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Introduction

The surgical treatment of Parkinson disease has been a focus of my neurosurgical
practice since 1993. The practice has evolved significantly, over the past 25 years,
transitioning from lesioning to deep brain stimulation therapy and with the develop-
ment of various stereotactic techniques/options. For instance, my own practice has
changed from using the traditional reusable stereotactic frame to a single-use
custom-made 3D-printed plastic platform, to accurately guide electrodes to the cho-
sen brain targets. I believe that my years of practice have taught me to appreciate the
keys to the successful application of DBS therapy, for the treatment of patients with
Parkinson disease. The most important of these is for the surgeon to be able to iden-
tify appropriate candidates for DBS therapy, specifically that means PD patients
whose quality of life would be significantly improved, by the reduction of motor
fluctuations or tremors. In addition, the surgeon must recognize that the single big-
gest morbidity of DBS implantation is the exacerbation of a preexisting cognitive
decline/impairment. The second most important factor is for PD patients to have
appropriate expectations for DBS therapy. Patients must understand that DBS ther-
apy can improve management of dopa-responsive symptoms (e.g., motor fluctua-
tions) and/or to reduce disabling hand tremors. It is equally important for patients to
understand what DBS therapy is not expected to accomplish. That would include
prevention of disease progression and improvement of non-dopa-responsive symp-
toms (e.g., on-freezing, deteriorating best on function, cognitive decline, and gait/
balance dysfunction).

With the identification of appropriate DBS candidates and appropriate patient
expectations, the key to successful DBS therapy depends on selecting the proper
target and accomplishing accurate DBS lead implantation, without producing sig-
nificant morbidity. In my own practice, I have favored the VIM thalamic target, for
tremor-dominant patients and the STN target for patients disabled by motor fluctua-
tions. I recommend the GPi target for a minority of patients, particularly those dis-
abled by dopa-induced dyskinesias and or dystonias, who have not tolerated
substantial escalation of dopa medication. I favor staged bilateral implantation for
older patients and for patients with a concern for even mild or minor preoperative
cognitive decline. I have found that the above can only be accomplished by a neuro-
surgeon working closely with movement disorder neurologists who have taken an
interest in the surgical treatment of patients with PD.
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Meticulous identification of the planned brain target is critical. This is depen-
dent on obtaining proper imaging, which is facilitated by the elimination of
patient movement during MR imaging. Over the past 7 years, I have obtained
my preoperative MRIs with patients under general anesthesia. This guarantees
excellent quality imaging. MRI is merged with a CT scan, to eliminate any con-
cern about MRI distortion and to image the skull fiducial markers (used for the
stereotactic platform). Proper targeting requires precise identification of the
anterior and posterior commissures, correction of tilt, and adjustment based on
individual patient anatomy. Trajectories are carefully planned, to avoid surface
veins, or the traversing of sulci below the cortical surface or of the lateral ven-
tricle. At surgery, I use a hair sparing prep. Patients greatly appreciate this, and
it has not been associated with a significant infection rate. I have made two
technical modifications to the implantation procedure, which I have found
advantageous. [ use a titanium plate to secure the lead to the skull (see Fig. 1).
A groove is drilled into the outer table of the skull, adjacent to the burr hole, to
allow this to be a very low-profile technique. I place a clip on the lead, while the
lead is still held by the stereotactic apparatus, to allow me to confirm that the
desired lead depth is maintained, until the lead is secured to the skull. A rectan-
gular plate is used, to anchor the lead to the skull and to repair the burr hole
defect. A silastic collar is placed over the lead, at the point of plate contact, to
secure the lead. A second modification relates to the extension wire connection
to the DBS lead. I drill a trough into the outer table of the skull (see Fig. 2a), to
allow the extension to have a lower profile, and use a titanium mini-plate (see
Fig. 2b), to secure the extension into the trough, to prevent migration into the
soft tissues of the neck. I have found that patients appreciate both of these
modifications.

Another important aspect of DBS therapy is to accurately identify the lead loca-
tion, after implantation. I routinely obtain a post-implant thin-section head CT scan

Fig.1 The intraoperative
photo depicts the titanium
plate serving to anchor the
DBS lead and to be a
low-profile repair of the
bur hole defect. Also seen
are the clip on the lead (to
maintain desired depth)
and the silastic collar on
the lead (to protect the lead
from the titanium plate)
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Fig. 2 Intraoperative
photos demonstrate the
trough drilled in the skull
(to lower the profile of the
connector) and the use of a
titanium plate to secure the
connector in the trough

and merge it with the planning MRI, to confirm the location of the lead, relative to
the planned target. This can also be accomplished with a postoperative brain MRI. In
general, the lead must be within 2 mm of the planned target, to achieve the desired
clinical benefit. If it is not within this margin, and clinical benefit is suboptimal,
revision must be considered. Also, with my lead anchoring technique, if the depth is
not as desired, the anchoring plate can be loosened and the depth easily adjusted, at
the surgery for extension wire and IPG implantation.

It is important for DBS surgeons to monitor their results and to confirm that they
are similar to results in the literature. In my own case, our group analyzed and
reported the results of my first 100 STN DBS-implanted patients [1]. This is a very
useful exercise, since it could identify issues that should be addressed.

Finally, one of my main reasons for creating this book is that I am convinced that
surgical treatment, when performed properly, is extremely beneficial to appropriate
patients with PD. Although surgical therapy has grown significantly over the last
20 years, I believe that it is an underutilized intervention, and I hope that its
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application will expand greatly, in the coming years. I am hopeful that this book will
achieve its goal, to be a practical guide for neurosurgeons pursuing DBS therapy,
and other modalities, for the treatment of patients with PD.
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Indications for Deep Brain Stimulation
Therapy in Parkinson’s Disease

Andrea Brock, Melissa Hardy, and Paul House

Summary for the Clinician

* Progressive idiopathic Parkinson’s disease is a movement disorder result-
ing from the death of dopamine-producing neurons in the substantia nigra.

* Diagnosis of PD requires bradykinesia and one of the following: Rigidity,
rest tremor, or idiopathic postural instability.

* A single causative agent has not been identified. Most cases are
idiopathic.

* The disease is invariably progressive. Motor symptoms progress from uni-
lateral to bilateral, and nomotor symptoms generally develop following
motor symptoms.

