an

improvement on the MMSE was reported over the follow-up period.

Consideration of GPi DBS on Cognition

Although there has been considerably less research on the effects of GPi DBS on

cognition, comparison with the effects seen in STN DBS may prove informative.

Although both targets have demonstrated clinical efficacy in the treatment of the

cardinal motor signs of PD, STN DBS has gained greater popularity and is now

considered the site of choice by most centers performing these procedures. This

preference seems to stem predominately from the belief that STN DBS provides

greater improvement in reducing the motor manifestations of PD and allows a

reduction in dopaminergic medication not permitted with GPi DBS (77).

Table 2 lists those studies that have examined GPi stimulation in regard

to cognition.

As can be seen, out of eight total studies, only three studies examined

GPi stimulation exclusively. Of these three, only one study found a decline in

cognitive function following surgery (78). In this study, a decline in language

function as measured by a semantic verbal fluency task was observed, as was a

decline in global cognition as measured by the Mattis Dementia Rating Scale.

In the remaining studies examining a mix of GPi and STN DBS, only one

additional study reported a decline in frontal lobe functions (61). Well-designed,

Neuropsychology of Deep Brain Stimulation in Parkinson’s Disease 259
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head-to-head clinical trials that evaluate motor, nonmotor, and adverse events of

both of these approaches are needed.

It is noteworthy that three out of three (100%) studies found improvements

in mood following GPi STN when compared with only 11% (3/27) in the STN

DBS literature. Although it is difficult to draw any clear conclusions based on the

very small sample of GPi DBS studies, it is interesting that positive changes in

mood and affect may be differentially affected in GPi DBS when compared

with STN DBS. Indeed, preliminary data from Okun et al. (79) suggested that

there may be mood changes associated with both STN and GPi DBS. Notably,

optimal placement of electrodes in both STN and GPi seems to result in

overall improvement in mood and is associated with a lower incidence of

adverse mood effects than stimulation outside the optimal site. Data from this

study, however, suggested that slight movement dorsal or ventral to the site of

optimal motor performance may be associated with more adverse changes in

mood with STN stimulation than with GPi stimulation.

SUMMARY AND CONCLUSIONS

As seen in the preceding text, the effect of DBS on neuropsychological function

in PD is complex and appears to be influenced by a number of factors related to

the illness itself as well as stimulator placement and parameters. The most con-

sistent findings thus far from the extant literature are that moderate declines in

verbal fluency and related functions are most commonly seen following STN

DBS. It is notable, however, that there have been very few large prospective

longitudinal studies, which have included a comprehensive assessment of

neuropsychological functions. As PD is a heterogeneous disorder, some of the

variability in neuropsychological outcomes after STN DBS may be attributable

to subtle subtype differences in the PD populations under study. Indeed, a

recent study by Weintraub et al. (2004) identified three different subtypes of

PD based on their performance on a verbal list-learning test (i.e., Hopkins

Verbal Learning Test—Revised). In this study, cluster analysis was used to clas-

sify patients into three memory subgroups based on performance on free recall,

intrusion errors, and recall enhancement with recognition. Results revealed

three distinct subgroups: an “unimpaired” group that demonstrated intact free

recall and few intrusion errors and “impaired retrieval” and “impaired encoding”

subgroups with similar impairment on free recall, but the impaired retrieval group

demonstrated greater memory improvement with recognition (P , 0.001) and

had fewer intrusion errors (P , 0.001) than the impaired encoding group. The

use of such subtyping strategies may hold promise in examining some of

the variability seen in the DBS literature. For example, it is possible that those

subjects with an “impaired encoding” memory profile may be at greater risk

for disruptions of verbal fluency post-STN DBS surgery. The use of such subtyp-

ing strategies may prove useful in identifying those patients at greater risk for

neurocognitive dysfunction following STN DBS surgery.
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A recent quantitative review of the cognitive sequelae of STN DBS gener-

ally supports the findings in the current review. Using a random-effects meta-

analytic model, Parsons et al. (80) examined the extant literature concerning

the effects of STN DBS on cognition. Moderator variables such as confirmation

of target by microelectrode recording, verification of electrode placement via

radiographic methods, simulation parameters, assessment timepoints, neuropsy-

chological measures, and medication status were also examined. Out of 40

eligible studies, 28 cohort studies (a sample size of 612 patients) were available

for meta-analytic review. Results of the meta-analysis revealed small but signifi-

cant declines in executive functions and verbal learning and memory following

STN DBS surgery (Cohens’s d of 0.08 and 0.21, respectively). Although these

findings indicated statistically significant declines in these domains following

STN DBS, it is noteworthy that the magnitude of these decrements would not

be considered to represent clinically meaningful declines in function. Consistent

with prior findings in the literature and the current review, larger declines in both

semantic (Cohen’s d ¼ 0.73) and phonemic verbal fluency (0.51) were evident

across studies. Notably, changes in verbal fluency were not related to patient

age, duration of illness, stimulation parameters, or changes in dopaminergic

therapy dose after surgery. Despite the noted changes, the results of this detailed

meta-analytic study suggest that STN DBS, at least for selected patients, is

generally safe from a neuropsychological vantage point. Regardless, the presence

of any negative changes in neurocognitive function postsurgery reinforces the

need for pre- and postoperative neuropsychological assessment for STN DBS

candidates. On the basis of the literature reviewed, emphasis in these assessments

on executive functions, verbal learning and memory, and verbal fluency seem

prudent and empirically supported. In addition, the effects of GPi DBS on cogni-

tion are relatively unexplored at this time, and possible differential neuropsycho-

logical effects of this approach when compared with STN DBS have not been

tested. Given the different subcortical circuits involved in these DBS approaches,

further investigation may help tease apart differences in outcomes and efficacy of

these procedures. Lastly, well-controlled, randomized clinical trials will be very

important in providing a “gold standard” by which to judge possible changes in

neuropsychological function following STN DBS.
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INTRODUCTION

Parkinson’s disease (PD) is a neurologic syndrome defined by a triad of motor

symptoms. However, the frequent co-occurrence of cognitive, affective, and

other neurobehavioral disturbance suggests a neuropsychiatric condition with

highly varied symptoms. Depression and anxiety disorders, cognitive impair-

ment, and psychosis have long been recognized in some individuals diagnosed

with PD (1). Other common, but less well studied, psychiatric manifestations

include apathy (2), impulse control disorders (ICDs) (a.k.a., hedonistic home-

ostatic dysregulation, dopamine dysregulation syndrome, or compulsive

behavior) (3), disorders of sleep and wakefulness (4), and pseudobulbar affect.

These neuropsychiatric complications in PD are associated with excess

disability, worse quality of life, poorer outcomes, and caregiver distress (1).
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Yet, in spite of this and their frequent occurrence, there is incomplete understand-

ing of the epidemiology, phenomenology, risk factors, neuropathophysiology,

and optimal treatment strategies for these disorders. Neuropsychiatric compli-

cations are typically multimorbid, and there is great intra- and inter-individual

variability in presentation. Not surprisingly, there is evidence that psychiatric dis-

orders in PD are under-recognized and under-treated (5). Interestingly, there is

evidence that dopaminergic medications may both contribute to the development

of some psychiatric symptoms and yet be a form of treatment for others (e.g.,

dopamine agonists may induce psychosis, but have antidepressant properties).

Deep brain stimulation (DBS) has become an increasingly common form of

nonablative surgical treatment for PD. Brain targets most commonly include the

subthalamic nucleus (STN) and the globus pallidum interna (GPi). The impact of

DBS on psychiatric symptoms and cognition appears varied, with research

reporting both improvement and worsening in mental status and psychiatric

morbidity post-DBS. This chapter provides an overview of the literature concern-

ing the potential impact of DBS on neuropsychiatric symptoms in PD, and

focuses primarily on DBS treatment of the STN, and to a lesser extent on GPi.

Common factors may mediate mood, behavior, and cognitive changes during

DBS treatment for PD. Because neurocognitive changes are reviewed in detail

in the chapter by Moberg (Chapter 15), this chapter will focus on noncognitive

psychiatric features noted in DBS patients.

THE NEURAL SUBSTRATE OF DEEP BRAIN STIMULATION
AND NEUROPSYCHIATRIC DISORDERS

The motor effects of DBS in PD in part involve inhibition of hyperactive

neurons in either the STN or GPi by high-frequency stimulation, with

subsequent modulation of the neural circuits connecting the cortex, striatum,

and thalamus, also known as the cortico-striatal-thalamo-cortical loops (6).

However, some of these loops also subserve cognitive and emotional function-

ing through connections to the frontal cortex and the limbic system (7). Positron

emission tomography and functional magnetic resonance imaging studies during

STN DBS have found changes in frontal lobe and limbic system neuronal

activity (8–10). Thus, both the mood and cognitive changes that have been

associated with STN DBS may in part be a result of alterations in this

complex neural circuitry.

In addition, the STN is known to have motor and limbic components, and

the total STN area is so small that it is difficult to differentially stimulate its

subregions (11). Direct stimulation of structures surrounding the STN (e.g.,

substantia nigra and GPi) may also result in changes in neuronal function or

neurotransmitter systems implicated in psychiatric disorders. For example,

there is excitatory glutaminergic outflow from the STN, and the rest of the

basal ganglia is innervated by numerous neurotransmitters, including dopamine,

serotonin, acetylcholine, excitatory amino acids, GABA, nitric oxide, and

adenosine (12). Stimulation of limbic regions within and adjacent to the STN
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may help explain the psychiatric effects of STN DBS (13,14). Finally, the actual

surgical procedure to stereotactically place the electrodes in the STN involves

passing the electrodes through the frontal lobes, most commonly bilaterally. It

is not known to what extent this procedure can temporarily or permanently

affect the neurons of the prefrontal cortex or their associated white matter

tracts. However, in general, damage to these regions can result in a frontal

lobe syndrome, marked by changes in cognition and behavior.

NEUROPSYCHIATRIC SYMPTOMS IN PATIENTS TREATED
WITH DEEP BRAIN STIMULATION

Depression

In a recent comprehensive review (15) of the effect of STN DBS on mood, the

authors reported the results of 14 cohort studies and nine case reports or series.

Looking at group changes in depression rating scales following DBS, the

average score was improved or unchanged in all studies compared to presurgical

ratings. Examining changes in depression scores at an individual level, anti-

depressant effects (i.e., decrease in score .1 standard deviation of the group

mean) were reported in 16.7% to 76.0% of patients and depressant effects (i.e.,

increase in score .1 standard deviation of the group mean) in 2.0% to 33.3%

of patients. Most of the aforementioned studies examined the chronic effects of

STN DBS on mood, but there also case reports of acute changes in mood with

stimulation (11,13,16). In the only study in the review which included a PD

control group not receiving DBS, there were no changes in depression scores

from baseline to follow-up in either group (17). A more recent study of 33

nondepressed patients undergoing DBS also found overall improvement in

mood postsurgery (18).

However, examining group-average changes in depression rating scale

scores is not the same as looking at individual outcomes (19). At an individual

level, there have been reports of worsening or de novo depression post-DBS

surgery (20,21). Even in studies reporting an overall improvement in mood, it

has been reported that between 4% to 17% of patients may experience new or

worsening depression in a period ranging from three months to three years

postsurgery (15). Most concerning have been case reports of suicide ideation,

or completed or attempted suicide after DBS therapy (11,21–24). In one

completed suicide case (22), it had not been noted at the time of surgery that

the patient had a previous history of severe depression and that the patient’s

father had committed suicide. This case highlights the importance of obtaining

a thorough psychiatric history as part of the pre-DBS evaluation.

There have been attempts to examine predictors or correlates of mood

deterioration post-DBS, but results have been inconsistent, save the impact of

a history of depression (see subsequently). Arguing against a consistent relation-

ship between motor and mood outcomes is the fact that many cases of new-onset

or worsening depression have occurred in patients who had improved motor
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function (24–26), suggesting that other factors [e.g., significant decreases in

dopaminergic therapy, the effects of stimulation itself, unrealistic expectations

about the degree of improvement postsurgery, or even adverse psychological

adjustment to significant improvement in disability (20,26,27)] contribute to

the presence of depressive symptoms post-DBS. Although levodopa is reported

to have a general mood elevating effect if not antidepressant properties, no

study has shown that worsening of mood post-DBS is clearly associated with a

decrease in levodopa dosage or other dopaminergic therapy (24).

There are important limitations in the existing research examining the

impact of DBS on depression symptoms in PD patients. First, virtually all the

research has been uncontrolled, making it impossible to isolate DBS effects.

For instance, one study (28) found that mood symptoms were improved post-

DBS regardless of whether the stimulator was on or off, suggesting that factors

other than the stimulation state are contributing to changes in mood. Secondly,

the primary outcome measure for all studies was change in motor symptoms,

and the changes in mood state were evaluated as a secondary measure.

Thirdly, in all studies there were decreases in dopaminergic medication post-

DBS, and this in itself may have impacted on mood symptoms.

Anxiety

Anxiety is frequently comorbid with depression in PD, and anecdotally is often a

more disabling symptom. It commonly presents in this population as either

generalized anxiety symptoms or discrete anxiety attacks. In a review of 24

cases, clinically significant anxiety was present in about 75% both pre and

postoperatively, but the anxiety worsened in the majority of the cases post-DBS

surgery in spite of overall motor improvement (22). In addition, two of four patients

with agoraphobia (i.e., fear of public places) reported a worsening of these symp-

toms. Generalized anxiety was frequently associated with a fear of sudden failure

of the stimulator, whereas agoraphobia was related to fears of having freezing

episodes in public. However, other recent case series found that on average

anxiety either improved (18,28) or was unchanged (29) postoperatively, and

improvement was retained over a one-year period.

Obsessive-compulsive disorder (OCD) is another type of anxiety disorder

that may occur in PD at an increased frequency compared with the general

population. There are two case reports of patients with both PD and severe OCD

who experienced a dramatic decrease in OCD symptomatology post-DBS

surgery (30).

Mania

The aforementioned review (15) of the effect of STN DBS on mood in PD also

identified two cohort studies and six individual cases or case series reporting on

(hypo)manic states, as defined by states of “laughter,” an increase in mania scale

scores, or meeting DSM-IV (31) criteria for a manic episode, and there have been
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additional case reports of (hypo)mania (14,25,32). The two cohort studies

reported that transient or permanent (hypo)mania occurred in 4% to 20% of

patients (32–35). In one small case series, the manic episodes occurred in all

patients within 48 hours of surgery and turning on the stimulators (35). In contrast

to depression, most of the cases of mania have been reported to be transient (28),

either resolving with psychiatric treatment (25) or changes in DBS electrode

contacts (35) or reduction in stimulation amplitude (i.e., decreasing voltage or

pulse width) (14).

Psychosis

Psychosis as a complication of STN DBS has been reported, but not commonly.

In a recent long-term follow-up of a cohort of STN DBS patients, transient hal-

lucinations (16%) and psychosis (11%) were commonly reported postsurgery, but

no information was provided on whether these patients had experienced

psychosis preoperatively or on the length of time that lapsed between the

surgery and the onset of psychosis (23). None of the patients in this study devel-

oped permanent psychosis over a five-year period. In another case series, three

patients (6% of sample) developed transient de novo psychosis in the periopera-

tive period, two of which resolved spontaneously and the other with antipsychotic

and mood stabilizer treatment (32).

Other Neurobehavioral Changes

Transient confusional states, most likely related to the surgical procedure, have

been reported to occur in up to 15% of patients immediately postsurgery (32).

Behavioral disorders suggestive of a frontal lobe syndrome have also been

reported post-DBS. Damage to the frontal lobes, in this case secondary to

surgery-related microtrauma, can result in a syndrome characterized by executive

impairment and one or more behavioral changes, including depression,

disinhibition (emotional, social, and behavioral), emotional lability, and

apathy/abulia, the latter defined as amotivation that manifests itself as a decrease

in goal-directed behavior, cognition, and emotion (36–39). In one case series

(40), patients on average had an increase in frontal symptomatology 9 to 12

months postoperatively, as scored by their caregivers using the Frontal

Lobe Personality Scale (FLOPS) (41). Examining FLOPS subscales, there was

significant worsening on the executive dysfunction index and a trend for worsen-

ing on the apathy index, but no worsening on the disinhibition index. Specific

behavioral changes included perseveration, impulsivity, worse social judgement,

emotional lability, and lack of awareness of deficits. Additionally, three patients,

all elderly, were reported by their caregivers to have developed frontal behavioral

dyscontrol without insight postoperatively. In this case series, the greatest cogni-

tive decline postsurgery was noted in executive abilities, suggesting that the

aforementioned behaviors are mediated by damage to the prefrontal cortex.
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Perhaps related to the frontal lobe syndrome, another case series reported

emotional hyper-reactivity (i.e., affective lability or possibly pseudobulbar affect)

in the majority of patients post-DBS surgery (22). Apathy, defined as a loss of inter-

est or motivation, can occur in the context of depression but is also thought to be a

distinct psychiatric syndrome in neurodegenerative diseases, including PD (2). It is

often associated with damage to the frontal lobes and executive impairment, so it is

not surprising that there have been case reports of apathy without depression post-

DBS surgery (22,33,42). On the other hand, there have also been reports of

improvements in initiative and motivation postoperatively (22).