Background

Parkinson’s disease (PD) affects approximately 0.3% of the general population and
1% of people over 60 years old with an incidence of 8—18 per 100,000 person years
[1, 2]. As life expectancy increases, the number of people with PD is projected to
double by 2030 [3]. The onset of PD is rare before age 50 with the incidence becom-
ing higher with age.
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Symptoms and Diagnosis

There is no definitive test for the diagnosis of PD. Because a variety of diseases can
create Parkinsonian features not caused by idiopathic PD, several diagnostic criteria
have been proposed. The Parkinson’s Disease Society of the UK established widely
cited clinical criteria to create a pathological brain bank. Symptoms must include
bradykinesia in addition to rigidity, rest tremor, or idiopathic postural instability. A
history of repeated strokes, head injury, sustained remission, or lack of dopamine
response excludes the diagnosis. Supportive criteria such as unilateral onset, excel-
lent dopamine response, and a long clinical course can allow for a definite diagnosis
[4]. Nonmotor symptoms, such as autonomic insufficiency, sleep disorders, and
cognitive difficulties, typically develop after the appearance of motor symptoms.

The majority of patients with clinically diagnosed PD do not have a family his-
tory of PD. An estimated 5-10% of cases have a monogenic cause [5]. Recent stud-
ies have identified several alleles that confer a risk of PD. These, combined with
environmental insult, probably contribute to a large number of idiopathic PD cases
[6]. The variation in symptoms and progression of PD suggests that it is a heteroge-
neous disease, which highlights the need for careful diagnosis and follow-up before
undertaking surgical therapy [7, 8].

Disease Progression

PD is a progressive disorder. A diagnosis of typical idiopathic PD connotes a con-
tinual, although nonlinear, progression of both motor and nonmotor symptoms.
Symptoms are typically unilateral at first and become bilateral as the disease pro-
gresses. The Unified Parkinson’s Disease Rating Scale (UPDRS) is the most widely
used scale to track the severity and progression of PD symptoms [9]. The total scale
(score range 0—199) incorporates scores for activities of daily living and mood, as
well as movement scores. Using the total UPDRS to track the progression of PD,
Jankovic reported a worsening of scores by 1.58 points per year when patients were
not taking medication [10]. Using this total UPDRS score, a minimal clinically
important change in early PD is calculated to be 3.5 points [11].

PD confers an increased risk of mortality. In an extensive meta-analysis covering
studies performed after the introduction of levodopa therapy, patients with PD were
shown to have a mortality rate 1.5 times that of the general population. This risk
increases over time, with a 5% decrease in survival for every year after diagnosis
[12]. Life expectancy after diagnosis ranges from 6.9 to 14.3 years.

Pathophysiology
The pathophysiology underlying the movement disorder associated with PD is

degeneration of dopamine-producing neurons within the substantia nigra pars
compacta. These neurons degenerate with age more extensively in PD patients than
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in the general population. According to the classical “rate model” of basal ganglia
function, dopamine acts to allow stimulation of the cerebral cortex by thalamocor-
tical neurons, allowing normal movement. Dopamine from the substantia nigra is
delivered to the striatum, where it acts through two pathways. The direct pathway
facilitates the movement by relieving inhibition of thalamocortical neurons from
the internal segment of the globus pallidus (GPi). The indirect pathway inhibits
movement by activating neurons of the subthalamic nucleus (STN) that activate the
inhibitory neurons of the GPi. When dopamine is present, the direct pathway is
stimulated, while the indirect pathway is inhibited. In PD, dopamine is depleted,
which reduces activity of the direct pathway and boosts the inhibitory effect of the
indirect pathway [13].

The rate model from which these pathways are derived, while necessarily simpli-
fied, has been used for the study and treatment of PD. Carlsson first demonstrated
the efficacy of levodopa in restoring motor function to animals treated with reser-
pine, a drug that depletes brain dopamine and causes Parkinsonism, in 1957. These
findings were extended to human patients over the next decade [14].

Multiple potential causes for idiopathic PD have been proposed, and a single
causative agent has not been identified; however, a pathological accumulation of the
a-synuclein protein in the form of Lewy bodies is diagnostic of the disease, and it
has been proposed that the a-synuclein might behave in a prion-like manner [15].
Braak et al. proposed a unifying pathological staging system for PD based on the
location and extent of Lewy body involvement [16]. Early PD is characterized by
involvement of the lower brainstem and olfactory area, while later stages show
involvement of the substantia nigra pars compacta and eventually the hippocampus
and higher neocortical structures. While the exact histological progression has been
debated, and likely varies based on clinic subtypes, the disease is predictably pro-
gressive [17].

Summary for the Clinician

* Levodopa therapy greatly improves motor symptoms. However, it is usu-
ally associated with the development of dyskinesia and fluctuations in
therapeutic benefit over time.

e Careful medication adjustments and the use of medical adjuvants are often
sufficient to minimize motor fluctuations for years after diagnosis.

e Deep brain stimulation therapy of the GPi or STN can dramatically
improve motor fluctuations and minimize “off” time.

Medical Therapy

Since its introduction in the late 1960s, levodopa has been the most symptomati-
cally efficacious oral medication to treat PD-related motor symptoms. Levodopa
therapy is commonly prescribed in a dual formulation with a peripheral L-aromatic
amino acid decarboxylase (L-AAAD) inhibitor such as carbidopa to prevent the
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peripheral breakdown of levodopa [18, 19]. This combination increases the avail-
ability of levodopa to cross through the blood-brain barrier where it is converted
into dopamine. This increase in striatal dopamine results in the improvement of
motor symptoms [20].

Most patients treated with levodopa for 5-10 years develop motor complications,
especially dyskinesia. There are both clinical and experimental animal model data
suggesting dyskinesia may be a side effect of levodopa therapy [21-23]. On the
other hand, the development of dyskinesia may simply represent a stage of disease
progression that will occur regardless of timing of dopamine therapy. Ahlskog and
Muenter [24] found that about 40% of patients develop motor fluctuations and about
40% develop dyskinesias within 4-6 years after beginning levodopa therapy. They
also found that, among patients who developed PD before the availability of
levodopa, 50% of patients developed dyskinesias within 5-6 months of beginning
therapy, suggesting the duration of PD itself might be the critical factor in dyskine-
sia development. Cilia et al. recently reported similar findings. These researchers
compared a group of patients in Ghana with a group of Italian patients in a cross-
sectional case-controlled manner. The Ghanaian patients, on average, had much
longer disease duration prior to the initiation of levodopa therapy (4.9 versus
1.6 years), and the group of levodopa-naive patients developed dyskinesia only
6 months after initiation of therapy [25]. These studies suggest that dyskinesia is a
common symptom in later-stage PD.