Finally, there is an increasing awareness of the occurrence of ICDs, such as

compulsive gambling and sexual behavior, in PD (3). Although most ICD cases

are thought to be associated with the use of dopamine agonists, there have been

case reports of both de novo ICD behavior (22) and improvement in ICD-like

behaviors post-DBS surgery (43).

ASCERTAINING SPECIFICITY OF DEEP BRAIN
STIMULATION EFFECTS

In an attempt to isolate the impact of DBS on psychiatric state, studies have been

designed to control for the effects that dopaminergic medication and motor symp-

toms may have in this regard. In two studies, nondepressed PD patients were

evaluated both on and off PD medications and on and off DBS (2�2 design),

and both levodopa and DBS were found to have distinct, positive effects on

feelings of dysphoria, well being, motivation, fatigue, and anxiety (44,45). In

another study, no association was found between improvement in motor and

mood symptoms, suggesting that any mood benefits derived from STN DBS

are independent of its motor effects (40).

Regarding apathy, DBS patients that were off medication were found on

average to report a decrease in severity of apathy on DBS compared with off

DBS (46). The improvement in apathy was similar to that reported by a

matche group on non-DBS patients when tested in the on levodopa state

compared with off levodopa.

ROLE OF PSYCHIATRIC HISTORY

Depression occurs commonly in both the general population and in PD. Thus, it is

expected that many patients who undergo DBS will have a history of depression.

Four studies (11,22,33,47) have examined the impact of psychiatric history on

mood state post-DBS, and three of them (11,22,33) found a significant positive

correlation between a history of depression and a depressant effect of STN

DBS. As most DBS studies have attempted to exclude patients with significant

active depression, it may be that the positive effects of DBS on mood are more

likely to occur in nondepressed or mildly depressed patients.
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Even though it has been recommended that the presence of clinically signifi-

cant depression or anxiety at the time of the presurgical evaluation should be exclu-

sion criteria for proceeding with surgery (48,49), retrospective reviews have

documented that thorough psychiatric evaluations and histories are often not obtained

before surgery (22). In a recent prospective study, 40 consecutive PD patients present-

ing for DBS were thoroughly evaluated for current and lifetime psychiatric history

(50). Lifetime prevalence rates were 60% for depression, 40% for anxiety, 35% for

psychosis, and 10% for medication-induced mania. Of this sample, 23% required psy-

chiatric treatment for current symptoms prior to being considered eligible for DBS.

These results highlight the importance not only of psychiatric evaluation, but also

psychiatric treatment when indicated, before proceeding with DBS surgery.

EFFECTS OF DBS LEAD LOCATION AND STIMULATION PARAMETERS

There is also preliminary evidence that the location of the DBS leads may impact

on mood outcomes. In a dramatic case report (16), a woman experienced severe,

acute, transient depressive symptoms when high-frequency stimulation was

applied to the left substantia nigra instead of the STN. There are other case

reports of changes in mood based on the DBS parameters (11), and one hypothesis

is that use of electrode placements slightly dorsal or ventral to the site for optimal

motor performance may adversely impact mood (13). Although no study found any

clear predictor or clinical correlates of mania post-DBS, in one case series of three

patients, the manic episodes were triggered by stimulation at the lowest (i.e., the

most ventral) of the quadripolar bilateral STN electrodes (35). These episodes

gradually resolved with a change to higher (i.e., more dorsal) electrode contacts.

SUBTHALAMIC NUCLEUS VS. GLOBUS PALLIDUM
INTERNA DEEP BRAIN STIMULATION

The STN has become the preferred target for DBS, in part because it provides

excitatory innervation to a variety of neuronal targets in addition to the GPi

(51) and has been reported to allow a greater reduction in dopaminergic

therapy (13). However, these effects of STN compared with GPi DBS could

have implications for psychiatric outcomes. Although there have been no

published controlled comparative studies of STN and GPi DBS, it has been

suggested that there may be fewer psychiatric complications with GPi DBS

(13,19,27,52,53). However, these conclusions are based on extremely limited

and uncontrolled data, so it appears premature to recommend a particular site

for DBS on the basis of differential psychiatric outcomes.

ACUTE VS. CHRONIC EFFECTS

The length of the time period between DBS surgery and the psychiatric assess-

ments for the different case series and cohort studies has varied widely, from
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several weeks up to five years. Some experts believe that in the short-term there

tends to be an improvement in depression, occasional induction of euphoria or

mania, and cases of disinhibited behavior, while the long-term course has been

associated with an increase in apathy and depressive symptoms (44). However,

such conclusions were based on the comparison of multiple, uncontrolled

studies with widely differing methodologies, making it impossible to differentiate

time effects related to DBS from numerous other possible confounding variables,

including transient effects related to the acute postsurgical period, changes in

dopaminergic therapy over time, and the natural progression of the disease. In

addition, there are case series that have reported significant worsening in mood

in a subset of DBS patients within weeks of surgery (24).

In two recent uncontrolled studies that followed DBS patients, described as

free of major psychiatric pathology presurgically, over a five-year period there

was no overall change on a depression rating scale (23,33). In one of the

studies (23), the authors characterized adverse events as either transient or perma-

nent. Transient psychiatric effects over this extended period included depression

(22%), suicide attempts (11%), hallucinations or psychosis (27%), apathy (11%),

disinhibition or emotional lability (14%), and aggressive behavior (8%). Perma-

nent effects included disinhibition or emotional lability (22%), depression (22%),

and apathy (11%).

ASSESSMENT AND TREATMENT STRATEGIES

Presurgical Evaluation and Treatment

The assessment of psychiatric symptoms in the context of DBS surgery can be

complicated by several factors. First, PD patients being evaluated for psychologi-

cal well-being pre-DBS surgery have a vested interest in minimizing any psychia-

tric or cognitive symptoms, as they may fear being deemed a poor surgical

candidate if they endorse symptoms. Greater fluctuations in emotional states

that occur in association with fluctuating motor disability or other factors (54)

may complicate self-ratings, especially when the scale utilized focuses on

longer time-frame, whereas state measures may provide information that also

fails to reflect a more general level of adjustment. Cognitive deficits and deficits

in self-appraisal can also further complicate accurate evaluation in some cases. It

may be advisable to supplement patient self-report with other sources of infor-

mation as part of the assessment process.

There are numerous psychiatric rating instruments that are used in PD to

screen for psychiatric symptoms, although a full discussion of them is beyond

the scope of this chapter. Examples include the 15-item Geriatric Depression

Scale (GDS-15) (55), the Spielberger State Anxiety Inventory (56), and the

Parkinson’s Psychosis Rating Scale (57). The Neuropsychiatric Inventory

(NPI) (58), which is one instrument covering most of the possible psychiatric

complications that occur in PD, and includes a version that informants can
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complete by themselves. More detailed personality assessment may be warranted

in some cases. If the presence of a psychiatric disorder remains unclear (i.e., dif-

ficult differential diagnosis, conflicting information), complex (e.g., comorbid

psychiatric disorders), or severe, it is best to refer the patient to a psychiatrist

for evaluation and treatment.

Another important aspect of the presurgical evaluation is to make sure

that patients have realistic expectations about the outcome of surgery. This

should include a frank discussion about inter-individual variability in outcomes

and the fact that the DBS does not halt the progression of PD, which will help

patients in performing their own risk:benefit analysis before proceeding with

surgery.

If there is evidence for a psychiatric disorder that requires treatment

due to its severity, impact on function, or effect on quality of life, many move-

ment disorders specialists are comfortable initiating treatment [e.g., starting a

selective serotonin reuptake inhibitor (SSRI) for depression or anxiety, or

quetiapine for hallucinations]. If a patient is depressed or anxious and prefers

nonpharamacological treatment, it is appropriate to make a referral to a

psychologist or other licensed therapist for a course of psychotherapy (e.g., cog-

nitive behavioral therapy). In the event that a psychiatric disorder is worsening

or not responding to initial treatment, or if the surgery may need to be delayed

due to the symptoms, then it is best to refer the patient for a psychiatric

evaluation.

Postsurgical Evaluation and Treatment

There is no controlled research on how best to address neuropsychiatric

complications that arise or worsen in the context of STN DBS. The main

options are to make parameter adjustments to (or temporarily discontinue) the

DBS, to increase or add dopaminergic therapy, to initiate other pharmacotherapy

and/or psychotherapy, or to have a period of watchful waiting for mild symptoms

that may resolve spontaneously (59).

There are cases where episodes of depression (16,26) or mania (35)

occurred only with stimulation of particular contacts, and stimulation of other

contacts in the STN improved parkinsonism without altering mood. For patients

who have had a substantial decrease in dopaminergic therapy post-DBS surgery,

there are case reports of improvement in depressed mood with an increase in the

total levodopa equivalent daily dose (20).

Regarding the use of psychiatric medications, there are case reports of

depression that have responded to treatment with a SSRI or possibly other anti-

depressants (11,26,59,60), but severe cases, at times accompanied by suicide

ideation or attempts, may necessitate psychiatric hospitalization (26,59).

In general, treatment strategies for anxiety are similar to those for

depression (i.e., use of SSRIs), although low-dose benzodiazepine use may be

necessary and helpful. However, this class of medication must be used cautiously
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in PD, as benzodiazepines can lead to sedation, worsening cognition, and gait

impairment.

Regarding mania and frontal lobe syndrome, while alterations (or even

temporary discontinuation) of DBS may be helpful, it is generally contra-

indicated to increase dopaminergic therapy in the context of such disorders.

Anecdotally, mood stabilizers (i.e., anticonvulsants) can help with such

symptoms (32), and atypical antipsychotic use may be necessary in some cases

(25), although even atypical antipsychotics must be used cautiously in patients

with advanced PD due to their propensity to worsen parkinsonism. Finally,

stimulants are commonly used in the treatment of apathy, though it is not clear

if they are helpful in this context.

USE OF DEEP BRAIN STIMULATION IN NON-PARKINSON’S
DISEASE PSYCHIATRIC PATIENTS

The DBS is also being explored as a treatment for psychiatric disorders, including

depression and OCD, in the general population. In a small case series, it was

shown that four of six patients with long-standing treatment-resistant depression

had a striking and sustained response to DBS of the subgenual cingulate region

(Brodmann area 25) (61). Clinical improvement was associated with a marked

reduction in local cerebral blood flow and as well as changes in downstream

limbic and cortical sites. Additionally, there also are several small case series

reporting improvement in most OCD patients treated with DBS of the anterior

limbs of the internal capsules (62,63). No reports were found of the use of

STN DBS for the treatment of psychiatric disorders.

CONCLUSION

A review of available studies suggest that on average PD patients experience an

improvement in mood post-DBS surgery, although a subset of patients experi-

ence an increase in depression severity. Because patients with significant

depression may be more commonly excluded from consideration for DBS, it is

possible that the generally positive effects of DBS on mood do not generalize

to patients with more significant depressive symptoms preoperatively. Regarding

management, it may make sense to alter DBS parameters in patients who experi-

ence an increase in depression post-DBS before employing other treatment

strategies, such as reinstituting higher doses of dopaminergic therapy or initiating

antidepressant therapy or psychotherapy.

The impact of DBS on other psychiatric symptoms is less clear. There have

been reports of anxiety, psychosis, mania, and behavioral disorders (i.e., frontal

lobe syndrome), often transient, after DBS surgery, and while alterations to the

DBS parameters may be helpful, it is generally contra-indicated to increase dopa-

minergic therapy in such cases. Anecdotally, benzodiazepines, mood stabilizers
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(i.e., anticonvulsants), and atypical antipsychotics may help in the management

of these disorders.

Since patients with current or lifetime psychiatric disorders appear to be at

higher risk of adverse outcomes postoperatively, conducting both a thorough

preoperative psychiatric evaluation and regular postsurgical psychiatric monitoring

is of the utmost importance. It does not appear warranted to exclude a patient from

undergoing DBS surgery solely on the basis of a lifetime history of psychiatric dis-

order, but the presence of significant current psychiatric symptoms may warrant at

least a delay in the surgery until psychiatric treatment or other measures can be

instituted to help improve the patient’s mental state. However, it is also important

to note that certain psychiatric symptoms may improve post-DBS surgery with a

reduction in dopamine-replacement therapy.

Controlled research is needed to better understand both the acute and

chronic effects of STN DBS on the psychiatric status of PD patients. One

ongoing study (“A Comparison of Best Medical Therapy and Deep Brain

Stimulation of Subthalamic Nucleus and Globus Pallidus for the Treatment of

Parkinson’s Disease,” cosponsored by the Department of Veterans Affairs and

NINDS) that will help address this issue initially involves randomization

to either best medical therapy or DBS for a six-month period, with patients

receiving DBS being randomized to either STN or GPi DBS. This type of

randomized, controlled study design will provide additional data on the specific

subacute and chronic effects of STN DBS on patients’ psychiatric state, and will

also allow comparison between different types of DBS. Additionally, further

controlled study of post-DBS patients in on–off drug and stimulation states

will allow greater understanding of the acute effects of DBS under different

conditions and parameters.
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INTRODUCTION

Surgical therapies for Parkinson’s disease (PD), notably bilateral stimulation of

the subthalamic nuclei (STN), substantially reduce many of the disabling features

of advanced PD (1–5). Improvements following surgery for PD include ameli-

oration of motor symptoms in the medication “off” condition, reduction in

drug-induced dyskinesias, and decreased requirement for dopaminergic

medications for patients having STN stimulation (6). The benefits of surgery

on motor function appear to be maintained over prolonged periods of

follow-up (7–9).

Since surgery for PD is performed primarily to alleviate symptoms of PD,

health-related quality-of-life (HRQL) measures are arguably the most relevant

outcomes by which to judge the impact of these procedures. A growing body

of literature has addressed the impact of surgery on HRQL. This chapter will

review concepts related to patient-reported outcome measures including quality

of life (QOL) and HRQL, what factors determine HRQL in PD, and results of

studies that have assessed the effects of stereotactic surgery including pallidot-

omy and deep brain stimulation (DBS) on HRQL.
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ASSESSMENT OF QUALITY OF LIFE

QOL and HRQL belong to a family of patient-oriented outcome measures.

Patient-oriented outcomes may be distinguished from physiological measures

(such as finger-tapping speed or blood pressure) in that they are obtained by

patient interview or questionnaire and are more likely to reflect the patient’s

global impression of their health or well-being (10). These measures include

measures of impairment, disability, HRQL, and QOL. In the past, some confusion

has existed regarding the meaning of the terms HRQL and QOL and their

relationship to each other.

Impairment and Disability

The constructs of impairment, disability, and handicap have been defined by the

World Health Organization (11). Impairment is any loss of psychological, phy-

siological, or anatomical function and can be considered equivalent to the symp-

toms of a disorder. Impairment represents a deviation from normal biomedical

function. By contrast, disability is a lack of ability to perform activities of

daily living (ADLs), which results from impairment. Of these three concepts, dis-

ability is most relevant to HRQL since many measures of HRQL incorporate

items related to ability to perform normal daily activities.

Health-Related Quality of Life

HRQL has been defined as “the capacity to perform the usual daily activies for a

person’s age and major social role” (12). This definition emphasizes the close

relationship between functional status and HRQL. HRQL differs from disability

principally in this relationship between impairment and role function. A measure

of disability would assess a subjects inability to perform a routine task (Can the

subject walk 100 yards?), whereas a HRQL instrument would assess this impair-

ment in the context of a specific role (Can the subject walk well enough to

perform typical employment activities?). HRQL scales are generally multidimen-

sional, reflecting the desire to capture the effect of impairment on a range of pos-

sible roles (social, work, basic ADL function). Although HRQL measures may

capture the subjective experience of disability to some extent, they are less sub-

jectively oriented than QOL measures. The vast majority of “QOL” measures

used to assess outcomes after surgery for PD are HRQL scales.

Quality of Life

QOL reflects a person’s satisfaction with life and may be affected by health

status, but also by nonhealth inputs including cultural values, personality traits,

economic status, and social relationships (13). Because QOL is less determined

by functional status than HRQL, QOL may improve or worsen without any

change in health. For example, an amputee may initially experience a decrement

in QOL due to loss of ability to take part in hobbies. However, this person’s QOL
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may subsequently improve without any change in functional status, as he/she

takes up other hobbies that are unaffected by their disability. QOL may be the

most conceptually valid patient-oriented outcomes. However, QOL is subject

to considerable measurement challenges, including subjectivity and variability

between individual patients in what constitutes QOL, which prevents it from

being a widely used outcome measure for medical interventions.