The use of high-dose levodopa early after the diagnosis of PD may particularly
correlate with the earlier development of motor fluctuations and dyskinesia. Because
of this concern, many neurologists delay initiation of dopamine replacement ther-
apy (DRT). Pramipexole and ropinirole (dopamine agonists) have shown good effi-
cacy as initial monotherapy alternatives to DRT. Regardless of timing of initiation,
however, PD patients will eventually require and greatly benefit from DRT. Most
will later develop motor fluctuations, and dopamine agonists are also effective at
reducing “off” time [26-28]. Entacapone (a catechol-O-methyl transferase inhibi-
tor) and rasagiline (a monoamine oxidase inhibitor) have also both been clearly
shown to reduce “off” time. Cabergoline and selegiline have also shown some effi-
cacy for this indication [28].

The careful adjustment and use of oral medications are often sufficient to mini-
mize motor fluctuations and dyskinesias for some time. The use of continuously
delivered carbidopa—levodopa directly into the jejunum is another recent develop-
ment in medical therapy. Direct continuous delivery has been shown to improve
“off” time by about 2 h per day and decrease “on” time accompanied by dyskinesias
by approximately 2 h per day [29]. This form of therapy, however, requires the
maintenance of a percutaneous jejunostomy access tube and continuous wearing of
an infusion pump, limiting its application for younger and more physically active
patients.

Despite expert management and the use of complex medication dosing sched-
ules, fluctuations in motor symptoms can become disabling. At this point, deep
brain stimulation should be considered to control these symptoms and to minimize
“off” time.
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Surgical Therapy

Although DBS has been widely clinically available as therapy for less than 20 years,
two of the targets used for stimulation were discovered decades ago and extensively
used in lesioning procedures. As reviewed by Guridi and Lozano, the identification of
the modern pallidotomy target was based on both anatomical considerations and surgi-
cal discoveries [30]. Thalamotomy and pallidotomy were extensively used to improve
motor symptoms, primarily tremor, prior to the development of levodopa therapy [31].

The development of the third widely used target, the subthalamic nucleus (STN),
is more recent. The Lasker-DeBakey Clinical Medical Research Award was pre-
sented in 2014 to Benabid and DeLong for the development of STN DBS. Benabid,
a neurosurgeon, observed that high-frequency (>100 Hz) stimulation of the ventral
intermediate nucleus (VIM) thalamus reduced tremors. (Stimulation was performed
as prelesioning testing during thalamotomy procedures.) Del.ong, a neurologist,
extensively investigated firing patterns of neurons in the basal ganglia and described
the concept of parallel cognitive and motor systems [32]. He described excessive
and abnormally patterned firing of a basal ganglia output nucleus (the STN) and
later showed that lesioning of the STN could dramatically improve tremor, rigidity,
and bradykinesia in an MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) non-
human primate model of PD [33]. Building on DeLong’s mechanistic insights into
PD, Benabid implanted the first DBS system into the STN in a human [34]. After
the dramatic success of high-frequency stimulation, the US Food and Drug
Administration approved the therapy in 2002.

Mechanism of Action of DBS

How DBS alleviates Parkinsonian symptoms is not entirely understood. DBS pro-
duces a clinical effect similar to that obtained by lesioning a target structure, sug-
gesting an overall inhibitory effect on neuronal activity. Conflicting evidence,
however, suggests DBS can drive local neuronal firing [35].

A large body of work evaluating STN DBS has focused on abnormally synchro-
nous neuronal activity. Both the STN and primary motor cortex in humans have 8
oscillations (13-30 Hz), which are thought to be related to bradykinesia because
they are suppressed by movement, dopaminergic medications, and DBS [36, 37].
On the basis of unique human simultaneous basal ganglia and motor cortex record-
ings, Shimamoto et al. [38] proposed that the clinical hypokinesia seen in PD is the
result of increased B synchrony in the motor cortex secondary to pathological 8
oscillations sent from the STN.

There is evidence that DBS causes activation of efferent and afferent axons as
well as axons passing near the locations of lead placement while also producing a
“lesion-like” effect. Integrating these conflicting findings with the results of their
own nonhuman primate investigations, Chiken and Nambu [39] proposed a com-
mon mechanism, whereby DBS inhibits information flow through the basal ganglia
by interrupting coordinated input and output signals.
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Goals of DBS

The benefits of DBS have been well established by large prospective and retro-
spective trials. For appropriately selected patients, DBS can provide profound
improvement in the cardinal symptoms of PD—bradykinesia, tremor, and rigid-
ity. DBS can also dramatically improve dyskinesia associated with dopamine
therapy. DBS therapy has been shown to correlate with significant improve-
ments in quality-of-life measures when prospectively compared with best medi-
cal therapy [40-45].

Summary for the Clinician

* DBS therapy has been extensively studied in large prospective and retro-
spective trials.

* DBS dramatically reduces fluctuations in motor symptoms.

* DBS provides profound reduction in tremor, bradykinesia, and medication-
induced dyskinesia.

* DBS has been shown to significantly improve quality of life when com-
pared to continued best medical therapy without DBS.

Reduction in Motor Symptom Fluctuations

The primary goal of DBS therapy is an overall reduction in disability due to rapid
fluctuations in an individual’s ability to move well. Disability can be caused by rela-
tive undertreatment of symptoms, such as the re-emergence of bradykinesia as
effective medication levels decline. Disability can also be caused by medication
side effects, especially dyskinesia. A review of primarily retrospective studies noted
an average reduction of 68% in “off” time [45] with DBS therapy. In a landmark
prospective, randomized trial of STN DBS versus continued best medical therapy
without DBS, Deuschl et al. [40] showed that patients obtained an additional 4.4 h
of mobility not limited by dyskinesia and reduced periods of immobility by 4.2 h
per day at the 6-month time point. This successful reduction in “off”” symptoms has
now been replicated in other prospective trials [41, 42, 46]. This is a significant
effect, since a reduction of even 1.0 h of “off” time per day indicates a clinically
important change [11].

Reduction in Tremor

Stimulation of the STN, GP1i, or VIM thalamus can produce profound improvement
in tremor. An open-label trial of thalamic stimulation in 73 patients with PD showed
an improvement in contralateral tremor of >50% in 85% of individuals [47]. A sys-
tematic literature review of bilateral STN stimulation in 471 patients revealed an
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81% reduction in tremor [44]. A prospective trial of STN stimulation similarly
revealed a 75% tremor reduction in the medication “off” state [43]. Importantly, the
reduction in tremor is seen independent of medication effect.

Reduction in Bradykinesia

Bradykinesia, or akinesia, is reduced with stimulation of the STN or GPi. The
degree of bradykinesia reduction is in proportion to the reduction seen with the use
of levodopa. A review of primarily retrospective studies found that a group of
patients, who had an average of 57% preoperative reduction in bradykinesia in
response to levodopa, showed a 46% improvement in bradykinesia during the medi-
cation “off” state in response to DBS at 6 months, 52% at 12 months, and 49% at
24 months [45]. Bradykinesia in the medication “on” state is not significantly
improved and bradykinesia worsens over time with disease progression. For exam-
ple, 8 years after DBS surgery, bradykinesia measured with UPDRS scale during
the “on” medication and “on” DBS state (i.e., best possible function) had worsened
from 7.4 to 14.7 [48].

Reduction of Dyskinesia

Patients with dyskinesia show marked improvement with DBS. In a review of 37
cohorts including 921 patients treated with bilateral STN DBS, Kleiner-Fisman
et al. [45] found a reported 69% average reduction in dyskinesia. Reporting of dys-
kinesia was heterogeneous across studies, however, as UPDRS scores, the Abnormal
Involuntary Movement Scale, the Dyskinesia Rating Scale, and patient diaries were
variously used in the studies. In general, the reduction in dyskinesia seen with GPi
stimulation is thought to be produced by a direct antidyskinetic effect, whereas the
reduction in dyskinesia seen with STN stimulation is related to an overall reduction
in dopaminergic medications.

Improvement in Quality of Life

Many studies evaluating the effectiveness of DBS have focused on the UPDRS-III
subscales (range 0 to 108). These scales focus directly on movement symptoms, an
area where the effects of DBS are clearly, and often quickly, evident. Patients, how-
ever, are primarily concerned about the overall effect of a therapy on their daily
quality of life. After 6 months of therapy, Deuschl et al. [40] reported that quality of
life (as measured with the Parkinson Disease Questionnaire (PDQ-39)) was
improved by ~25% for patients treated with bilateral STN DBS. The VA cooperative
trial reported improvements in most quality-of-life measures at 6-, 24-, and
36-month time points compared with baseline using either the STN or GPi as
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stimulation target [41]. Improvements in quality of life declined over time in these
prospective studies, likely because quality-of-life measures are affected by both
motor and nonmotor symptoms that inevitably progress.

Summary for the Clinician

* DBS does not reduce nonmotor symptoms such as cognition, depression,
or autonomic instability.

* Nonmotor symptoms are often severely disabling for patients.

* While DBS improves quality of life, it does not slow the overall progres-
sion of Parkinson’s disease.

Limitations of DBS

Whereas motor symptoms are usually greatly improved by DBS therapy, the non-
motor symptoms of PD and disease progression are generally not improved.
Unfortunately, these nonmotor symptoms (such as cognitive decline, dysarthria,
dysphasia, depression, mood lability, and autonomic instability) often produce
severe disability, causing patients to seek DBS implantation. Appropriate counsel-
ing is needed for patients with these symptoms.

DBS Does Not Reduce Nonmotor Symptoms

It is generally agreed that nonmotor symptoms of PD are not improved with DBS
and are not an appropriate indication for DBS therapy. While there have been con-
cerns that DBS can worsen preexisting depression, several long-term trials have not
revealed significant changes in depressive symptoms [43, 48, 49]. Likewise, despite
concern that STN DBS might lead to an increased incidence of suicide, this was not
seen in a prospective, randomized trial [50]. Nonmotor symptoms are sometimes
attributable to medical therapy. For example, dopaminergic medications, especially
dopamine agonists, can cause impulsive and compulsive behaviors such as compul-
sive buying, gambling, eating, and inappropriate sexual behavior [51]. DBS can be
particularly useful to allow for medication reduction in these situations.

DBS Does Not Slow Progression of the Disease

Although most patients continue to experience benefit from DBS therapy for many
years, there is no evidence that DBS slows the progression of PD. To date, long-
term reports have focused on relatively early-onset PD patients. Even in these
patients, who would be expected to have slower disease progression than average
PD patients, motor and nonmotor symptoms worsen. Although patients treated with



1 Indications for Deep Brain Stimulation Therapy in Parkinson'’s Disease 1

thalamic stimulation are able to maintain stable UPDRS-II scores, they require
higher doses of levodopa 5 years after DBS placement [52]. Bang Henriksen et al.
followed a group of patients 10 years after starting STN DBS therapy and found a
steady progression of disease—including the development of dementia in 53% just
over 5 years after surgery. Notably, these patients had an average disease duration of
25 years at the time of this follow-up [53].

Indications and Patient Selection

Patient selection is of the utmost importance when considering DBS therapy. An
estimated 30% of DBS failures result from inappropriate surgical indications [54].
Patients who have a well-established PD diagnosis, who respond well to levodopa,
and who have sufficiently disabling symptoms and/or drug side effects may be con-
sidered for surgery.

The patient selection process is best performed in a group model because many
inclusion and exclusion criteria have both subjective and objective components. In
general, the selection process should include evaluation by a movement disorders
neurologist, a neurosurgeon, and a neuropsychologist or psychiatrist. Some centers
include evaluation by a physical therapist. Given the degree of social limitations
imposed by PD, the assistance of a patient coordinator and social worker support
can also be invaluable.

The criteria established by the Centers for Medicare and Medicaid services for
approval of DBS (Table 1.1) have been widely adopted by other insurance providers. At
a practical level, these criteria serve as a reasonable benchmark for patient selection.

Table 1.1 Centers for Medicare and Medicaid services criteria for DBS for PD

Inclusion criteria

Exclusion criteria

Diagnosis of PD based on the presence of at
least two cardinal PD features (tremor, rigidity,
or bradykinesia)

Nonidiopathic PD or “Parkinson’s plus”
syndromes

Advanced idiopathic PD as determined by the
use of Hoehn and Yahr stage or Unified
Parkinson’s Disease Rating Scale (UPDRS) part
IIT motor subscale

Cognitive impairment, dementia, or
depression that would be worsened by or
would interfere with the patient’s ability to
benefit from DBS

L-dopa responsive with clearly defined “on”
periods

Current psychosis, alcohol abuse, or other
drug abuse

Persistent disabling PD symptoms or drug side
effects (e.g., dyskinesias, motor fluctuations, or
disabling “off” periods) despite optimal medical
therapy

Structural lesions such as basal ganglionic
stroke, tumor, or vascular malformation as
etiology of the movement disorder

Willingness and ability to cooperate during
conscious operative procedure, as well as during
postsurgical evaluations, adjustments of
medications and stimulator settings

Previous movement disorder surgery within
the affected basal ganglion

Significant medical, surgical, neurologic, or
orthopedic comorbidities contraindicating
DBS surgery or stimulation
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Diagnosis of PD

Although PD is one of the most common neurodegenerative disorders, definite
diagnosis still presents challenges. PD is a heterogeneous disease, and not all
patients will have all symptoms, especially early in the course of the disease.
Moreover, motor symptoms of PD are also features of other “Parkinson’s Plus”
syndromes, such as progressive supranuclear palsy, multiple systems atrophy, and
dementia with Lewy bodies [55]. Unfortunately, even expert neurologists using the
UK Parkinson’s Disease Society Brain Bank Criteria for diagnosis were shown to
only be accurate 82% of the time when the clinical diagnosis was later histologi-
cally evaluated by autopsy [56].