Generic Vs. Disease Specific HRQL Instruments

A large number of HRQL instruments can be used to measure the impact of

medical interventions. One major point of distinction for these instruments is

whether they are generic or disease-specific. Generic instruments are intended

to compare HRQL across diseases and also to compare diseased populations to

healthy populations. As a result, generic instruments are sensitive across a

range of functional status from no limitations to severe disability. There are

many generic HRQL instruments including the Medical Outcomes Study

SF-36 (14), the sickness impact profile (SIP) (15), and the Nottingham Health

Profile (16). Disease-specific instruments focus on the types of disability and

impairments that are found in a specific disorder such as PD. Disease-specific

instruments may be more sensitive to small differences in function or improve-

ment due to treatment than generic instruments. Examples of PD-specific

HRQL scales are shown in Table 1. At least five different disease-specific

HRQL scales have been developed for PD. One of these scales, the quality of

life satisfaction-deep brain stimulation (QLS-DBS) was developed specifically

for assessment of DBS patients.

Parkinson’s Disease Questionnaire-39

The Parkinson’s disease Questionnaire (PDQ-39) is a 39 item instrument that has

been widely used in population-based and interventional studies (17). The 39

items encompass the following domains: mobility, activities of daily living,

emotional well-being, stigma, social support, cognition, communication, and

bodily discomfort. For each domain, a score ranging from 0 to 100 is calculated.

Higher scores on the PDQ-39 indicate worse HRQL. A summary score from 0 to

100 can also be calculated for the PDQ-39. This summary index is the arithmetic

mean of the scores for the individual domains.

Parkinson’s Disease Quality of Life

The Parkinson’s disease quality of life (PDQL) scale has 37 items that comprise

four subscales (18). The subscales include parkinsonian symptoms, systemic

symptoms, social function, and emotional function. Higher scores on the

PDQL represent better HRQL. The PDQL has been shown to have excellent

internal consistency reliability and construct validity.
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Parkinson’s Impact Scale

The Parkinson’s impact scale (PIMS) has 10 items that rate self, family relation-

ships, community relationships, safety, leisure, travel, work, financial security,

and sexuality on a scale from zero (no problem) to four (severe problem)

(19,20). For fluctuating patients, HRQL is rated in the best and worst functional

levels. The PIMS was evaluated in a mail survey conducted across Canada. The

Table 1 Disease-Specific Health-Related Quality-of-Life Scales for

Parkinson’s Disease

Scale

Number

of items

Number of domains

and domain names

Completion time

(approximate)

PDQ-39 (17) 39 8: Mobility, activities of daily living,

emotional well-being, stigma, social

support, cognition, communication,

and bodily discomfort.

20–30 min

PDQUALIF (21) 33 7: Social/role function, self-image/
sexuality, sleep, outlook, physical

function, independence, and

urinary function.

20–30 min

PDQL (18) 37 4: Parkinson’s symptoms, systemic

symptoms, emotional function,

and social function.

15–20 min

PIMS (19) 10 10: Self (positive), self (negative),

family relationships, community

relationships, safety, leisure,

travel, work, financial security,

and sexuality.

10–15 min

QLS-DBS (24) 17 Movement disorders 10: controllability

of movement, hand dexterity,

articulation/speech fluency, ability to

swallow, absence of false body

sensations, bladder/bowel function,

sexual function, sleep, mentation,

functional independence, and

inconspicuousness of illness.

10–40 min

DBS 5: reliability of the stimulator,

inconspicuousness of the simulator,

independent handling of the

stimulator, availability of medical

care, and absence of bodily

symptoms.

Abbreviations: DBS, deep brain stimulation; PDQ, Parkinson’s disease questionnaire;

PDQL, Parkinson’s disease quality of life; PDQUALIF, Parkinson’s disease quality-of-life scale;

PIMS, Parkinson’s impact scale; QLS-DBS, quality of life satisfaction-deep brain stimulation.
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scale was found to have high test–retest reliability, and construct validity was

demonstrated by consistently higher scores in the “off” medication state than

in the “on” medication state.

Parkinson’s Disease Quality-of-Life Scale

The Parkinson’s disease quality-of-life scale (PDQUALIF) consists of 32 items

with an additional item that query whether the subjects’ symptoms have

changed in the past six months (21). The PDQUALIF has seven domains:

social/role function, self-image/sexuality, sleep, outlook, physical function,

independence, and urinary function that were established in open-ended qualitat-

ive interviews with PD patients and their spouses or significant others. The

PDQUALIF has been shown to correlate with generic measures of HRQL, to

change over time with increasing disease burden (22), and to be responsive to

antiparkinsonian interventions (23).

Quality of Life Satisfaction-Deep Brain Stimulation

The QLS-DBS is the only HRQL instrument developed specifically to evaluate

the impact of surgery for PD (24). It is based on the generic QLS questionnaire

with two modules added specifically to address DBS. The QLS questionnaires

first ask the respondent to rate the importance of various aspects of life, and

then to report how satisfied they are with each aspect. The final score is a

weighted average based on the levels of importance reported in the first part of

the rating task. For the DBS-specific questionnaire, two modules are added to

the core questionnaire. One module covers domains of function that may be

affected by movement disorders. The second module contains items related to

the neuro-stimulator (reliability, comfort, etc.) The QLS-DBS was tested in a

mailed survey of 113 patients who had undergone DBS. The survey showed mod-

erate correlation with existing HRQL measures such as the SF-36. More substan-

tial correlation was not expected due to the fact that the QLS-DBS scale is distinct

conceptually and in content from more function-based HRQL scales.

DETERMINANTS OF QUALITY OF LIFE IN PARKINSON’S DISEASE

Because PD is characterized by a mixture of motor and nonmotor features of PD,

it can impact on HRQL in a number of ways. Not surprisingly, severity of motor

impairment has been shown to be a strong and consistent determinant of HRQL in

cross-sectional studies of PD patients (25–29). The other factor that has most

consistently been associated with HRQL is depression (25,26,29–31). In some

studies, depression is more strongly associated with HRQL than motor disability.

There is controversy regarding the impact of motor complications on

HRQL. This issue is relevant to surgical therapies for PD, since one of the

main effects of surgery is to reduce the severity of dyskinesias and motor fluctu-

ations. Several studies have shown a deleterious effect of motor complications on
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HRQL (32,33). However, other studies have not confirmed these findings (28,34).

Measurement problems may be partly responsible for this lack of consensus. For

example, the presence of dyskinesias is highly correlated with advantageous

factors such as a positive response to dopaminergic medications, and the oppos-

ing impact of these factors may be difficult to separate.

Other features that have been shown to be related to HRQL include psycho-

sis and dementia (26,28) as well as impaired sleep and fatigue (35,36). Younger

patients have been shown to have greater relative differences in HRQL compared

to age-matched controls than older patients (37). One study found that patients

receiving care at a PD specialty center had better HRQL than those receiving

care at a community neurology clinic (38). Many of these factors are relevant

when considering the possible impacts of surgery for PD on HRQL.

QUALITY-OF-LIFE OUTCOMES FOLLOWING STEREOTACTIC
SURGERY FOR PARKINSON’S DISEASE

Pallidotomy and Pallidal Stimulation

A number of studies have examined the impact of pallidotomy and pallidal stimu-

lation on HRQL. Although the heterogeneity of these studies makes comparisons

difficult, they have generally shown improvements on both generic and disease-

specific measures of HRQL over a period of three months to one year of follow-

up. Results comparing right-sided to left-sided unilateral procedures have

generally been comparable. Somewhat surprisingly, there have not been major

differences in HRQL outcomes between unilateral versus bilateral procedures

or for pallidal stimulation compared to pallidotomy (39). There is also limited

evidence linking improvement in clinical symptoms as measured by the

unified Parkinson’s disease rating scale (UPDRS) with changes in HRQL. A

list of studies that could be identified by a MEDLINE search supplemented

with hand-searching of reference lists from available articles is shown in Table 2.

In these studies, the pattern of improvement in HRQL domains has empha-

sized changes in motor function. For example, Straits-Troster (40) found greatest

improvement in the mobility and ADL domains following unilateral pallidotomy,

and Gray et al. (41) found the significant improvement only in the ADL domains.

Martinez-Martin et al. (42) also found improvements in the mobility and ADL

domains and in the emotional well-being bodily pain domains. In spite of the

effect that pallidotomy may have on speech, no study evaluating pallidotomy

or pallidal stimulation reported a decline in the communication domain of the

PDQ-39. Using an alternative HRQL instrument, De Bie (39) reported 32 patients

with unilateral PVP and five with bilateral PVP. Evaluations were performed for

6 and 12 months after surgery. PDQL was significantly improved by approxi-

mately 20% six months after surgery and 15% 12 months after surgery.

The vast majority of studies of HRQL following pallidal procedures report

outcomes at three or six months. In one exception, Zimmerman (43) reported
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HRQL outcomes on 27 patients who underwent either unilateral or bilateral PVP.

They found improvements of approximately 40% in the PDQ-39 summary index

at six months, but that effect diminished to an approximately 12% improvement

over baseline at two years follow-up and was no longer statistically significant.

Although generic HRQL instruments are generally thought to be less sen-

sitive to change than disease-specific measures, a number of studies found that

pallidotomy lead to significant changes in generic measures of HRQL.

However, the pattern of improvement on generic instruments is somewhat

more variable than with disease-specific instruments. Vingerhoets et al. (44)

reported on 20 patients who underwent unilateral pallidal stimulation. There

was a 33% improvement in the physical domain of the SIP and a 38% improve-

ment in the psychosocial domain at three months. Gray et al. (41) found improve-

ments in the physical function, role-physical energy, and pain dimensions of the

SF-36 for the unilateral cases, and improvements in the social function, energy/
vitality, and general health perceptions domains for the bilateral patients. By con-

trast, Carr et al. (45) found significant improvements only in the social function

(19%) and bodily pain 62% domains of the SF-36. Scott (46) reported on 20

patients with PD who underwent either bilateral or unilateral PVP. SF-36

scores improved significantly at three months on physical function, social func-

tion, energy-vitality, and bodily pain.

Subthalamic Nucleus Stimulation

Growing bodies of studies have examined the effect of bilateral STN stimulation

on HRQL. As is the case with the reports on pallidal procedures, there is also

substantial variability in duration of clinical follow-up and outcome measures,

making comparisons between studies difficult. Most studies have used the

PDQ-39 as the primary measure of HRQL. In the largest study, LaGrange et

al. (47) found improvements in all domains of the PDQL in 60 patients followed

for 12 months. One study (48) emphasized that only physical components of the

PDQ-39 improved following STN stimulation. However, other studies have

found that the emotional, stigma, and bodily discomfort domains also

improve (49,50–52). One additional study (53) found improvements in all

PDQ-39 domains except emotional well-being, social support, and communi-

cation. Several studies have found worsening in the PDQ-39 communication

domain following STN stimulation (49,54). A list of these studies is shown

in Table 3.

Three studies have evaluated the impact of STN stimulation on HRQL

beyond one year. In two studies, gains in HRQL observed at one year were main-

tained after two years of follow-up (50,55). In the other, the gains in HRQL

observed six months after surgery had declined somewhat at a mean of 33

months of follow-up (49). The exceptions were the bodily pain and stigma

domain that showed substantial improvements over baseline, even at long-term

follow-up. For individual patients, the best predictor of a good long-term

292 Siderowf



DK7019-Baltuch-ch17_R2_180107

Ta
b
le

3
S

tu
d
ie

s
E

x
am

in
in

g
th

e
Im

p
ac

t
o
f

S
u
b
th

al
am

ic
N

u
cl

ei
S

ti
m

u
la

ti
o
n

o
n

H
ea

lt
h
-R

el
at

ed
Q

u
al

it
y

o
f

L
if

e

S
tu

d
y

N
u
m

b
er

o
f

su
b
je

ct
s

D
u
ra

ti
o
n

o
f

fo
ll

o
w

-u
p

H
R

Q
L

sc
al

es
u
se

d
C

o
m

m
en

ts

E
ro

la
(5

4
)

2
9

1
2

N
H

P
,

P
D

Q
-3

9
Im

p
ro

v
em

en
t

in
A

D
L

,
em

o
ti

o
n
al

,
st

ig
m

a,
b
o
d
il

y
d
is

co
m

fo
rt

d
o
m

ai
n
s

o
f

P
D

Q
-3

9
.

W
o
rs

en
in

g
o
f

co
m

m
u
n
ic

at
io

n
.

D
ra

p
ie

r
(6

0
)

2
7

1
2

S
F

-3
6
,

P
D

Q
-3

9
Im

p
ro

v
em

en
t

in
p
h
y
si

ca
l

fu
n
ct

io
n

an
d

p
h
y
si

ca
l

ro
le

d
o
m

ai
n
s

o
f

S
F

-3
6
.

Im
p
ro

v
em

en
t

in
m

o
b
il

it
y
,

A
D

L
,

st
ig

m
a,

an
d

b
o
d
il

y
d
is

co
m

fo
rt

d
o
m

ai
n
s

o
f

P
D

Q
-3

9
.

F
ra

ix
(6

1
)

9
5

6
P

D
Q

L
S

ig
n
ifi

ca
n
t

im
p
ro

v
em

en
t

in
al

l
P

D
Q

L
d
o
m

ai
n
s.

E
ss

el
in

k
(5

8
)

2
0

6
P

D
Q

L
2
3
%

im
p
ro

v
em

en
t

in
P

D
Q

L
su

m
m

ar
y

sc
o
re

.

Ju
st

an
d

O
st

er
g
ar

d
(5

3
)

1
1

6
P

D
Q

-3
9

Im
p
ro

v
em

en
t

in
m

o
b
il

it
y
,

A
D

L
,

st
ig

m
a,

an
d

b
o
d
il

y

d
is

co
m

fo
rt

d
o
m

ai
n
s

L
aG

ra
n
g
e

(4
7
)

6
0

1
2

P
D

Q
L

Im
p
ro

v
em

en
t

in
al

l
d
o
m

ai
n
s

o
f

th
e

P
D

Q
L

.

L
ez

ca
n
o

(6
2
)

1
4

2
4

P
D

Q
-3

9
Im

p
ro

v
em

en
ts

in
m

o
b
il

it
y
,

A
D

L
,

em
o
ti

o
n
al

w
el

l-
b
ei

n
g
,

st
ig

m
a,

co
m

m
u
n
ic

at
io

n
,

an
d

b
o
d
il

y
p
ai

n
d
o
m

ai
n
s.

L
y
o
n
s

an
d

P
ah

w
a

(6
3
)

5
9

2
4

P
D

Q
-3

9
Im

p
ro

v
em

en
t

at
2
4

m
o
n
th

s
in

m
o
b
il

it
y
,

A
D

L
,

st
ig

m
a,

an
d

b
o
d
il

y

d
is

co
m

fo
rt

d
o
m

ai
n
s.

M
ar

ti
n
ez

-M
ar

ti
n

(5
1
)

1
7

6
P

D
Q

-3
9

Im
p
ro

v
em

en
t

in
th

e
m

o
b
il

it
y
,

A
D

L
,

em
o
ti

o
n
al

w
el

l-
b
ei

n
g
,

st
ig

m
a,

an
d

b
o
d
il

y
d
is

co
m

fo
rt

d
o
m

ai
n
s

P
at

el
(5

2
)

1
6

1
2

P
D

Q
-3

9
Im

p
ro

v
em

en
t

in
A

D
L

an
d

st
ig

m
a

d
o
m

ai
n
s.

S
id

er
o
w

f
(4

9
)

1
8

3
6

S
F

-3
6
,

P
D

Q
-3

9
Im

p
ro

v
em

en
t

in
m

o
b
il

it
y
,
A

D
L

,
em

o
ti

o
n
al

w
el

l-
b
ei

n
g
,
st

ig
m

a,
an

d

b
o
d
il

y
d
is

co
m

fo
rt

.
S

ig
n
ifi

ca
n
t

w
o
rs

en
in

g
in

co
m

m
u
n
ic

at
io

n
.

T
ro

st
er

(6
4
)

2
6

3
P

D
Q

-3
9

3
0
%

im
p
ro

v
em

en
t

in
P

D
Q

-3
9

su
m

m
ar

y
in

d
ex

st
ro

n
g
ly

re
la

te
d

to
ch

an
g
e

in
d
ep

re
ss

io
n

sc
o
re

s.

S
p
o
tt

k
e

(6
5
)

1
6

6
S

IP
Im

p
ro

v
em

en
t

in
p
h
y
si

ca
l

an
d

p
sy

ch
o
so

ci
al

S
IP

su
b
sc

o
re

s.

A
b
b
re

vi
a
ti

o
n
s:

A
D

L
,

ac
ti

v
it

ie
s

o
f

d
ai

ly
li

v
in

g
;

H
R

Q
L

,
H

ea
lt

h
-r

el
at

ed
q
u
al

it
y

o
f

li
fe

;
N

H
P

,
N

o
tt

in
g
h
am

h
ea

lt
h

p
ro

fi
le

;
P

D
Q

,
P

ar
k
in

so
n
’s

d
is

ea
se

q
u
es

ti
o
n
n
ai

re
;

P
D

Q
L

,
P

ar
k
in

so
n
’s

d
is

ea
se

q
u
al

it
y

o
f

li
fe

;
S

IP
,

si
ck

n
es

s
im

p
ac

t
p
ro

fi
le

;
S

T
N

,
su

b
th

al
am

ic
n
u
cl

ei
.

Quality-of-Life Outcomes Following Stereotactic Surgery for PD 293



DK7019-Baltuch-ch17_R2_180107

HRQL response to surgery is a good initial response within the first 6 to

12 months.

As with pallidotomy, the link between clinical improvement in motor func-

tion or dyskinesia and change in HRQL has been modest with STN stimulation.

Improvements in motor function in the medication “off” state appear to correlate

with change in HRQL. Interestingly, studies have not documented a clear

relationship between dyskinesia reduction and change in HRQL (49) in spite

of the major effect that surgery has on this complication of medical therapy. It

is likely that the nearly universal improvement in dyskinesia that occurs follow-

ing surgery limits the statistical power to find a relationship between dyskinesia

and improvements in HRQL. An alternative explanation is that improvement in

nonmotor features of PD drives changes in HRQL. Troster et al. (56) found a

strong relationship between overall HRQL and improvement in depression.

However, LaGrange et al. (57) found no relationship between improvement in

depression (which did improve significantly after surgery) and HRQL.

One study that reported HRQL outcomes randomized patients to either uni-

lateral pallidotomy or bilateral STN stimulation (58). In this study, 13 subjects

had pallidotomy and 20 had STN stimulation. Both groups showed overall

improvement on the PDQL summary score. Although some outcome measures,

including “off” medication UPDRS scores and dyskinesia scores favored STN

stimulation, there were no significant differences between treatment groups on

the PDQL.

CONCLUSION

Because surgical therapy for PD predominantly targets the symptoms of the

disease, patient-reported outcomes such as HRQL are an important gage of the

effectiveness of these procedures. There is a growing literature that suggests pro-

cedures that target both the globus pallidus and the STN improve many domains

of HRQL, including some that may be more related to nonmotor features of PD.

These studies clearly suggest a benefit of surgery over periods of approximately

one year. Additional studies are still needed to address longer-term effects of

surgery on HRQL and to determine if there are differences between HRQL out-

comes for patients that receive pallidal as compared to STN procedures.
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INTRODUCTION

The twenty-first century has ushered in a growing emphasis on the use of

evidence-based medicine (EBM) in health care. Sackett et al. (1) have defined

EBM as the “conscientious, explicit, and judicious use of current best evidence

in making decisions about the care of individual patients.” The recognition that

there is wide variation in medical practice and that clinical decisions regarding

treatment are often unsupported by research evidence has served as the basis

for promoting EBM. EBM provides clinicians with a systematic and efficient

way to assess the evidence to determine what is the best treatment for their

patients (2). Several individuals have proposed grading systems for weighing

the evidence based on study design, sample size, outcomes assessed, and

threats to the validity of the findings. Large randomized controlled trials are
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typically graded as level I evidence, whereas smaller randomized trials are con-

sidered level II, nonrandomized studies with concurrent control or comparison

groups are rated as level III, nonrandomized trials with historical controls are

categorized as level IV, and case series with no controls are considered level V

evidence (3). In many cases, there is no evidence and guideline recommendations

are then based on expert consensus. Although EBM is not and should not be

restricted to the results of large randomized trials, these trials provide information

about the effectiveness of an intervention that have a low risk of error in their

conclusions.

In the field of Parkinson’s disease (PD), there are many examples of large

clinical trials for pharmacological management of disease that would be considered

level I evidence for decision making (4,5). Yet, in the field of neurosurgery, the ran-

domized controlled clinical trial is a rare occurrence. In a recent meta-analysis of

published studies of deep brain stimulation (DBS) for PD (6), only one small ran-

domized clinical trial was reported. The other 44 studies were all designed as pretest,

post-test, quasi-experimental studies (most would be considered level IV studies).

There are many possible reasons for the lack of large clinical trials of

neurosurgical interventions in PD. These include cost of the intervention, cost

of conducting the trial, recruitment issues, and the difficulty of standardizing

the intervention. Further, the field of neurosurgery changes very rapidly with

new techniques and strategies presented in rapid succession. Whereas, pallidot-

omy was the accepted intervention in the mid to late 1990s, by 2000, most

centers had switched to nonablative DBS surgery (7). Furthermore, many, if

not most neurologists and surgeons have already decided that the best site of

surgery for DBS is the subthalamic nucleus (STN) (8). Again, this change has

been based primarily on anecdotal evidence, personal observations, and personal

opinions of surgeons and neurologists and on studies that would be considered

level III or lower as to strength of the evidence. However, a recent meta-analysis

of DBS by site of implantation, as well as recent publications of the long term

outcomes of DBS of the STN and globus pallium interna (GPi) suggest that

STN may not be superior to GPi when outcomes such as activities of daily

living (ADL) and adverse events such as depression, cognitive decline, and

disturbances of speech, gait, and balance are considered (6,9,10).

STATISTICAL ISSUES IN DESIGNING CONTROLLED
CLINICAL TRIALS

Randomization

In the controlled clinical trial, randomization refers to assigning subjects to the

experimental (intervention) group or to the control (placebo) group using a

chance mechanism in order to create comparable groups. If it is done properly,

randomization eliminates systematic bias in the allocation of subjects and pro-

duces comparable groups on the average in baseline characteristics of the subjects
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at the time of randomization. Comparability of the groups at the time of treatment

assignment is essential in making valid statements about the difference between

treatments for the study subjects (i.e., if difference exists, it is solely due to treat-

ment not selection bias).

There are different ways to randomize subjects into treatment groups. A

simple way of randomizing subjects would be flipping a coin, rolling a die, or

using a random number table. The process of randomization can inadvertently

produce extreme allocation schemes, such as getting 10 heads in a row and

produce baseline imbalances by chance. To reduce the likelihood of this occur-

ring, putting constraints on the randomization to achieve equal group sizes,

known as block randomization and/or assuring balance on important prognostic

factors by stratifying the randomization on these factors (e.g., age, sex, or severity

of disease) are common. In multicenter trials, it is common to stratify the ran-

domization by participating center. To assure the integrity of the randomization

process, the randomization codes should not be made available to the participat-

ing center until a patient has been determined to be eligible for the study.

Control Group

Parallel group controlled trials can be broadly classified as either placebo con-

trolled or active controlled trials. In a placebo controlled trial, the group that

does not receive the active treatment receives a placebo (e.g., a sugar pill), if it

is a study evaluating a medication, or a sham intervention if it is a study evaluat-

ing a device or procedure (e.g., electrodes are implanted but the stimulator is not

turned on). This class of studies also includes those in which the control group

receives no treatment. Active control trials compare two treatments. For

example, in studies of DBS, one might compare surgery to medical therapy, or

compare the site of surgery (e.g., STN vs. GPi). One must consider the ethical

issues involved in randomizing subjects to study arms. If a particular type of

intervention has been shown to be effective, in many situations randomizing sub-

jects to placebo would not be ethical. Factors such as the severity of the disease

being studied and the duration of treatment need to be considered. However, if the

purpose of the study is to determine effectiveness for an intervention in a disease

where no treatments have been proven to be effective, a comparison to a placebo

or sham situation would be appropriate.

Blinding

Blinding or masking in controlled trials means that all study participants (inves-

tigators, subjects, and sometimes those who collect and analyze the study data)

have no knowledge of group assignment of the study subjects. Blinding is one

of the most important design techniques in clinical trials for reducing bias that

arises if the knowledge of a subject’s group assignment may influence the assess-

ment of the outcome measures. Blinding is particularly important when some

subjectivity is involved in the assessment of outcome measures, such as assessing
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motor function score using the Unified Parkinson’s Disease Rating Scale

(UPDRS) (11) in PD trials. It is less important for objective criteria, such as

death from any cause, when there is little possibility for ascertainment bias.

Blinding is a standard procedure for most randomized clinical trials of medi-

cations. Trials of surgical interventions are often difficult to blind. In these

cases, a separate evaluator, blinded to the treatment assignment, or an indepen-

dent evaluator may be used to measure the patient’s responses.

A single-blinded trial occurs when the study subjects are unaware of group

assignment but investigators and data analysts (or a committee monitoring the

trial) are aware of which treatment the study subject has been assigned. A

double-blinded trial is designed so that both study subjects and investigators

are unaware of group assignment. A triple-blinded trial is when the study sub-

jects, investigators, and data analysts (or committee monitoring the trial) are

unaware of the identity of group assignment.

Difficulties can arise in achieving the double-blinded or triple-blinded

trials. Treatment may be of a completely different nature such as surgical

versus medical therapy; drugs may have different formulation (e.g., use of cap-

sules vs. tablets) and reformulation for comparability is either difficult or is not

allowed; or the frequency or pattern of drug administration of the treatments

may differ. Nevertheless, great efforts should be made to overcome these difficul-

ties to ensure blinding. For example, in the case of surgery for PD, covering the

head of the patient with a cap can hide whether a patient had surgery, and obser-

vers can be blinded to site of surgical target (e.g., GPi vs. STN). Unblinding of the

treatment assignment should be considered only when it is necessary for the care

of subjects. Any unblinding should be documented and included in a report of the

study results at the end of the trial.

Sample Size

Determining the number of subjects, sample size calculation, to be entered into

the study is an essential part of clinical trial planning. The number of subjects

in a trial should always be sufficient enough to provide a reliable answer to the

questions being addressed. The sample size is usually determined by the

primary objective of the trial and the type of primary outcome of interest deter-

mines the statistical method used for calculation (i.e., continuous data such as the

UPDRS motor score, proportional data such as mortality or infection rate, and

survival data such as survival or remission at five years).

Some of the items to be specified in determining the appropriate sample

size include: (i) the null hypothesis (e.g., there is no efficacy difference

between the two drugs on average) and alternative hypothesis (e.g., the two

drugs have different effects on average), (ii) the probability of rejecting the

null hypothesis when the null hypothesis is true (the Type I error or alpha

level), (iii) the probability of failing to reject when the null hypothesis is not

true (the Type II error or beta level), (iv) the magnitude of clinically important
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differences between the groups, and (v) the expected variability in responses

across patients. An alpha level of 0.05 or less is generally accepted for most

trials. The smaller the alpha level, the larger the sample size required. The

power of the study measures the ability of the test to reject the null hypothesis

when it is actually false. In other words, the power is defined as the probability of

not committing a Type II error [1 2 the probability of Type II error or 1 – beta

(b)]. Power ranges from minimum of zero to maximum of one. If the power of a

study is low and the study finds no difference between treatment groups, the study

results will be questionable (the study might have been too small to detect any

differences). By convention, a power of 80% or more is acceptable which

means that a study has an 80% chance of finding statistically significant differ-

ences between experimental and control groups when a true difference exists.

The higher the power level, the larger the sample size required.

Calculation of sample size requires some information on the mean and var-

iance for continuous data, response or incidence rates for dichotomous outcomes,

and event rates within a specified time for survival, or time to event, outcomes.

When estimating these values, a literature search or pilot study may be needed

to obtain initial estimates. Estimates of the dropout rate, that is, the percentage

of patients for whom outcome data is not expected to be available, should also

be considered in the final sample size calculation. The estimate of potential drop-

outs is typically used to inflate the sample size after the sample is determined

based on adequate power. The method used to calculate the sample size should

be included in the protocol with any estimates and assumptions used in the cal-

culations. Clinically meaningful differences to be detected also should be

included in the protocol. In addition, a sensitivity analysis should be provided

which shows the impact that alteration of assumptions to estimate the sample

size would have on the power of the study.

Meta-analysis is a statistical procedure for combining data from various

independent studies in order to come up with an overall conclusion in addressing

research questions. Often times, a meta-analysis approach is useful for initial esti-

mation of the primary outcome measures for the sample size calculation by

means of combining the summary statistics (mean, standard deviation, event

rates, etc.) from individual studies. To ensure comparability of the primary

outcome measure, a careful review of the definition of outcome measure and

the method of ascertainment is important.

DEFINING THE INTERVENTION AND THE STUDY POPULATION

Fundamental to any clinical trial is the need to identify a problem worthy of

study. The question to be addressed should be of sufficient importance in terms

of size of the population affected, cost of intervention to be studied, and/or the

impact of the problem on the medical community (including patients and their

families, physicians, payers, healthcare institutions, and facilities) or society.
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The magnitude of PD on all of these fronts, and the potential impact and cost of

DBS for PD, render DBS for PD worthy of study.

Inclusion and exclusion criteria should establish a well-defined study popu-

lation, minimizing uncertainty about patient selection and eligibility and promot-

ing appropriate uniformity of the study population. The study population should

reflect the larger population of patients who might be affected by the study inter-

vention or the results of the study. Selection of the study population should allow

for results of the study to be generalized across gender, age, and ethnic back-

grounds of people affected by the disorder. Proper inclusion and exclusion

criteria also promote the safety of study subjects by identifying medical

indications and contraindications for enrollment.

The intervention selected for study, as noted above, should be of sufficient

clinical import to warrant conduct of the trial. Caution should be used to select an

intervention that is expected to be durable such that it will not become obsolete

prior to or shortly after conclusion of the study. For example, in the early to mid-

1990s, a clinical study of pallidotomy for the treatment of PD might have been

justified. By the late 1990s, it was becoming apparent that DBS was likely to sup-

plant ablative surgical procedures as the surgical treatment of choice for PD, and

a study of pallidotomy at that time likely would have provided outcomes data that

were of relatively little clinical impact. Clinical trials can take a great deal of time

to plan, fund, and implement, and special attention must be directed toward

choosing a topic that will still be relevant at the conclusion of the study.

As an example, with these factors in mind, a randomized controlled trial

(VA CSP 468) sponsored by the Department of Veterans Affairs, the National

Institute of Neurological Disorders and Stroke, and Medtronic, Inc., was devel-

oped to address clinically important, timely, and relevant questions pertaining

to DBS for PD (7). To meet these goals, the trial includes a comparison of best

medical therapy to surgical intervention (a comparison that had not been per-

formed in any previous large scale randomized clinical study of surgery for PD

at the time of planning yet which is of fundamental importance in determining

the role of surgery in the management of PD) and addresses the surgically rel-

evant and clinically important question of whether DBS in one of two typical

DBS targets (STN or GPi) provides better clinical outcomes. Care was taken to

ensure, as best as possible, that the topic of the study would still be clinically rel-

evant at the conclusion of the study.

Inclusion and exclusion criteria for CSP 468 were selected to be clinically

relevant, reflecting “best clinical practice” at the time the protocol was devel-

oped, thereby facilitating the recruitment of subjects, and to provide a well

defined study population that could be generalized to the larger population of

potential candidates for DBS.

Inclusion criteria include:

(1) Idiopathic PD

(2) Hoehn and Yahr stage 2 or worse when off medications

304 Weaver et al.



DK7019-Baltuch-ch18_R2_180107

(3) L-dopa responsive with clearly defined “on” periods

(4) Persistent disabling symptoms (e.g., on troubling dyskinesias, or dis-

abling “off” periods at least three hours per day) despite medication

therapy. Patients will have been treated with variable doses of levo-

dopa and dopamine agonists (at a minimum) and will have had an

adequate trial of other adjunctive medications

(5) Stable on medical therapy for at least one month prior to study

enrollment

(6) Age . 21

(7) Available and willing to be followed-up according to study protocol

Exclusion criteria include:

(1) “Parkinson’s plus” syndromes, secondary, or atypical Parkinson’s

syndromes (e.g., progressive supranuclear palsy, striato-nigral

degeneration, multiple system atrophy, poststroke, post-traumatic,

or postencephalitic Parkinson’s)

(2) Previous PD surgery

(3) Medical contraindications to surgery or neurostimulation (e.g.,

uncontrolled hypertension, advanced coronary artery disease, other

implanted stimulation or electronically-controlled devices including

cardiac demand pacemaker, aneurysm clips, cochlear implants, or

spinal cord stimulator)

(4) Contraindication to magnetic resonance imaging (MRI) (e.g., indwel-

ling metal fragments or implants that might be affected by MRI)

(5) Active alcohol or drug abuse

(6) Score on Mini-Mental Status examination of 24 or lower, or other

neuropsychological dysfunction (e.g., dementia) that would contrain-

dicate surgery or active participation in the study

(7) Intracranial abnormalities that would contraindicate surgery (e.g.,

stroke, tumor, vascular abnormality affecting the target area)

(8) Pregnancy

(9) Concurrent participation in another research protocol

MEASURING OUTCOMES IN DEEP BRAIN STIMULATION
FOR PARKINSON’S DISEASE

The primary goals of surgical intervention in persons with PD are to improve

physical functioning and reduce PD symptoms following surgery. More recently,

studies have also included the goal of improving quality of life (7,12–14). In a

clinical trial, these outcomes are compared between the intervention and

control groups to determine whether the intervention (in this case, surgery)

was effective. Usually, the investigators will identify a primary outcome and

several secondary outcomes. A baseline assessment of these measures is obtained
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prior to the intervention and then again at one or more times following the

intervention (i.e., surgery). Appropriate duration of follow-up can be difficult

to establish in clinical trials. Short-term outcomes may differ from long-term out-

comes, and length of follow-up may have direct relevance to specific outcome

measures (e.g., cost effectiveness may require longer rather than shorter duration

of follow-up). Adequate duration of follow-up is particularly important in DBS

trials, since study participants are likely to keep their stimulators for the remain-

der of their lives. Most studies of DBS of the STN and GPi have limited their

follow-up to 6 to 12 months (6). More recently, a few studies have reported

longer-term follow-up for as much as five years (9,10,15).