Surgery generally should not be considered for at least 5 years after the diagnosis
of PD. The features that distinguish several of the “Parkinson’s Plus” syndromes
(such as early and severe balance difficulties, rapid cognitive worsening, and eye
movement limitations) often present during this 5-year window, eliminating the
diagnosis of idiopathic PD.

The Controlled Trial of Deep Brain Stimulation in Early Patients with Parkinson’s
Disease (EARLYSTIM) recently compared STN DBS treatment with best medical
therapy and showed that DBS provided marked improvement in quality of life,
motor disability, and activities of daily living [57]. The superiority of DBS therapy
in this trial was pronounced and has led to concern that DBS will be suggested inap-
propriately for PD patients in an early stage of disease or who later are clearly
shown not to suffer from PD [58]. Patients selected for the EARLYSTIM trial had
been diagnosed with motor fluctuations for less than 3 years prior to enrollment and
only needed to have carried a PD diagnosis for 4 years. Importantly, however,
patients needed to show profound dopamine responsiveness (>50% improvement)
and at the time of enrollment patients turned out to have carried a PD diagnosis for
an average of 7.5 years. Patients were enrolled at Hoehn and Yahr stage 3 or less at
the best “on” condition. (The Hoehn and Yahr scale was published in 1967 to codify
disease progression and ranges from 1 to 5 [59].) The patients actually enrolled in
the trial do not reflect those seen “early” after a diagnosis of PD so much as they
reflect a well-chosen group who should, and did, respond well to DBS therapy. The
study, and concerns raised by its title, help emphasize the need for a comprehensive
team, including an expert movement disorders neurologist, to complete the DBS
evaluation. Inappropriately offering surgery to patients only a few years after diag-
nosis essentially ensures that some patients without PD will be implanted, placing
them operative risk with little potential benefit.

Disability

Patients with PD become candidates for surgery when motor fluctuations, dyskine-
sia, or dopamine-responsive symptoms become disabling. If dopamine-responsive
symptoms are well controlled during the majority of the day, then DBS is not gener-
ally appropriate. Using the Hoehn and Yahr staging system, “advanced” PD is
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defined as stage 4 or 5 in the “off”” medication state. (The scale was developed prior
to the availability of DRT.). “Advanced” disease has not been defined specifically
using the UPDRS-III scale (range 0—108), but operationally an “off” score of >30
is generally required to consider DBS implantation. As another reference point for
consideration of DBS therapy, the VA Cooperative Study trial required patients to
be Hoehn and Yahr > stage 2 with persistent and disabling motor fluctuations and/
or dyskinesia. More than 3 h per day of disability due to poor motor function was
required for enrollment [41].

Levodopa Responsiveness

The response of disabling motor symptoms to levodopa is the strongest predictor of
symptomatic response to DBS. Therefore, many centers use a levodopa challenge to
grade levodopa responsiveness that includes assessing a patient who has not been
taking medication for at least 12 h using the UPDRS-III score and then assessing
again approximately 1 h after medication administration [60]. An improvement of
at least 30% in UPDRS-III score is indicative of a predictably positive response to
DBS [45]. Hourly patient diaries can also be helpful to establish the presence of
clear “on” medication times when movement benefit is consistently noted.

Tremor is often unresponsive to levodopa administration. In patients who other-
wise meet diagnostic criteria for PD and show good dopamine response to other
cardinal features, a lack of tremor improvement does not preclude DBS therapy. In
fact, tremor proves to be well treated with DBS regardless of preoperative “on/off”
medication testing change [44, 47]. Dyskinesia is generally induced with levodopa
therapy and likewise will be induced with “on/off” testing. The induction of dyski-
nesia can be seen as a secondary indication for DBS therapy.

Contraindications and Additional Considerations
Cognitive Impairment

Cognitive impairment is an intrinsic part of PD and likely develops as pathological
Lewy body inclusions spread to involve memory circuitry such as the hippocampi
[16]. DBS surgery and DBS therapy do not produce a cognitive improvement or
decline in most patients, although STN DBS can be associated with verbal fluency
impairment [61, 62]. There are not absolute established criteria for an acceptable
level of preoperative cognitive dysfunction [63].

The Mattis Dementia Rating Scale (MDRS) is commonly used to screen for
dementia (range 0—144). It has been shown that a cut-off score < 123 reliably diagno-
ses dementia in PD patients [64]. A cut-off score > 130 is commonly required of DBS
candidates. Witt et al. [65] reviewed patients enrolled in a prospective STN DBS trial
to evaluate how outcomes related to MDRS score. Patients were divided into quartiles
based on MDRS score, and all groups showed a good response in UPDRS-III motor



14 A.Brock et al.

scores with DBS. Despite this motor response, the lowest scoring quartile group of
patients (scores of 130-137) did not show improvements in quality of life (as mea-
sured with PDQ-39) compared with a control group treated with best medical therapy.
Patients in the groups of higher MDRS scores (138—144) showed significant quality-
of-life improvements. Given that many PD patients will be screened for DBS and
denied surgery based on cognitive limitations, surgeons will sometimes be pressured
by patients and families to relax the cognitive criteria. In general, however, cut-off
criteria should not be relaxed because of this lack of improvement in quality of life.

Psychiatric Comorbidity

Many DBS teams include a psychiatrist or mental health professional to assist with
patient screening. Neuropsychiatric issues must be addressed and stabilized prior to
surgery, and new issues may emerge that require attention, such as infrequent post-
operative hypomania and depression [43, 66]. Poorly treated depression, such as a
score > 18 on the Beck Depression Inventory, is a contraindication to surgery.
Although randomized trials have refuted an increased risk for suicide with DBS,
vigilance for depression after surgery is appropriate because postoperative depres-
sion is the largest risk factor for completed suicide [50]. A previous history of
impulse control disorder, prior suicide attempts, and a younger age of disease onset
are risk factors for attempted suicide. Castrioto et al. [61] published an extensive
review of the complex topic of behavioral effects of DBS. In brief, mood changes
often follow DBS, and it can be unclear whether they are caused by medication
changes, surgical trauma, or DBS therapy itself. Regardless of cause, mood changes
require appropriate evaluation and treatment to preserve DBS-related quality-of-life
improvements, which emphasizes the need for a team approach to patient care.
Attitudinal issues also need to be assessed during the evaluation process. Some
patients are unable to “give up control” and allow for physician programming of the
device. Such patients are often unable to obtain much benefit from DBS because they
frequently self-alter the device programming. Patients who are unable to cooperate
with the team evaluation process because of attitudinal issues should raise concerns.
A patient’s social environment is also a factor, as the patient must be able to make
multiple follow-up appointments for programming and future battery changes.