The outcome that is most apparent or easiest to measure is not necessarily

the outcome of greatest importance to the study subjects. Ease and accuracy of

measurement is important, but the primary outcome should be clinically relevant

to the patient. For instance, in CSP 468 the primary outcome for the best medical

therapy versus DBS phase of the study is time spent in the “on” state without trou-

blesome dyskinesias. This outcome is measurable (using patient motor diaries)

and, importantly, is an outcome of major functional significance to the patients.

The primary outcome measure for the comparison of DBS targets is motor func-

tion (based on UPDRS motor subscale). The selection of this endpoint allows

easy comparison to other studies of DBS for PD, most of which have used

motor function as the primary outcome. Other outcomes often measured follow-

ing DBS include ADL, dyskinesias, quality of life, medications, time spent in

a good “on” state, cognitive status, neuropsychological functioning, adverse

events, health care use, and costs. ADL may be as if not more important for

persons with PD and should be included in an assessment of interventions.

Each of outcomes identified above is discussed subsequently in the context of

DBS in PD. In selecting a panel of outcomes measures, effort should be directed

toward minimizing undue burden on the study subjects, for example, prolonged

or uncomfortable testing.

Motor Function

The most common outcome that is reported in studies of DBS is patient motor

function. The vast majority of studies reporting on function use the motor sub-

scale of the UPDRS (11). The UPDRS is used widely in both clinical practice

to monitor disease progression and in research to assess the effects of various

medical and surgical interventions for PD. The UPDRS has four sections in

which a total of 42 disease characteristics are assessed. The first section on men-

tation, behavior, and mood has four items assessing intellectual impairment,

thought disorder, depression, and motivation (score may range from 0 to 16).

Part II focuses on ADL including walking, writing, dressing, and speech; there

are 13 items (score may range from 0 to 52). The third section assesses motor

skills including facial expression and speech, tremors, rigidity, posture, gait,

and bradykinesia. There are 14 items in the motor skills section (score may

306 Weaver et al.



DK7019-Baltuch-ch18_R2_180107

range from 0 to 104). The last section relates to complications of therapy and

includes four items related to dyskinesias, four for clinical fluctuations of symp-

toms, and three items for other complications (nausea/vomiting, sleep disturb-

ances, low blood pressure) (score may range from 0 to 23). A total of 195

points are possible, with 195 representing total (worst) disability and zero repre-

senting no disability. Assessment of the reliability and validity of the UPDRS

revealed that it is multidimensional, reliable, and valid (16).

Assessment of motor function using the UPDRS is typically done in two

states, an “off medication” state, and an “on medication” state. Most studies

have asked patients to stop taking all PD medications by midnight on the night

before the assessment is scheduled. This is defined as the “off” medication

state. However, the length of time required for thorough medication washout

may vary from individual to individual, and it is difficult to establish a single dur-

ation of time for which study subjects must refrain from medications in order to

reach the “off” state. This confounding factor has been addressed in the Core

Assessment Program for Intracerebral Transplantation (CAPIT) protocol (17),

which describes a “practically defined off state.” The practically defined off

state is achieved when a patient has been off medication for at least 12 hours,

and assessment is performed at least one hour after arising in the morning to elim-

inate a possible “sleep benefit.” Following the off assessment, patients are asked

to take their PD medications and undergo repeat assessment in approximately one

hour, at which time they are typically in the “on” medication state. However,

patients may require either additional time and/or additional medication before

they are in a fully functional “on” state. It is important to assess patients in their

full “on” state in order to determine highest functioning. In DBS trials, investi-

gators may also include an assessment of the patient with the pulse generator

or stimulator turned off, with and without medications. A typical sequence

might include assessment in the morning after medications were stopped the

night before, with the stimulator activated, then the stimulator is turned off and

patients reassessed off medications and off stimulation approximately one hour

later, and then a third assessment occurs an hour after patients take their medi-

cations and the stimulator is turned back on. As with variation in onset and

washout of medication effects, it is recognized that washout of DBS effects

following discontinuation of therapy or attainment of peak benefit following rein-

stitution of therapy may take longer in some individuals than others, and some

judgment is required on the part of the patient and the evaluator as to whether

the patient is in a full off or on state at the time of each assessment. Investigators

have varied the time between assessments, but patient burden and stress should

always be a consideration when multiple assessments are being conducted.

Other more general functional status assessments include the Hoehn and

Yahr Rating Scale, Schwab and England Rating Scale, and a timed “stand–

walk–sit” motor test. The Hoehn and Yahr Rating Scale (18) is a means of

staging the degree and severity of PD. There are five stages ranging from stage

1 (i.e., mild symptoms, signs and symptoms on one side only, symptoms
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inconvenient but not disabling, usually tremor in one limb only, friends have

noticed changes in posture, locomotion, and facial expression) to stage 5 (i.e.,

requires constant nursing care, cannot stand or walk, invalid, cachectic stage).

The Schwab and England Activities of Daily Living rating system can be

assigned by a rater or by the patient (19). The rating scale ranges from 100%

in which the PD individual is completely independent and able to do all chores

without slowness, difficulty, or impairment to 0% in which the PD individual

is bedridden and vegetative functions such as swallowing, bladder, and bowel

function are not working. The ratings are assigned in 10% increments. The

third test, the timed “stand–walk–sit” test is a component of the CAPIT (17).

It is used frequently for the assessment of patients with PD. It is considered a

measure of postural and gait control. In this test, the amount of time required

for the patient to arise from a chair (with seat 18 inches above floor), walk 23

feet, turn, walk back to the chair, and sit is measured in seconds.

Another way in which motor function has been assessed is through the

use of motor diaries. Clinicians and researchers often use patient self-report

diaries to assess patients’ experiences. In the PD field, diaries have been used

frequently to monitor fluctuations in motor functioning throughout the day.

Patients are asked to complete the diaries in real time to avoid recall bias.

To monitor motor functioning, patients are typically asked to complete motor

diaries for at least two consecutive days at a time. The PD motor diary

created by Hauser et al. (20) includes five categories: asleep, off, on without

dyskinesia, on with nontroublesome dyskinesia, and on with troublesome

dyskinesia. The patient (or caregiver) is asked to record in the diary every 30

minutes by marking which of the five categories best reflects the patient’s pre-

dominant functioning for the prior 30 minutes. Good time is defined as the sum

of 30-minute increments in which the patient was either on without dyskinesia

or on with nontroublesome dyskinesia; where as the bad time is the sum of the

off periods and on with troublesome dyskinesias periods. These numbers can be

converted to the percent of the waking day spent in good “on” time as “on”

time plus “on time with nontroublesome dyskinesias” divided by 24 hours

minus “asleep” time times 100% (20).

Hours of

on time
þ

Hours of on time with

nontroublesome dyskinesias

24 Hours � Hours asleep
� 100%

The majority of patients can complete these diaries without missing or duplicat-

ive information, particularly if the number of days they are asked to report their

motor functioning is limited. The most recent trend in patient diaries is the use

of electronic diaries (21). Patients report their functioning using a personal

digital assistant (PDA) type device. This information can then be downloaded

into a computer program that will automatically calculate on and off times.
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Activities of Daily Living

ADL may be as important, if not more so, to assess in studies of surgery for PD as

motor function (6,22). ADL include basic activities of life such as walking, dressing,

eating, bathing, control of bodily functions, and ability to use the bathroom. Other

activities, defined as independent activities of living include such things as being

able to use the telephone, to pay bills, to do work around the house, and so on.

ADLs are typically assessed using Part II of the UPDRS, but there are several

other scales available. However, for comparison purposes, most PD researchers

have relied on the UPDRS Part II. In addition to mobility issues, persons with

PD are concerned about issues related to swallowing, handwriting, speech, and

decision making. In fact, patients who undergo DBS may give greater weight

to improvement in ADLs than to mobility (23).

Quality of Life

There have been several instruments developed to assess disease-specific quality

of life for persons with PD. These include: the PD quality of life (PDQL) scale

(24), the “Fragebogen Parkinson Lebens Qualität” (Parkinson Quality of Life

scale, PLQ) (25), the Parkinson’s Impact Scale (PIMS) (26), and the PD question-

naire-39 item version (PDQ-39) (27). Marinus et al. (28) reviewed the psycho-

metric properties of each of these scales and recommended the PDQ-39 for

most situations; it is the scale used most frequently in surgical trials of DBS.

Eight dimensions are assessed in the PDQ-39 including mobility, activities of

daily living, emotional well-being, stigma, social support, cognition, communi-

cation, and bodily discomfort. Each dimension is transformed to a scale that

has a range from zero (best score; no problems) to 100 (worst possible score).

Internal consistency of the eight dimensions is acceptable for all scales

(Cronbach’s alpha ranged from 0.94 for mobility to 0.69 for social support).

Test–retest reliability was high for all scales (range r ¼ 0.80 to r ¼ 0.94).

A baseline assessment of general health-related quality of life, using an

instrument such as the Medical Outcomes Study Short Form 36 (SF-36) (29)

can provide additional useful information. Although such instruments are gener-

ally insensitive to measure subtle treatment-related changes in a disease or symp-

toms, the baseline measurement can be used to describe the study population.

This is useful in describing the general burden of the disease on the study

population in relation to other populations and to assess the generalizability of

the study.

Medication Use

Pharmacologic therapy is the mainstay of treatment in individuals whose PD

symptoms require treatment. The effect of surgical interventions on medication

therapy is an important outcome of trials of surgery for PD. Many studies have

reported that medication adjustments occur following DBS. In particular, most
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studies of STN DBS report the ability to reduce the dose or even stop use of some

PD medications, where as studies of GPi DBS typically do not report reductions

in medication (6). To facilitate comparison of pre- and postintervention medication

use across subjects and across studies, some investigators have devised strategies

for converting a large variety of PD medications to “levodopa-equivalents”

(30). These conversion formulas were updated recently to take into account

the newer PD medications available (7). Table 1 provides the recommended

conversions for determining levodopa equivalents.

Cognitive/Neuropsychological Functioning

Of significant importance to any study of surgery in PD is the effect of surgery on

cognitive and psychological functioning. Dementia and cognitive impairment are

common in PD, with cognitive impairment demonstrated even in the first year or

two after PD onset (31). Executive and attentional impairment is typical, but

learning deficits can also occur early. The relative risk of developing dementia

in PD is five times higher than in the general population (32) and may occur in

30% of persons with PD (33). Studies of the impact of DBS on PD have reported

both improvement and permanent and significant worsening of cognitive function

(15,34,35) but due to the limited quality of the existing research, the true impact

of DBS on mood and cognitive changes is not known (36).

Studies of DBS often include a battery of neuropsychological tests that are

given at baseline prior to surgery and then repeated after DBS. These assessments

typically include an evaluation of dementia and cognitive function, as well as

frontal-executive and complex attention functions, visuoperceptual functions,

verbal fluency, working memory, and recall (34,37). Many studies have used

both the Mattis Dementia Rating Scale (DRS) (38) and the mini-mental status

exam (MMSE) (39). Individuals scoring 24 or lower on the MMSE are con-

sidered cognitively impaired and have been excluded from participation in

most studies of DBS. The DRS has been shown to be sensitive to cognitive def-

icits in PD (40).

Table 1 Equivalents for 100 mg of Standard Levodopa

Brand name Generic Equivalents

Sinemet CRw CR levodopa 125 mg

Parlodelw Bromocriptine 10 mg

Permaxw Pergolide 1 mg

Mirapexw Pramipexole 1 mg

Requipw Ropinirole 4 mga

aPawha (2003) used 3 mg.

Note: Investigators should not include carbidopa, tolcapone, or entacapone

in estimates of levodopa equivalents since these work in conjunction with

levodopa and not alone.
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The battery of neuropsychological tests that have been used in studies of

PD and surgery can require two hours or more to complete (7). Therefore, it is

important to be sensitive to study participant burden. The neuropsychological

testing should be scheduled on a different day from the other assessments if poss-

ible to limit burden and fatigue. Researchers need to be aware that “learning” and

“practice” effects may occur with repeated administration of a given test, and this

may skew outcomes data. When possible, tests should be selected to minimize

this effect. For example, the Hopkins Verbal Learning Test offers the availability

of six equivalent lists of alternative items that can be used for repeat assessments,

minimizing practice effects (41). There is not sufficient room here to review the

battery of tests that can be used in assessments of PD subjects, and the

reader should refer to published articles of neuropsychological assessments in

PD and consult with knowledgeable neuropsychologists as to what tests would

be appropriate.

Adverse Events

Hariz (42) has identified three categories of adverse events in DBS. These events

are related to the surgical procedure, the hardware, and the effects of stimulation.

Complications of surgery are direct medical/surgical complications such as

seizure, hemorrhage, infection, and pulmonary embolism. Complications

related to the equipment or hardware include skin erosion, electrode migration,

fracture of the leads, and generator failure. These complications often require

additional surgery to remove, revise, repair, or replace some or all of the equip-

ment. Complications may occur due to stimulation. Adverse motor and sensory

effects, confusion, depression, gait and speech disturbances, personality, mood

and cognitive changes, and weight gain are some of the adverse events that

have resulted from DBS. These complications can often be mitigated or elimi-

nated if the target of stimulation or the stimulation parameters are adjusted.

It is important to track the occurrence of adverse events in studies of DBS,

because the beneficial outcomes of an intervention may be more than offset by

adverse outcomes. Although many of the existing studies of DBS in PD report

adverse events, investigators often use different terminology for the same

event, use different definitions for events, and fail to report time to event (e.g.,

shortly after surgery or many months later) which makes comparisons across

studies extremely difficult. In clinical trials, definitions of adverse events and

key temporal relationships to the intervention should be established at the

outset of the study (e.g., surgical mortality might be defined as any study

subject death occurring within 30 days of surgery, whereas death occurring at

a later time point might not be related categorically to the surgical intervention).

The Food and Drug Administration (FDA) makes a distinction between

adverse events and serious adverse events. An adverse event is an untoward

sign or symptom that occurs during the course of participation in the study.

Adverse events are typically rated on severity, frequency, and relatedness to

314 Weaver et al.



DK7019-Baltuch-ch18_R2_180107

the study intervention. In studies of DBS, relatedness classifications are further

ascribed to the disease, surgery, or device. In rigorous clinical trials, all

adverse changes in study subjects’ conditions may be recorded regardless

whether the adverse event is related to the intervention or to the study.

Serious adverse events are a subset of adverse events that include death,

life-threatening events, new or prolonged hospitalization, or institutionalization.

Serious adverse events require expedited reporting and review procedures by the

study site’s institutional review board and the study sponsor. Serious adverse

events that are severe and unexpected, that is, not previously reported, generally

require a safety report be filed with the FDA.

Health Care Use and Costs

Costs are based on the resources required to provide the intervention and follow-

up. These resources include the cost of the DBS equipment, the cost of the hos-

pitalization, operating room, surgical team, DBS programming time, any adverse

events requiring intervention, medications, follow-up visits, and ongoing health

care needs (e.g., emergency room, nursing home care). The estimated health

care costs of a PD patient are over US $6000 annually, with medications alone

costing as much as US $4500 annually (43,44). Moreover, total costs of treating

PD in the United States have been estimated at US $24 billion annually (43,45). A

few studies have tried to estimate the costs of DBS surgery in PD. McIntosh et al.

(46) estimated the costs of bilateral STN DBS over a five-year period. They esti-

mated costs of preoperative assessment, surgery, and postoperative management

to be approximately £32,526 or US $52,220 in 2002 prices; and found that almost

70% of costs were attributable to initial costs of equipment; of which approxi-

mately half of these costs were for initial surgery and the other half were for

follow-up management, replacement and complications. This did not include

any direct costs incurred by patients, informal care or productivity costs, or

patient assessment of effectiveness.

DBS is a costly intervention. The cost of the devices (electrodes, extension

wires, pulse generator) alone for bilateral intervention is approximately US

$20,000 (2003, dollars) (7). The charge to the patient or insurance carrier may

be much greater. The procedure to implant the electrodes requires radiographic

imaging and six to eight hours of operating room time with a neurosurgical

team may be required for bilateral electrode implantation. The placement of

the battery pack(s) requires additional operating room time, whether done at

the same time as lead implant or at a later date. Recurring costs include the

visits needed to program and modify the stimulation parameters and adjust medi-

cations to maximize motor function while minimizing side effects of therapy.