Medical Comorbidity

Patients must be able to physically tolerate DBS lead placement surgery that involves
either an awake burr-hole craniotomy or an exposure to general anesthesia. Patients
also need to be able to cooperate with device programming sessions and future internal
pulse generator replacement procedures. Active systemic diseases such as untreated
cancer, active cardiopulmonary disease, or coagulopathy preclude DBS therapy.
Rughani et al. [67] used the Nationwide Inpatient Sample (NIS) from 1999 to 2008 to
review acute complications occurring in 4145 patients with PD who underwent
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movement disorder surgery, primarily DBS. The presence of more than one medical
comorbidity was associated with an elevated risk of both in-hospital complications and
mortality. The risk of either remained low, however, at 5 and 0.5%, respectively.

Age

Currently, there is not an absolute age cut-off for consideration of DBS surgery. As
with any surgery, younger patients are less likely to have significant comorbidities and
are better able to recover from complications such as pneumonia or deep venous
thrombosis; however, physicians should set reasonable expectations regarding
expected outcomes. Motor improvements, as measured with UPDRS-III, were greater
for patients younger than 56 years old and with a shorter disease duration (less than
16 years) [68]. When patients were stratified as older or younger than 65 years of age,
there was no difference in motor improvement, but the older group had a smaller
improvement in the quality-of-life measures [69]. It is important to acknowledge that
while age was not a specific cut-off in large prospective DBS trials showing good
efficacy of both STN and GPi DBS, the average age of patients who otherwise met
enrollment criteria was only ~60 years [41, 42]. The NIS review revealed an increased
risk of acute complications and mortality with increasing age. Increasing age, how-
ever, was essentially a proxy for multiple medical comorbidities and was not indepen-
dently associated with increased risks [67]. Given the additional risks inherent in
operating on older patients, some surgeons advocate implanting unilateral leads.

Target Selection

Stimulation of the VIM thalamus improves tremor associated with PD but does not
produce significant improvement in other motor symptoms. Stimulation of either
the STN or GPi can be used to improve the cardinal features of the disease. Choices
between the targets have generally been guided by physician preference and exper-
tise informed by outcomes of retrospective studies. To address this limitation, three
large prospective trials were undertaken that directly compare GPi DBS and STN
DBS: the NIH COMPARE trial (using unilateral stimulation) [46], the VA
Cooperative study (bilateral) [41, 70], and the NSTAPS trial (bilateral) [42].

Summary for the Clinician

» The successful use of DBS therapy requires careful patient selection.

* The correct clinical diagnosis of Parkinson’s disease and a reproducible
response to dopamine therapy are critical selection criteria.

* Disability from nonmotor symptoms and medical comorbidities must be
carefully considered before offering surgery.

* STN or GPi DBS can be equally effectively employed to treat the cardinal
motor symptoms.
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For treatment of motor symptoms, it is important to consider which symptoms
are the most disabling to the patient. For tremor, stimulation of either the GPi or
STN produces profound tremor reduction, with neither target being more effica-
cious [42, 46]. Some physicians tend to recommend STN stimulation for patients
with tremor predominance. Anecdotally, the tremor suppression with STN stimula-
tion tends to occur more quickly and more dramatically, being observable in the
operating room. This rapid tremor suppression with STN stimulation may lead to an
erroneous impression of a more effective tremor control. In the treatment of rigidity,
the NIH COMPARE trial showed a slight benefit of unilateral STN stimulation, but
for bilateral implantation, neither target has been shown to be superior [41, 42, 46].
For bradykinesia, no randomized trial has shown an advantage of one target over the
other. In 2005, Anderson et al. demonstrated a trend suggesting that bilateral STN
stimulation may be more effective than GPi stimulation, but this trend was not sta-
tistically significant. The authors also showed a difference in favor of stimulation of
the GPi in the improvement of dyskinesia [71], and in unilateral cases, the stimula-
tion of the GPi also showed a trend toward inducing more improvement [46].

For nonmotor symptoms such as cognition and speech, stimulation of the GPi is
believed to be superior to stimulation of the STN. Memory has been shown to
decline faster in STN DBS patients [41], and while the COMPARE study showed
no difference in primary outcomes of mood and cognition, more secondary cogni-
tive issues were seen with STN targets. Speech may be more affected by STN DBS
than GPi DBS. Several studies have shown reduced speech intelligibility and
induced dysarthria with STN stimulation [45, 72, 73].

Medication reduction is consistently more pronounced with STN stimulation
than with GPI [70, 74]. Battery drain is higher with GPI stimulation than with STN
[70]. Adding these two factors together, STN stimulation is more cost-effective.

Summary

For appropriately selected patients with PD, DBS can provide profound improve-
ments in tremor, rigidity, bradykinesia, dyskinesia, and motor fluctuations. Prospective
trials show that DBS produces improvements in quality of life beyond what is achiev-
able with best medical therapy. Stimulation of either the GPi or STN is effective.
Reproducing the outcomes documented in high-quality, prospective trials, however,
requires careful patient evaluation and selection through the cooperation of a multidis-
ciplinary team. PD remains a progressive disorder, and it is important that patients and
families be multiply counseled regarding realistic expectations.
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The most common site for electrode implantation in patients diagnosed with PD
is the STN.

Patients with a diagnosis of idiopathic PD based on clinical examination,
response to levodopa, and disease progression are candidates for surgical
evaluation.

A volumetric, gadolinium-enhanced, 3 tesla MRI is used for presurgical plan-
ning although the reliability of 7 tesla MRI is under study.

We currently use a combination of direct and indirect methods to target the sub-
thalamic nucleus.

The most effective site for stimulation is thought to be the dorsolateral portion of
the STN which corresponds with the sensorimotor region of the nucleus.

An intraoperative 0-arm study and microelectrode recording data are used to
interpolate the relative location of the electrode to the STN.

We usually position the most ventral contact (the one near the tip of the DBS
lead), at the ventral STN. As we gradually increase the amplitude during testing
of the macroelectrode, improvements in tremor, bradykinesia, and rigidity are

expected.
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Introduction

The first attempts to surgically treat Parkinson’s disease (PD) beginning in the
1930s predated the discovery of the medications that would eventually derail its
further development [1]. These procedures, now abandoned, often focused on ablat-
ing the central nervous system at different sites including the posterior roots, antero-
lateral column, lateral pyramidal track, and precentral gyrus. Injection of procaine
into the sensory nerves was also considered [2, 3]. These earliest attempts yielded
partial or no benefit but were hampered even more by the significant morbidity of
the operations.

Irving Cooper, while performing a pedunculotomy in a patient with tremor, inad-
vertently ligated the anterior choroidal artery. The patient awoke to find his tremor
and rigidity resolved [4]. While ligation of the choroidal artery may on occasion
improve the symptoms of PD, when the infarction was confined to the globus palli-
dus, the variation in the vascular territory often led to infarctions of the internal
capsule or thalamus that consequently resulted in hemiparesis or other neurological
deficits. Spiegel and Wycis developed the first stereotactic frame for human use and
played a major role in advancing the surgical treatment of movement disorders [,
6]. Interest in surgery, except for a few centers, waned after L-dopa was introduced
in the late 1960s and did not re-emerge until the 1980s when Benabid (1987), while
performing thalamotomy, noted that electrical stimulation, intended to avoid injur-
ing functional sites, induced a reversible improvement of tremor [7]. These findings
were the basis for his study of chronic ventral intermediate thalamic electrical stim-
ulation in 33 patients with tremor [8]. His group later reported the first case of sub-
thalamic nucleus (STN) deep brain stimulation in PD [9]. Although the internal
globus pallidus (GPi) and the ventral thalamus (VT) are also targeted, the most
common site for electrode implantation, as a treatment for PD, remains the
STN. While the debate remains on the merits of STN versus globus pallidus stimu-
lation in PD, a recent meta-analysis showed quantitative evidence for significant
improvement of patient’s symptoms, functionality, and quality of life, after STN
DBS [10] (Fig. 2.1).

Patient Selection

At the Cleveland Clinic’s Center for Neurological Restoration, potential surgical
candidates are evaluated by a movement disorders neurologist, specialized move-
ment disorder nurse or physician assistant, neurosurgeon, neuropsychologist, and in
most cases by a movement disorder psychiatrist. Under some circumstances, a bio-
ethics assessment is requested. Testing also includes motor testing in the “on” and
“off” states with video recording and brain MRI with gadolinium. Patients are then
discussed thoroughly in a multidisciplinary conference weighing the risk versus
benefit of DBS, evaluating the most ideal target and method (e.g., unilateral versus
bilateral; staged versus simultaneous). A recent study by our group found that
27.3% of patients referred to our center were not offered DBS. The most common
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Fig. 2.1 Axial sequence
7T MRI (top) and 3 T
MRI T2 (bottom) merged
with volumetric study
depicting the subthalamic
nucleus and red nucleus

reasons for exclusion were cognitive impairment (32%), early PD or non-optimized
medical therapy (29.5%), behavioral issues (21.3%), likely diagnosis of secondary
parkinsonism or atypical parkinsonism (13.1%), poor levodopa response (11.4%),
unrealistic patient’s perception of surgical goals (9.8%), predominant axial symp-
toms (6.5%), significant medical or surgical comorbidities (6.5%), and abnormal
brain imaging (3.2%). Of the excluded patients, 29.5% had multiple exclusion fac-
tors, most commonly with the combination of cognitive and behavioral dysfunction
[11]. Except in unusual circumstances, only patients with a clear diagnosis of idio-
pathic PD based on clinical examination, response to levodopa and disease
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progression, proceed with surgical evaluation. To date, patients with atypical par-
kinsonian syndromes, such as dementia with Lewy bodies, vascular parkinsonism,
or other parkinsonian-plus syndromes, have not shown a favorable response to
DBS. Clinicians look for symptoms that are likely to benefit the most from
DBS. STN DBS most consistently improves the classic dopa-responsive motor
symptoms of PD, such as bradykinesia and rigidity, and in addition also relieves
medication-resistant resting tremor [12].

Since DBS tends to mirror the effect of levodopa on time, patients who do not
improve with levodopa are also unlikely to improve with DBS. The degree of improve-
ment following administration of dopaminergic agents is conventionally tested using
the motor subscale of the Unified Parkinson Disease Rating Scale (UPDRS-III). An
improvement of approximately 33% in the UPDRS-III score in the on state with a
minimum UPDRS-III score of 30 (out of total possible 108) in the off state are useful
benchmarks [13]. Off medication, motor symptoms have been shown to improve the
UPDRS score by 40-60%. On the other hand, non-motor features of PD, such as
impaired cognitive function and dysautonomia, do not respond to DBS. In patients who
are significantly disabled by the motor features of the disease, but who show minimal
or no change in cognition, the risks of DBS may be offset by the estimated benefit.

Unfortunately, cognitive decline, including dementia, is a frequent finding in
patients with advancing PD and DBS that can significantly worsen cognition, par-
ticularly among at-risk patients. A Mini-Mental Status Examination (MMSE) score
of equal to or less than 24 has been proposed as a simple screening criterion for
exclusion [13]. However, we prefer a full neuropsychological evaluation completed
by psychologists who are active participants in the DBS program. Because many
patients who may significantly benefit from DBS from a motor standpoint also have
some cognitive impairment, we assess patients “holistically,” attempting to best
estimate the risk and likely magnitude of cognitive decline, along with the potential
benefits of surgery. Patients with mood disorders, particularly severe depression and
anxiety or psychosis that are refractory to treatment, are often excluded as surgical
candidates. Older patients with PD can be at higher risk for worse outcomes [14].
However, for many older patients with significant motor symptoms and adverse
levodopa effects, in good health, without dementia or psychiatric problems, surgery
is still often a good choice and they can experience significant improvements in
quality of life. Claustrophobia is a significant problem for patients undergoing DBS
guided by microelectrode recording (MER) with a stereotactic head frame, as this
condition could manifest during the awake intraoperative testing, limiting the utility
of the MER and increasing the risk for lead misplacement.