There may be additional costs associated with postoperative recuperation

following DBS surgery, such as need for skilled nursing or rehabilitation

therapy following surgery. Other costs relate to ongoing needs of PD manage-

ment, including physician visits, medications (which may be decreased,
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increased, or remain unchanged depending on response to DBS), and ancillary

healthcare services.

Particularly in trials that involve costly interventions, it is important to

obtain information not only about the effectiveness of each treatment, but also

the costs of providing each intervention. If one treatment is determined to be

both more effective and less costly, then that treatment is said to be the “domi-

nant” (i.e., the preferred) treatment. If two treatments are equally effective, the

cost-effectiveness analysis essentially becomes a cost-minimization analysis

that reveals which treatment strategy provides the same effectiveness at a

lower cost. However, if one treatment is both more effective and more costly,

then the trade-off between costs and effectiveness should be examined.

A cost-effectiveness analysis is a method for assessing the relative impacts of

expenditures on different health care treatments. A Panel on Cost-Effectiveness in

Health and Medicine, convened by the US Public Health Service, has published

detailed guidelines for the conduct and presentation of such studies (47). The

costs included in the analysis will depend on the perspective of the analysis.

When thinking about the costs of treatments for PD, we could consider the costs

from the perspective of health care provider (costs for physicians, medical facilities,

and pharmaceuticals), the patient (lost work time and cost of travel to get to

the physician’s office or hospital), or the costs to society (costs to patients, phys-

icians, and anyone else in society). The Panel on Cost-Effectiveness advocates

that costs be estimated from the societal perspective. The advantage of conducting

the cost analysis from this perspective is that it takes into account all the costs stem-

ming from the treatment choice. Quality-adjusted life year (QALY) is the rec-

ommended measure of effectiveness (47). QALYs capture both changes in quality

of life and mortality that may result from one treatment relative to another.

QALYs provide a broad measure of effectiveness that will allow the cost-effective-

ness of a treatment to be compared with the cost-effectiveness of a variety of other

treatments and health care interventions. It is important to note that there need not be

differences in mortality for QALYs to differ between the two treatment groups.

Other Outcomes

There are many other aspects of the life of a person with PD that can be affected

either positively or adversely as a result of DBS and these may also be assessed.

They include sleep quality, pain, satisfaction with care, gait and balance, speech,

swallowing, and sexual functioning. Due to space constraints and the fact that

these outcomes are not regularly reported in published DBS studies, these

outcomes will not be discussed in this chapter.

Measurement Issues

The frequency and extent of measurements and assessments obtained from

patients with PD need to be carefully considered. If a patient perceives the assess-

ment to be burdensome, then the quality of the measurements will be diminished
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and can become unreliable. In addition, the likelihood of a patient becoming non-

compliant with follow-up or withdrawing consent from participation is increased.

Since most analysis of treatment responses will compare the patient’s

measurements at baseline to those at a later point in time after treatment has

begun, standardization of factors that may influence the patient’s response,

such as time of day, amount, and timing of medication, is important. It is essential

to have the same person performing the assessment at each study visit to elimin-

ate imprecision due to differences between raters. Evaluators should also be

retrained periodically to minimize shifts in ratings over time.

Certain assessments may be subject to practice effects if given repeatedly.

As noted earlier, when possible, different versions of the instrument should be

administered over time. To avoid systematic biases in the sequence of adminis-

tering the different versions, a randomized sequence of test versions should be

determined at the first evaluation.

Intention to Treat

It is also important to maintain the integrity of the randomized groups throughout

the study. Thus, study designs should consider the potential impact on the patient’s

willingness to remain in the study for the planned duration. Studies with substan-

tial drop-out rates cannot rely on the benefits of randomization to certify the val-

idity of the treatment comparisons. Many studies have established that patients

withdrawn early from the trial differ from those who remain in the study. Thus,

study design strategies that intentionally drop poorly responding patients or

increase the likelihood of certain types of patients withdrawing early introduce

bias and diminish the randomized nature of the treatment groups. Because of

this, an analysis of results based on the comparison of treatment strategies, that

is, intention to treat, rather than actual treatment received, has highest validity.

RECENT/ONGOING TRIALS OF DEEP BRAIN STIMULATION
IN PARKINSON’S DISEASE

In this last section, we provide examples of recently completed and ongoing ran-

domized clinical trials of DBS in PD (see Table 2). The first randomized trial of

STN versus GPi stimulation (48) was published in 1999 and included 10 patients

who completed 12 months of follow-up (six STN and four GPi). Enrollment cri-

teria included: idiopathic diagnosis of PD, Hoehn and Yahr score greater than or

equal to 3 off medications, disabling motor symptoms, unsatisfactory response to

medications, on a stable dose of PD medications for at least one month, cogni-

tively intact with no medical or psychiatric comorbidities. Patients and evaluating

clinicians were blinded to the site of stimulation. The primary outcome was

UPDRS motor score off medications. The outcomes examined included levodopa

dose, motor symptoms, ADL, and complications. Motor function improved in

both groups; 39% for GPi and 44% for STN (p ¼ 0.71). Although it is the first
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published randomized trial of site of DBS stimulation, it is limited by the small

sample size and that it was conducted at a single site. This group recently pub-

lished a follow-up to this study in which their sample size was increased to 20

subjects (49). Their findings were similar to their earlier finding. There are

several studies currently ongoing that also address these issues.

A multi-site study recently completed in Germany included 154

patients with PD randomized to either STN DBS or best medical therapy (14).

Follow-up was for six months with primary outcomes including quality of

life and motor function (PDQ-39 and UPDRS-motor). Pairwise comparisons

found significantly greater improvements from baseline to six months for

quality of life and motor function in those patients who underwent bilateral

STN DBS than those who were treated with medication. In fact, there was

little change from baseline in the medication group at six months. Serious

adverse events were higher in the DBS group than the medication group (13%

v. 4%; p , 0.04).

The PD SURG trial is a multi-center study being conducted in the United

Kingdom (50). It involves the randomization of subjects with PD that is not con-

trolled by current medical therapy to either surgery or medical therapy. Within

the surgical arm, patients may undergo bilateral STN surgery or unilateral or bilat-

eral pallidal surgery by either stimulation or lesioning. The choice of surgical site

and type will be determined at the site dependent on equipment, expertise, and clini-

cal judgment. Patients in the best medical therapy arm will have a delay of surgery

for PD for at least one year. The goal of this study is to conduct a large simple ran-

domized trial that is indicative of real life experiences. Investigators hope to enroll

between 400 and 600 patients, with the primary outcome being quality of life (PDQ-

39). Follow-up will continue for nine years. Although this study will provide valu-

able information about medical therapy versus surgery, since the surgical arm

includes a number of different procedures that are not randomized or controlled,

it will not be possible to conduct a direct comparison of lesioning versus stimulation,

nor of site of surgical intervention. The results of the study will be limited primarily

to a comparison of best medical therapy to some type of surgical intervention

without specifying the surgical intervention. However, the delay to surgery for

the medical therapy arm might provide information regarding a possible neuropro-

tective effect of surgical intervention by demonstrating change in the rate of

progression of PD in the early surgery versus delayed surgery group.

A study funded by National Institute of Neurological Disorders and Stroke

(NINDS) compares unilateral DBS of the STN and the GPi in a randomized trial

(51). The study will evaluate the effect of DBS in the GPi and STN on motor,

neuropsychological and psychiatric function, and quality of life in patients

with PD in 132 subjects. Two other key issues will be addressed: whether

there are differences between unilateral GPi-DBS and STN-DBS and which

patients are the best candidates for bilateral DBS.

Another study supported by NINDS, the COMPARe study, is a randomized

trial of 52 patients with PD (13). The primary outcome, change in mood status,

will be compared between STN and GPi DBS patients. A parallel group of 10
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PD patients will serve as a no surgery control group. These same investigators are

also conducting a study of mood and STN DBS, where outcomes are being com-

pared between unilateral and bilateral STN DBS patients with PD refractory to

medication (52).

Two clinical trials have been recently funded through Vanderbilt University.

One is a study of DBS in early stage PD (53). This study will recruit subjects are at

stage II Hoehn and Yahr off medications. This stage I trial will enroll 30 patients,

half of whom will undergo bilateral STN DBS and the other half will continue with

medical therapy. The primary goal is to address safety, tolerability, and time to

‘off’ state at 6, 12, 18, and 24 months. A second study will assess depression

and quality of life in persons with PD who undergo DBS (54). They will be

compared to a group of individuals with PD who were approved for DBS but

did not undergo surgery. The enrollment target is 42 subjects. Unlike the other

studies reviewed in this section, this study is not a randomized controlled trial.

However, the primary outcome, depression, has not been a primary outcome for

other trials.

The largest randomized clinical trial of DBS for PD ever mounted is cur-

rently ongoing with the goal of enrolling 316 patients with PD (7). This study

(VA CSP 468) is funded by the Department of Veterans Affairs Cooperative

Studies Program, the NINDS, and Medtronic, Inc. Patients with PD are first ran-

domized to either immediate surgery or to six months of best medical therapy.

Those randomized to surgery are then randomized to site of stimulation: STN

or GPi. Patients in the medical therapy arm undergo randomization to site of

surgery at six months. The primary outcome for the comparison of medical

therapy to DBS is time in the “on state without troublesome dyskinesias” based

on patient motor diaries. The primary outcome for the STN/GPi comparison is

UPDRS motor function, on stimulation/off medication at two years. Other outcomes

include quality of life, activities of daily living, medication usage,

neuropsychological functioning, and adverse events. This study will address many

of the questions regarding the outcomes of DBS by site, as well as provide infor-

mation about what patients may do better with DBS at one site versus the other.

In total, these ongoing randomized trials will provide strong evidence as to

how DBS for PD should proceed in the future.
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INTRODUCTION

Deep brain stimulation (DBS) is a fairly recent surgical therapy for the treatment

of Parkinson’s disease (PD), having first won Food and Drug Administration

(FDA) approval in 1997 [for use in the thalamus; approval for use in the subthala-

mic nucleus (STN) came in 2001]. As a surgical procedure involving the brain,

DBS requires the ethical oversight that is applied to any surgery and the

additional scrutiny due to a novel procedure that affects brain function.

In addition, DBS is used most often on patients who are elderly, in whom

other treatments have failed or ceased to be effective, who may be cognitively

or affectively impaired, and who may have comorbidities.

Though specific numbers are elusive, DBS is clearly growing both in terms

of its increasing use for movement disorders and the recent expansion of DBS to

psychiatric disorders (1). Despite its growing popularity, placebo controlled or

comparative studies on the effectiveness and safety of DBS are lacking.
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Complicating the spread of DBS is that the procedure, like many invasive

neurotechnologies, has an image problem among the public (2). The public is

wary of novel devices that involve altering brain processes, and they have

some historical justification for their caution (see next section). The resistance

of some lay psychiatric groups to the use of DBS for depression and other psy-

chiatric syndromes has complicated the public reception of DBS. The role of

industry in pushing the technology has also come under scrutiny. The neural

stimulation market, which exceeds half a billion dollars and is growing 20% a

year, has begun to publicly speculate on the use of neural stimulation for

everything from eating disorders to addiction (3). Concerns have been raised

that the industry will rush products to market and push them with heavy sales

forces, mimicking some of the worst practices of the pharmaceutical industry.

The worries seemed compounded when Daniel Schultz, Director of the Center

for Devices and Radiological Health at the FDA, overruled a review committee

and approved the vagus nerve stimulator for depression, despite equivocal data

of its effectiveness and the unanimous opinion of his scientific staff not to

grant approval (4). Concern about the FDA’s oversight of implants and

other medical devices has led Senator Charles Grassley of Iowa to begin a

review of FDA practices.

Currently, there is no consensus regarding the appropriate screening pro-

cedures for patients being considered for DBS, the proper makeup or training

of the medical team, the need for establishing multidisciplinary functional neuro-

surgery committees, or guidelines for much of the medical management (5). For

these reasons, it is important in this early phase of the use of the technology to

assure that DBS is performed with proper ethical and regulatory oversight. In

this chapter, we will review some of the most challenging aspects of DBS.

After a short historical perspective, we will examine both clinical and research

ethics issues in the use and spread of the procedure.

HISTORICAL PERSPECTIVES

New medical technologies do not exist in a vacuum, but are instead the latest

products of traditions going back thousands of years. To understand some of

the concerns expressed about DBS, it is important to have some perspective on

the history of neurosurgery for behavioral and psychiatric disorders. The excesses

and enthusiasms that led to preventable suffering and death at the hands of neuro-

surgeons, even within the last century, lead some to pause when they see a new

procedure that generates the excitement of DBS, particularly when it so quickly is

advocated for psychiatric as well as neuromotor disorders (6).

Surgery on the head and brain may well be among the most ancient prac-

ticed medical arts in general. Trephaning traces back to late Neolithic times, over

12,000 years ago, and given the healing of bone discovered in these cases, the

success rate was surprisingly high. Surgeries on the head continued virtually

uninterrupted from ancient times to the present in a variety of societies, even
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absent the modern techniques of sterilization. Despite the long history of such

surgeries, they were primarily epidural, and it was not until the late 19th

century that advances in antisepsis, anesthesia, and an understanding of brain

function and cerebral localization allowed for the first modern neurosurgeries

to be performed (7).

While the purpose for much of prehistorical cranial surgery is unknown, in

modern times neurosurgery was developed to a large degree to treat psychiatric

disorders. The first modern psychosurgery was performed by Gottlieb Burckhardt

(8), who between 1888 and the spring of 1890 performed the first cited cortical

excisions on six of his chronic schizophrenic patients. Burkhardt’s innovation

was not well received in his native Switzerland, and he eventually abandoned

it. Psychosurgery was performed irregularly thereafter until the 1930s when

the famous Portuguese neurologist Egas Moniz suggested that ablation of the

frontal cortex in humans might mitigate psychiatric disease (9). Moniz and his

associate Almeida Lima at the University of Lisbon went on to perform a sys-

tematic series of prefrontal leucotomies. Moniz’s technique was transformed

into the transorbital frontal lobotomy and popularized by Walter Freeman and

James Watts, whose overexuberance led, by the 1960s, to a legacy of coerced

psychosurgery, ice pick lobotomies, Freeman’s “lobotomobile,” and ultimately

to over 40,000 psychosurgical procedures performed without oversight or

proper scientific assessment (10).

If the activities of Freeman led to a general wariness of psychosurgery, the

neurophysiological and behavioral experiments of the American (and Soviet)

Cold War governments using drugs and other mind control techniques fueled

additional fears of interventions in the brain. The famous experiment of Jose

Delgado, whose neural implant arrested a charging bull, added brain stimulation

to the public consciousness of emerging understandings of the brain. Delgado’s

prediction of a society controlled by neurotechnology lead to experimental pro-

grams such as the one at Tulane (11), a controversial program that came under

intense scrutiny after media reports of experiments such as the 1972 attempt to

alter the sexual orientation of a male homosexual via neural stimulation while

he had intercourse with a female prostitute (12). Popular media portrayals,

such as Jack Nicholson’s in One Flew Over the Cuckoo’s Nest, further under-

mined public confidence in the neuropsychiatric system in the United States.

As Joseph Fins writes, “Those eras of psychosurgery ended with widespread con-

demnation, congressional calls for a ban, and a vow that history should never

repeat itself.” (6. p.303)

Modern neurosurgery bears little resemblance to those (hopefully) bygone

eras. In place is much more stringent oversight, Institutional Review Board (IRB)

review, and perhaps most importantly, the troubling memory of previous

excesses to keep neurological care vigilant. DBS itself is not a form of psycho-

surgery but rather a form of neuromodulation (though so was the work of

Delgado), and the scientific underpinnings of the procedure are far more sophis-

ticated than those that drove lobotomies, for example. Although surgical
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treatment for PD began by lesioning different functional targets within the basal

ganglia (13), DBS, which is the functional equivalent to lesioning, is controllable

and reversible, and allows for scientific studies in a way that ablation could not

(9). Still, the public remains wary of all neurosurgical interventions to modify

human behavior. The turn to use of DBS for psychiatric disorders (1) particularly

has raised concerns that are clearly influenced by the history of psychosurgery (a

term that has been abandoned due to its associations). As the neurologist and ethi-

cist Joseph Fins writes about ethical questions surrounding the increasing use of

DBS: “Can today’s investigators avoid the moral blindness of their predecessors?

Will society tolerate this new foray into somatic therapy and seek to regulate it as

legitimate science, or will a lingering memory of psychosurgery be so

overwhelming as to make this impossible?” (6. p.303).

Historical precedents must be considered, but they need not determine the

course of a seemingly valuable procedure like DBS. Still, therapies exist in a

social context; novel techniques such as DBS must struggle for public acceptance

with the troubling legacy of psychosurgery in the United States.

DEEP BRAIN STIMULATION AND CLINICAL CARE

Concern about the ethics of the clinician–patient relationship in the Western

world traces back to the ancient world. Almost all medical ethics since that

time has been based on the recognition of the power imbalance of the doctor

and patient. Patients come to physicians suffering and vulnerable, and with

a knowledge deficit about the procedures and treatments to be considered.

Physicians not only have superior knowledge, they also often have incentives,

financial, and otherwise (e.g., filling hospital beds, gaining experience, or increas-

ing prestige), that can have subtle but pernicious influences on their recommen-

dations. In the case of a novel procedure for a debilitating illness, all those

elements come into play, along with the interests of the biomedical industry

seeking to increase the use of its products. For these reasons, the ethical course

is to err always on the side of patient protection.

Side Effects and Risks

Ethical assessment of a therapy involves an examination of its risks and benefits,

and a review of the degree to which that ratio is considered in treatment

recommendations and communicated adequately to patients. In treatments of

debilitating conditions such as PD, risk may increase because the potential for

benefit is so great. However, the risk/benefit assessment must not be taken for

granted, but kept under continuous review. Monitoring outcomes and side

effects as the therapy diffuses geographically and medically, is an important

part of diligent review. In the case of DBS, that oversight could be improved.

The literature on the surgical and postoperative effects of DBS is in need of
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greater synthesis, and a national or international registry would facilitate better

assessment of the therapy’s progress.

In general, the efficacy of DBS for PD is adequate to justify its use, and in

many cases improvement is dramatic (14–17). A growing body of research

suggests that DBS for PD is generally safe and that the benefits of motor improve-

ments come at the relatively low cost of minimal cognitive morbidity.

Improvements from DBS have consistently been observed in the cardinal PD

symptoms and dyskinesia and in activities of daily living, as well as improvement

from baseline across the Unified Parkinson’s Disease Rating Scale (UPDRS-III).

DBS has also facilitated lowering daily dosages of levodopa. Improvement is

generally shown in the patient’s baseline rigidity, hypertonous, bradykinesia,

tremor, and axial symptoms, including speech, gait, posture, and postural

stability (18).

DBS also can lead to a number of complications and side effects. Homody-

namic complications include arterial hypertension, bradycardia, arterial hypo-

tension, and tachycardia, while more serious complications reported include

pneumocephalus, hematoma, air embolism, epileptic seizure, anisocoria, and

dyspnea and/or airway obstruction (19,20). Adverse events included cognitive

decline, speech difficulty, decline in verbal fluency, balance instability, gait dis-

orders, and depression. Localized hemorrhaging, infection, and seizure (21–23)

have also been reported. Hemorrhage from incursion of blood vessels during the pro-

cedure remains a concern.

Problems have also been reported with device function, often due to poor

medical management. Patients report failure of the device to function as indicated

and poor outcome. Hardware dysfunction includes breakage of the electrode lead

in vivo, systemic or localized infection, battery or connector problems, battery

failure, electrode breakages and erosions, short or open circuits, foreign body

reactions, and lead migrations to name a few (24–28). Many failures require

additional surgeries.

Okun et al. (5) reviewed 41 cases of DBS failure during a two-year period.

Reasons identified for failure include problems in patient selection, lead place-

ment, and programming. Many problems stemmed from initial misdiagnosis

and mismanagement. Forty-six percent of the subjects in the study had misplaced

leads, 37% had been inadequately programmed, and 17% had no or poor access to

follow-up care. Over a quarter had not seen a movement disorder specialist before

surgery.

Neuropsychological disturbances are mild and usually transient and include

bouts of mania, visual hallucinations (29), and cognitive impairment. Permanent

cognitive complications appear to be rare (30,31). A recent literature review of

1398 patients who underwent bilateral STN DBS found cognitive problems in

41%, depression in 8%, and (hypo)mania in 4% of the subjects. Anxiety disorders

were observed in less than 2%, and personality changes, hypersexuality, apathy,

anxiety, and aggressiveness were observed in less than 0.5% of the group studied.

About half of the patients did not experience behavioral changes (32). One study
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found that, despite clinical motor benefits at three to six months postoperative,

significant declines were noted in working memory, speed of mental processing,

bimanual motor speed and coordination, set switching, phonemic fluency,

long-term consolidation of verbal material, and the encoding of visuospatial

material, especially in older patients (33). Patients also report weight gain and

excessive eating (34), increased bladder activity (35), and restless legs syndrome

(36). Other reports raise some concerns, such as reports of impairments in

accuracy in decoding facial expression, STN function, and processing olfactory

information in PD patients (37,38). The settings of amplitude and frequency

have a major influence on the intelligibility of speech (39). Similarly, modifying

individual stimulation parameter, while still maintaining motor symptom

efficacy, may mitigate adverse cognitive/behavioral responses (40) and

affective responses (41). Mood changes may be greater in STN DBS than in

globus pallidus internus (GPi) (42).

One report of concern is the possibility of an increased risk of suicide in

after use of DBS for movement disorders. A study by Burkhard et al. (43)

found a suicide rate of 4.3% (6 of 140 patients) in patients receiving DBS.

Suicide was not correlated with successful motor outcome postsurgery, but was

instead correlated with a previous history of severe depression and multiple

DBS surgeries. The authors conclude that patients with a pre-existing high

suicide risk be excluded from surgery. Certainly, in any case, the increased

risk, especially if confirmed in other studies, should be communicated to patients

in the informed consent process.

Many of the complications of DBS can be lessened or eliminated through

proper diagnosis and assessment, careful placement and programming of devices,

and adequate follow-up visits and monitoring. While exact figures are not

available, the literature suggests significant numbers of patients are not receiving

the standard of care in DBS surgery and medical management. The optimal man-

agement approach for surgically related neuropsychiatric problems is unknown

at present (44). All patients receiving DBS should have a multidisciplinary

treatment team, both pre- and postoperatively. It is also important that further

neurobehavioral research be pursued to address things, such as the long-term

effects of DBS, risk factors for cognitive and affective dysfunctions, and com-

parison of DBS with ablation as well as other desirable variables (45). Careful

records should be kept to facilitate multicenter and international data gathering.

The establishment of a national or international registry is highly desirable.

Patient Selection

The selection of patients for DBS surgery presents a number of ethical and

clinical challenges (46). While there has been a tendency in some quarters to

assume that, with full informed consent, patients have great latitude to decide

whether they want the surgery, taking that standard to its extreme places on non-

expert patients certain types of decisions that are more appropriately made by the
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surgeon. Informed consent becomes pertinent only after the patient has been

deemed a suitable candidate for the procedure.

Determination of proper inclusion and exclusion criteria for the surgery

depends on a number of factors, such as the certainty of diagnosis, the status

of the patient, and the role of comorbidities. For instance, mood disorders and

cognitive deficits are among comorbidities that many medical teams put forth

as contraindications for DBS candidacy for PD patients. For mood disorders, a

common programmatic description of a contraindication would be “severe

depression and remarkable anxiety present (47).” A similar sentiment is often

expressed regarding dementia and changes in executive function as contraindica-

tions. There is no good data that demonstrate poor motor outcomes for patients

with these comorbidities or data demonstrating an exacerbation of patient

problems in these realms. The absence of data does not support the exclusion

or inclusion of patient’s with these conditions. Rather, the ethical challenge

lies in setting appropriate exclusion criteria through balancing known, or reason-

ably expected, harms against potential motor benefits. This includes recognizing

the role the behaviors such as past suicidal ideations might play in future patient

behavior. These considerations should be raised in selecting a patient so that the

limits of professional obligations to “do no harm” can be explicitly discussed by

the medical care team. If surgery is deemed to be within professional boundaries,

the patient needs to be made aware of the lack of data and the potential for a

diminished quality of life even if motor function improves.

Uncertainty in the primary diagnosis presents even trickier ethical

problems. The diagnosis of idiopathic PD is arrived at clinically, since an

objective diagnosis can only be made at autopsy. Although there are spectrums

of diseases that share similar symptomatology with idiopathic Parkinson’s

disease, they do not uniformly respond to DBS therapy. Given these facts, a

value judgment must be made whether to err in offering therapy too broadly or

too narrowly. The decision becomes both a clinical and an ethical problem,

since the goal in clinical care is to maximize the potential to help those who

suffer while minimizing the potential for harm. In the one case, a patient is sub-

jected to harm with little chance of benefit. In the other, patients are kept from

receiving a beneficial therapy.

The problem of uncertain diagnosis is more than a gray area in diagnosis.

Professional disagreements can create significant moral distress. For instance, if

the DBS team disagrees with the diagnosis of a referring physician, professional

ethics and, at times, business ethics intersect with clinical ethics. To challenge a

referral source about a diagnosis—particularly a diagnosis that has a great degree

of subjectivity—runs the risk of offending and alienating the patient’s primary

neurologist. Further, the DBS program may see fewer referrals from that

neurologist if offense is taken, which is both bad for the DBS program and,

perhaps, for the referring neurologist’s patients if the neurologist fails to refer

appropriate patients for DBS. At the present time, when there are a limited

number of practices doing DBS, the reputation of the physicians and the practice
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itself is a valuable commodity not to be lightly put in jeopardy. Although these

are very practical and important concerns, it is generally agreed upon that the

fiduciary responsibility to the patient for whom the physician is currently treating

must be weighed more heavily than concerns for the physician’s own practice and

concerns about groups of patients.

The above discussion assumes that the patient’s movement disorder has a

completely organic basis. The ethical balancing in uncertain cases becomes

more complex when a psychogenic component is suspected for the movement

disorder. How strong a suspicion needs to be present in order to be a contraindi-

cation for DBS therapy? Unlike epilepsy monitoring that has a good rate of

detection for pseudo seizures, psychogenic symptoms like dystonia or tremor

have no definitive objective tests. Perhaps the best test for these symptoms

involves a placebo test of drugs that have shown some efficacy in symptom

reduction for the patient. As long as the patient agrees to a blinded-placebo

trial this could be ethically permissible to undertake. It is apparent, when discuss-

ing these various kinds of uncertainty, that a careful balancing of truthfulness,

transparency, protecting from harm, and professional standards is important

when considering patient selection for DBS.

A final consideration of patient selection involves evaluation and

negotiations about postoperative care. Patients need to be discharged to a safe

setting during the period of time needed to adjust programming to minimize

the potential harms from falling. Often this is judged by the strength of patients’

social support. Although a patient with poor support should not be discriminated

against, it is ethically reasonable for the medical team to require a plan of care for

safety and supervision to be in place prior to agreeing to place DBS. Further, in

order to gain maximal benefit and minimize the harms, patients need to commit to

follow-up with a programming specialist. Again, making this a condition of

acceptance can be ethically justified on the basis of avoiding harm. Finally, in

preoperative evaluation there needs to be explicit discussion concerning patients’

goals and the potential need for stimulator adjustment, if the medical team deems

it to be creating more harm than benefit. The patients should also have the ability

to turn off the device themselves.

Multidisciplinary Neurosurgery Committees

Increasingly, multidisciplinary teams in major institutions have been constituted

to review the candidacy of complex patients under evaluation for functional

neurosurgical procedures (48). Because, as we have seen, functional neurosur-

gery has the potential to alter essential features of a patient’s personhood, includ-

ing mood, personality, and cognitive abilities, such multidisciplinary committees

merit special consideration not as applicable to non-neurological committees.

Functional neurosurgical patients present some unique challenges. For

example, in DBS placement the patient is typically awake, which can lead to

unique challenges such as anxiety, or cognitive deficits that might significantly
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impact intraoperative procedures. It may even lead to the unique problem of a

patient revoking consent to surgery intraoperatively (see the informed consent

section). Functional neurosurgical patients can also provide unique management

challenges following surgery. DBS for PD is palliative and aimed at improving

the patient’s quality of life and reducing motor symptoms. Managing stimulation

settings and medications in patients with ongoing neurodegenerative disorders

with potentially significant neuropsychiatric symptoms can be challenging and

is greatly facilitated by a committed multidisciplinary team (48).

In addition to their role in clinical care and patient selection, the

professional time used to resolve conflicts and discuss emergent problems in

these committees provides the opportunity for the development of careful

practice guidelines informed by both science and values (48). Because neurosur-

gical interventions can result in nonreversible damage to brain structures and

given the potential impact of the proposed neurosurgical procedure on the

brain, including the neural underpinnings of mood, personality, and cognitive

abilities, the consensus building and checks and balances of such committees

seems warranted.

Informed Consent

Informed consent has become a cornerstone of accepted physician–patient

relations and proper clinical care. The elements of informed consent include

information, understanding, consent, and authorization; all four must be satisfied

before the informed consent is considered valid. Patients should be given infor-

mation that is complete and adequate for decision making, should demonstrate an

understanding of the information given, should consent freely and without

coercion from the medical team, and finally the patient, or authorized surrogate,

should give official authorization for the procedure (49).

The basic elements of informed consent are constant in most major medical

procedures. Physicians have the responsibility to assure that the patient is

informed of their (i) diagnosis, (ii) the procedures involved in the surgery and

its probable outcome, (iii) expected benefit, (iv) transient complications and

the therapeutic remedies available, (v) other possible and probable complications,

(vi) the likelihood of permanent results and complications (including such things

as scarring), (vii) other foreseeable risks, and (viii) alternatives to the procedure

(50). Informing a patient and responding to concerns should be a constant process

in the medical encounter, not limited to the “official” informed consent moment,

when the patient authorizes the procedure by signing the paperwork.

As with all procedures, it is important to employ a robust consent process in

DBS that is respectful of patient values. Patients should have enough cognitive

capacity to understand the information provide about the therapy, appreciate

the implications, judge the costs, be able to question adequately and communi-

cate a choice, and freely choose to participate in collaboration with health care

providers. A procedure may still be undertaken even if the patient does not
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have an ideal understanding. However, it is always advisable to involve others in

decision making in these instances in order to have a balanced approach to

respecting each individual patient. Not only can family members be useful to

this end, but also employing a team approach among healthcare providers can

be beneficial (48).

The consent process continues throughout surgery and beyond. Part of the

accepted standard is the principle that consent can be withdrawn at any time, even

after surgery is planned and within safety limits underway. Although the use of

any implantable device highlights the need for continuous informed consent,

since the device becomes part of the persons “regular” body, DBS implantation

provides at least one unique challenge. The fact that DBS leads are placed during

an awake craniotomy makes the idea of continuous consent trickier. DBS for PD

is a quality of life therapy and not a life-saving intervention. This aspect dis-

tinguishes DBS placement from awake craniotomies performed for brain tumor

where the participation of the patient is not necessary for the accomplishment

of the primary life saving goal of the surgery. In DBS placement, the patient

must actively participate during the micro-electric recording phase, which is

directly related to the primary goal of maximizing potential motor function. A

surgical team may be confronted by a patient who, after being awake several

hours in an operating room, requests discontinuation of the surgery. The team

would be faced with the difficult situation of having started an operation and

having put the patient at some risk, yet being asked to discontinue with little

chance of benefit for the patient. In this situation, there is an obligation to act

in the patient’s best interest, with “interest” being defined by the patient’s

goals. It is the obligation of the medical team to advise and perhaps even to

strongly encourage the patient to continue surgery if the team still believes

benefit is likely. If the remainder of the surgery could be undertaken safely and

the physician believes that the continued surgery is an important aspect of the

patient’s previously articulated goals, and that the suffering would not be

undue, then therapeutic privilege could be used to justify continuation indepen-

dent of decision-making capacity. However, if a patient has significant

decision-making capacity, then generally the patient is allowed the revocation

if it is informed and well articulated. Of course, there is always a requirement

to discontinue any procedure in a safe manner. The patient does not have an

ethical right to force the surgeon to put the patient at unnecessary risk. The

best way to handle intraoperative revocation of consent is to put in place good

processes beforehand in order to avoid its occurrence.

RESEARCH ISSUES

Many difficult methodological issues plague DBS research, most notably the

difficulty in disentangling the multiple variables influencing comparisons

between patients before and after surgery (51). Yet surgeons and patients need

to make decisions about their care, and well-conducted scientific studies are
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necessary to decide between surgical and medical options, as well as between

competing surgical approaches.

Freeman et al. (52), noting that it is unethical for surgeons and patients to be

required to make surgical decisions with insufficient scientific information, inter-

viewed 48 North American surgical researchers studying PD about trial designs.

A separate study looked at other stakeholders, such as representatives from aca-

demic centers, device manufacturers, federal and state agencies, patient advocacy

groups, and third party payers. Among other findings, participants concluded that

surgical placebo-controlled trials for DBS were ethically and practically infeas-

ible, that device manufacturers have fewer incentives to fund trials than their

pharmaceutical counterparts, and that the United States has inadequate infrastruc-

ture for conducting clinical trials, necessitating novel funding mechanisms.

The result is that medical devices are routinely diffused without adequate data

registry, standardization, or compelling data.

It is important, when developing and testing novel surgical procedures, to

assure patient safety through adequate feasibility studies, task force oversight,

full IRB review, audit, morbidity, and mortality conferences, and tracker

studies (53). Surgeons are sometimes slow to make the distinction between sur-

gical innovation and research protocols, and therefore, at times, do not call into

play all the protections due a person about to become a subject in an experimental

procedure, rather than a patient undergoing standard of care. While the

regulations that control research may, at times, seem burdensome to the

surgeon, they are there to protect both the subject and the surgeon.

A few basic ethical principles and values related to research ethics have

been articulated by physicians, bioethicists, legislatures, and the courts over

the last 40 years. Respect for the self determination and dignity of all subjects

in research; the need for free, informed consent; the importance of protecting

subject confidentiality; equity in the selection of subjects and the distribution

of any risk associated with research; and the rights of subjects to withdraw

their participation at any time without penalty are the foundations of contempor-

ary research ethics. Researchers should recognize that significant subpopulations

of the subjects undergoing neurosurgical procedures are best classified as vulner-

able populations, and require increased vigilance to provide adequate informed

consent and subject protection. Modern bioethics has emphasized the importance

of recognizing that human subjects’ research is a privilege. Researchers should

remember that through the generosity of subjects, their careers and income

are enhanced. They, therefore, owe a duty to their subjects to follow the

highest standards of integrity and accountability (54).

Informed Consent in Research

As suggested in the above discussion of informed consent for DBS treatment,

the standard for consent changes when the intervention, or portion of the

intervention, has a research component. Special consent is required from the
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patient/subject and informed consent processes need research oversight commit-

tees (in the United States these are referred to as IRBs). Since the generalizable

knowledge portion of research studies are not intended to benefit the particular

subject, research ethics stresses the rights of the subject and the need for volun-

tary participation as key ethical principles. To that end, process of consent to

enter a research study is somewhat arduous compared to the ease with which a

subject may withdraw from research.

The three primary ethical challenges in informed consent for DBS research

involve coercion, revocation of consent, and decisional capacity. Currently the

treatment modality of STN stimulation for movement disorders is well under-

stood and accepted as a standard of care. Hence, most research involves either

a small portion of the implantation procedure (e.g., new instrumentation, tech-

niques, or ancillary medications) or follow-up studies (e.g., psychosocial

research, variations of stimulator settings, or imaging). In these types of research

the patient receives therapy and participates in the research all at the same time.

As with all clinical research with a therapeutic component, patients may either

believe they are required to participate in the research in order to receive the

therapy, or may feel so indebted to clinicians that they subjugate their self-inter-

est and personal desires to loyalty to clinicians. Clinician researchers must make

every effort to emphasize the voluntaries of the research portion, disconnect

the discussion of treatment and research in some way, and be clear about the

available alternatives.

In STN stimulation for movement disorders, the patient should be well

informed about the aspects of the procedure being studied, to know in which por-

tions of the procedure consent may be easily revoked, and in which portions

revoking consent may be more difficult because it is primarily intended as

treatment. If a patient/subject intraoperatively requests the procedure to stop,

nontherapeutic research portions should be discontinued as quickly and safely

as possible without pressure from the researcher. For example, if the patient is

undergoing DBS lead placement and has agreed to intraoperative neuropsycholo-

gical testing during standard electrode mapping, the patient can withdraw from

the neuropsychology portion easily and in a manner that should not affect the

continuance of the therapeutic portion. A separate discussion would be needed

about the discontinuation of the therapeutic procedure itself.

It should also be noted that a higher standard of decision-making capacity

applies for consent to research than that for therapy. Given the cognitive impact

of late stage PD, patients who may be allowed to participate in the decision about

their treatment may not be in an appropriate position to give informed consent for

research. Although it is ethically important to include all populations in research,

subjects with diminished capacity require special protections. These issues need

to be addressed carefully by research oversight committees.

When research is intended to extend the indications for DBS to other

illnesses, then more standard research ethics applied. In early trials where a

population may be desperate because of the refractory nature of their disease,
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then potential coercion becomes particularly important to recognize and attempt

to ameliorate. The entire process from initial review through surgery and follow-

up should follow careful research protocols with appropriate institutional review.

Sham Surgery

The acceptability of sham and placebo surgeries in PD and other neurological

conditions has been widely debated in the clinical ethics literature (though

much of the controversy has focussed on transplantation of fetal tissue rather

than DBS). Though, in general, such surgeries are safe (55) and a large majority

of PD clinical researchers in one study believe that sham surgery is better than

unblended controls for assessing the efficacy of the surgery (56), many have

also written in opposition to the technique (57–59), and another study mentioned

above by Freeman et al. (52) found that a majority of researchers thought placebo

trials for DB were ethically and practically infeasible. While placebo surgery may

increase the confidence in a procedure, and there are situations where placebo

surgery may have a place, in the case of neurosurgery, other methodologies

may provide adequate reliability (58,59). For that reason, and particularly

in cases employing placebo craniotomy, alternative protocols should be used

whenever possible in DBS research.

CONCLUSION

DBS for the relief of symptoms of movement disorders such as PD is a valuable

addition to the treatment options for this devastating disease. The overriding prin-

ciple in providing clinical care, however, must be the assessment of the treatment

and its risks and benefits in the context of the value system of the patients and

their support system (60). In order to protect patients, and to maintain the

confidence of the general public in support of the treatment, DBS must be

administered and studied with the highest level of ethical oversight and care.
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home-based, 167

External sensory cueing, 156–159

Extrapyramidal motor system

historical development, 2

Falling

PD physical therapy, 161

Fatigue, 232–233

FDA. See Food and Drug Administration

(FDA)

Fields of Forel, 20

Fine motor control

STN DBS, 148

Florida Surgical Questionnaire for

Parkinson’s Disease
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surgery, 291
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Health
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Health care use
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Heparin
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History, 58–59

Hoehn and Yahr Rating Scale, 307
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Hypokinetic dysarthrias
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diagnosis, 43, 329

Illness chronic

collaborative management, 168

Immediate postsurgical management

DBS, 142–144
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WHO definition, 286

Improper lead placement

DBS Parkinson’s disease, 108

Impulse control disorders

PD, 269

Inappropriate laughter

STN DBS, 191

Infection

DBS Parkinson’s disease, 108

patient education, 60

Information lesion

STN, 30–31

Informed consent

DBS, 331–332, 333

elements, 331

research, 333–334

Initial programming

patient education, 66–68

Institutional Review Board (IRB)

DBS, 325

Inter-op education, 62

Intraoperative macrostimulation, 78–79

IPG malfunction
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IRB. See Institutional Review Board
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Laughter

inappropriate

STN DBS, 191

Lead migration

DBS Parkinson’s disease, 109

Lead placement

DBS Parkinson’s disease, 108

Learned helplessness, 168

Learning method

assessment, 56

Learning sequential

basal ganglia, 25–26

Lee Silverman Voice Treatment (LSVT),

163–164

Leksell frame

fixation, 72

guiding cannula placement, 77–78

heparin, 72

MRI, 72

postoperative care, 80–81

preoperative preparation, 71–72

subthalamic nucleus DBS, 71–82

Levodopa, 130, 133, 134

Lima, Almeida, 325

Lisuride, 130

Locomotion and postural control

deficits

physical therapy, 156–157

Long-term stimulation management

patient expectations, 64–65

LSVT. See Lee Silverman Voice

Treatment (LSVT)

Macrostimulation

intraoperative, 78–79

Magnetic resonance imaging (MRI)

Leksell frame, 72

Mania, 272–273

DBS Parkinson’s disease, 110

STN DBS, 191

Masking devices, 163

Massage, 170

Mattis Dementia Rating Scale, 310

Mayfield headholder, 77

MDVP. See Multidimensional voice

program (MDVP)

Medical clearance, 58

Medications

adjustment, 132–133

subthalamic nucleus DBS, 129–138

anticholinergic, 131, 132

case study, 133–134

DBS, 309–310

dopaminergic, 130–131

history, 58

Medtronic, 60

Model 3387, 79

website, 68

Memory

PD, 249

STN DBS, 257–258

MER. See Microelectrode recording (MER)

Metabolic disorders, 234

Microelectrode recording (MER), 77–78,

93, 332

systems, 95

Model equipment

education, 59–60

Mood

STN DBS, 191–194, 258, 259, 328

Motor diary, 58

Motor function

DBS, 306–308

Motor symptoms

PD, 219

Motor testing, 57–58

Movement disorders

DBS, 323, 335qq

globus pallidus chronic stimulation,

7–8

historical surgical treatment, 2

MRI. See Magnetic resonance imaging

(MRI)

MSA. See Multiple system atrophy

(MSA)

MTVP. See Music therapy voice protocol

(MTVP)

Multidimensional voice program

(MDVP), 166

Multidisciplinary neurosurgery
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Multiple system atrophy (MSA), 42
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Neuropsychiatric complications
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Neuropsychiatric disorders
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Neuropsychiatric symptoms
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Neuropsychiatric testing, 58

Neuropsychological functioning
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PD, 248–249, 310

Neuropsychological sequelae
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Neuropsychological tests

PD, 314

Neurostimulator
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Neurosurgical intervention trials

PD, 300
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(NINDS)

NMS. See Neuroleptic malignant syn-
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Olfactory deficits, 231
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On/off motor testing, 57–58

Pain, 234–235
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postsurgical, 144

Paresthesia

DBS Parkinson’s disease, 109

Parkinson’s disease (PD)

alternative treatment, 168–169

balance deficit treatment, 160–161

basal ganglia, 326

behavioral disorders, 247

caregiver training, 166–169
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clinical trials
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defining the intervention, 303–305

motor outcomes, 200–201

sample size, 302–303

study population, 303–305

cognitive functioning, 310

complementary treatment, 168–169
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ALO, 109

cerebrospinal fluid leak, 107

clinical trials, 299–319, 299–322

complications, 104

cost, 304

depression, 110

device-related complications,
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dysarthria, 109
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electrode or wire break, 108–109

hemiballismus, 109

hemorrhage, 105–106

improper lead placement, 108

infection, 108

IPG malfunction, 109

lead migration, 109

mania, 110

measuring outcomes, 305–308

medical therapy, 319

morbidity and mortality, 103–104

motor outcomes, 199–218

neuropsychiatric complications,

269–284

nonablative surgical treatment, 270

paresthesia, 109

perioperative aspiration pneumonia,
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perioperative confusion, 108

postoperative seizures, 107
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stimulation-related adverse event,
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description, 1–2

diagnosis, 42–43
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disease-related cognitive
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dopaminergic responsiveness, 43–45

drug administration, 302

Germany, 318
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hypokinetic dysarthrias

speech therapy, 163–166
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diagnosis, 43, 329

impulse control disorders, 269

measurement, 316–317

memory, 249

mortality, 316

motor outcomes

clinical trials, 200–201

motor symptoms, 219

neuropsychological functioning,

248–249, 310

neuropsychological tests, 314

neurosurgical intervention trials, 300

nonmotor symptoms, 219–221
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pharmacologic management,

251, 300, 309
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psychiatric complications, 247

psychiatric history role, 274–275

QOL, 286, 289–290

randomization clinical trials,

300–301
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statistical issues, 300–303

stereotactic surgery, 285–294

quality-of-life outcomes, 285–298
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surgery, 251, 302, 304, 305, 318

ADL, 309
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Parkinson’s disease quality-of-life

(PDQUALIF)

scale, 287, 289
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288–289
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Patient education

activities of daily living, 63

day of surgery, 61–62

headache, 62

infection, 60

NMS, 62

Patient safety, 333

Patient selection

DBS, 141, 328–330
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PD. See Parkinson’s disease (PD)
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PDD. See PD-related dementia
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disease quality-of-life

(PDQUALIF)

PD Questionnaire-39, 287
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pharmacological treatment, 251
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Postsurgical evaluation

DBS surgery, 277–278

Postsurgical pain

DBS, 144

Postural control deficits

physical therapy, 156–157

Pramipexole, 130

Prehistorical cranial surgery, 325

Preoperative assessment

DBS, 55–70

Preoperative education

DBS, 55–70

Preoperative preparation

Leksell frame, 71–72

Presurgical evaluation

DBS surgery, 276–277

Presurgical expectations

defining, 141–142

Programmable internal pulse generator

implantation, 80

Programming

DBS, 113–128

examples, 124–126

initial patient education, 66–68

Progressive supranuclear palsy (PSP), 42

Prosthetic devices

hypokinetic dysarthrias, 163–164

PSP. See Progressive supranuclear palsy

(PSP)

Psychiatric disorders

DBS, 278, 326

Parkinson’s disease, 110

STN, 270

Psychosis, 273

DBS Parkinson’s disease, 110

Psychosocial assessment, 56–57

Pulmonary embolism

DBS Parkinson’s disease, 107

patient teaching, 63

Pyramidal tract era

ending, 4–5

Quality of life (QOL)

PD, 286, 289–290

Rasagiline, 130

RBD. See REM-sleep behavior disorder

(RBD)

REACH. See Resources for Enhancing

Alzheimer’s Caregiver Health

(REACH)

Recording systems, 95

Recover/activity guidelines

patient teaching, 63

Reeducation

neuromuscular, 170

Rehabilitation

DBS, 139–186

REM-sleep behavior disorder

(RBD), 232

Resources for Enhancing Alzheimer’s

Caregiver Health (REACH), 168

Restless legs syndrome (RLS), 232

Rewired for Life, 68

RLS. See Restless legs syndrome (RLS)

Ropinirole, 130, 134

Safety

patient, 333

Schalten brand atlas

targeting via indirect localization,

72–76
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Schwab and England Activities of Daily

Living Scale, 144–145

Seborrhea, 227

Seizures postoperative

DBS Parkinson’s disease, 107

Selegiline, 130, 132

Self-image

preserving, 59–60

Sensory cueing

external, 156–159

Sensory disturbances, 234–235

Sensory systems

compensatory, 158

Sequential learning

basal ganglia, 25–26

Sexual dysfunction, 229–230

Sham surgery, 335

Sialorrhea, 225
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DBS Parkinson’s disease, 108

Skin preparation, 60–61

Sleep disorders, 232–233

Smell disorders, 231

Speech

disorders, 231–232

orthotic devices enhancing

output, 163

STN DBS, 148

Stealth system software, 77

Stealth targeting

STN, 75–76

Stereotactic frame

historical development, 4

Stereotactic method

historical development, 3–4

Stereotactic surgery

PD, 285–294

Sterile seroma

DBS Parkinson’s disease, 107

Stimulation

chronic

globus pallidus, 7–8

electrical, 5–7

long-term management

patient expectations, 64–65

STN. See Subthalamic nucleus

(STN)

STN DBS. See Subthalamic nucleus deep

brain stimulation (STN DBS)

Substantia nigra, 97

Subthalamic nucleus (STN), 247

afferent projections, 21–22

anatomy, 19–22

bilateral

DBS, 202–207

cognitive effects, 252–253

current understanding, 28

dendritic arbors, 21

efferent projections, 21

electrode placement, 262

HRQL, 292

identifying optimal trajectory,

97–99

intrinsic anatomy, 19–21

mechanisms of action, 252

microelectrode track, 93–102

neurophysiology, 95–96

neuronal activity, 96–97

neuronal discharges, 23

physiology, 22–23

preoperative localization

MRI, 74

psychiatric disorders, 270

Stealth targeting, 75–76

stimulation

dyskinesia, 294

HRQL, 292, 294qq

motor function, 294

movement disorders, 334

study evaluations, 293

targeting via direct localization on

MRI, 75

Subthalamic nucleus deep brain

stimulation (STN DBS)

clinical outcome, 187–198

GPi, 275

indications, 41–54

Leksell frame, 71–82

medication adjustment, 129–138

patient selection, 42–43

PD, 219–246, 252

Suicide

DBS, 328

STN DBS, 47
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Surgery

complications, 61

Teaching. See Education

TED hose

Leksell frame, 72

Temperature dysregulation, 227–228

Thalamotomy

rigidity, 5

Thalamus, 96

Tolcapone, 130

Traditional physical therapy, 159–160

Tremor cells, 6–7

Trihexyphenidyl, 131

Unified PD Rating Scale (UPDRS), 42,

57, 144, 290

motor function assessment, 307

United Kingdom

PD, 318

UPDRS. See Unified PD Rating Scale

(UPDRS)

Upper limb motor control deficits

PD occupational therapy, 162–163

Urologic dysfunction, 228–229

VA. See Ventral anterior/ventral lateral

thalamus (VA/VL)

Venous infarction

DBS Parkinson’s disease, 106

Ventral anterior/ventral lateral thalamus

(VA/VL), 20

Ventral pallidum (VP), 21

Verbal fluency

STN DBS, 191

Vim-DBS

outcomes, 145

Vision programmer

electrode impedance function, 123

VL. See Ventral anterior/ventral lateral

thalamus (VA/VL)

Voice amplifiers, 163

Voice program

multidimensional, 166

VP. See Ventral pallidum (VP)

Wearable intensity biofeedback

devices, 163

Websites

educational DBS, 67–68

Weight changes, 234

Weight gain

DBS Parkinson’s disease, 109–110

patient teaching, 62–63

WHO. See World Health Organization

(WHO)

Wire break

DBS Parkinson’s disease, 108–109

World Health Organization (WHO)

disability, 286

Wound care

patient teaching, 62

Zone incerta, 96
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