Patients with significant bilateral symptoms benefit from bilateral DBS. Patients
with bilateral symptoms who undergo unilateral DBS often do not benefit fully from
surgery and many present significant challenges in management, postoperatively.
Previous ablative surgery is not an absolute exclusion. For instance, a patient with
previous unilateral pallidotomy might seek treatment to control symptoms on the
opposite site. Alternatively, a patient with a suboptimal outcome following a previ-
ous pallidotomy might further benefit from STN DBS [15]. A summary of the inclu-
sion and exclusion criteria is found in Table 2.1.
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Table 2.1 Inclusion and exclusion criteria for STN DBS

Inclusion criteria

Exclusion criteria

Concerns

Confirmed diagnosis of idiopathic
Parkinson’s disease

Secondary
parkinsonism or
atypical parkinsonism

Coagulopathy, antiplatelet, or
anticoagulant use

PD with significant or disabling
motor symptoms

Suboptimal
Parkinson’s disease
medical treatment

Prior cranial surgery

Dyskinesia and other drug-related
side effects, and potential to
decreased dosage post-DBS

Cognitive impairment,
dementia

Advanced age

Improvement of UPDRS-III score
of >33%, or a minimum
UPDRS-III score of 30/108 in the
off state

Poor levodopa
response

Medical comorbidities, including
cardiac, lung, and uncontrolled
hypertension

Appropriate expectations from
surgery and understanding of
outcomes

Unrealistic patient’s
perception of surgical
goals

Increased risk for infection in
patients with primary or
secondary immunodeficiency

No structural lesions on imaging
studies

Depression, anxiety,
psychosis,
claustrophobia

Structural lesions or findings that
could interfere with electrode
implantation

Preoperative Evaluation

In addition to the standard preoperative surgical testing and evaluation, special
attention is focused on select medical comorbidities, in patients scheduled for DBS
with MER. Uncontrolled hypertension perioperatively likely contributes to the risk
of intraoperative bleeding, the most significant complication of DBS. Estimates
vary but the risk is reported to be between 1.5% and 3%, with a risk of permanent
morbidity of 0.5 and 1% [16-18]. We prefer a systolic blood pressure of equal to or
less than 130 mmHg intraoperatively, which is then slowly liberalized during the
postoperative period.

Antiplatelet and anticoagulation medications, as well as nonsteroidal anti-
inflammatory medications, are stopped 7—10 days before the surgery or a warfa-
rin-to-heparin bridge is initiated, in high-risk individuals. The risks of stopping
anticoagulation therefore should be carefully weighed against the potential ben-
efit of DBS surgery. In general, we favor consultation with cardiology or cere-
brovascular neurology to clarify the risk to the patient, of medication
cessation.

Patients with an increased risk of developing infections, such as patients with
diabetes and chronic steroid use, are advised of the elevated risks. In addition,
patients with history of poor wound healing or loss of elasticity in the skin may be
at increased risk for hardware erosion. Finally, post-DBS, patients should avoid
large magnetic fields. A limited number of MRI sequences are compatible with
DBS systems, under strict guidelines. Therefore, patients requiring frequent imag-
ing with MRI might not be appropriate candidates [19-21].
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Imaging

In our center, we obtain a volumetric MRI, gadolinium-enhanced, with T1- and
T2-weighted images, several days or weeks prior to surgery. In general, we feel that
patients with an MRI older than 2-3 months should undergo new imaging, to rule
out subclinical changes that may influence planning, such as small lacunar strokes
or other intracranial lesions. T2 and inversion recovery images are beneficial for
direct targeting of STN. Reducing motion artifact due to tremor or dyskinesia is
challenging in some patients. We continue to use a 3 Tesla MRI for planning; how-
ever, with the introduction of 7 Tesla MRI, we expect this will replace the 3 T as our
imaging modality of choice for some patients. Whether clinically significant distor-
tion is evident on 7 T MRISs is still under study. Motion artifact is compounded in
7 T machines and may limit their use in some patients. A study recently found sig-
nificant correlation between identical targets in central parts of the brain when using
7 Tesla MRI as compared to 1.5 Tesla MRI [22]. Ongoing studies are being per-
formed in our center to assess the reliability of 7 Tesla MRI as a tool for preopera-
tive planning in our patients.

When MRI is contraindicated, CT is used for planning. Although CT lacks the
resolution of an MRI, it is not susceptible to the distortional artifact produced by
inhomogeneity in the magnetic field and thus more accurately represents the actual
position of the intracerebral structures. However, in CT scans, the commissures are
less clearly identifiable and the STN cannot be visualized, so surgical planning is
performed exclusively by indirect targeting, with greater reliance on intraoperative
microelectrode and macroelectrode physiology.

Targeting

Targeting can be performed prior to the day of the procedure or on the morning of
surgery. We currently use a combination of direct and indirect targeting. Direct tar-
geting is based on direct visualization of the STN on MRI sequences such as T2,
proton density, and inversion recovery [23]. The STN lies anterior and lateral to the
more easily visualized red nucleus. The anterior border of the red nucleus can be
used as a landmark for identifying the posterior and inferior margin of the
STN. While the goal of surgery is to place DBS electrodes in the motor territory of
the STN, in the dorsolateral compartment of the nucleus, at a distance of about
2 mm from the internal capsule, the tip of the electrode is often placed posteriorly
and inferiorly in the nucleus in such a fashion as to position the upper contacts of
the quadripolar leads in the desired territory (Fig. 2.2).

Indirect targeting is based on internal landmarks such as the midcommissural
point (MCP), the midpoint of the AC-PC (anterior-posterior commissure) line. The
coordinates we often use to initiate targeting for the STN are 10 to 13 mm lateral to
the midline, 4-5 mm ventral to the intercomissural plane, and 3—4 mm posterior to
the MCP.



2 Subthalamic Nucleus Deep Brain Stimulation with Microelectrode Recording... 27

Fig. 2.2 Sagittal, coronal, and axial views demonstrating subthalamic nucleus target selection in
the dorsolateral region

There are several strategies for selecting an entry point. We start at the intersec-
tion of the coronal suture and the middle frontal gyrus and adjust anteriorly as
needed. A more posterior entry point is used on occasion, but risks injuring the
precentral gyrus. As most patients with PD will have evidence of some age-related
atrophy, a more medial entry point through the superior frontal gyrus often traverses
the ventricle. Going through the ventricle is a choice in stereotactic neurosurgery,
and some centers may routinely select transventricular approaches. In some of the
emerging DBS indications, a transventricular route is often the best choice for
reaching the desired target [24]. However, when STN is the desired target, a trajec-
tory that avoids the ventricle effectively eliminates the risk of intraventricular hem-
orrhage and may reduce the incidence of postoperative confusion [25]. The entry
point and trajectory are generally planned to avoid vascular structures as well as
sulci. A typical trajectory would transverse the anterior thalamus, zona incerta, STN
and the substantia nigra (SN), after passing through the crown of a gyrus. The tra-
jectory can be visualized with orthogonal axial, coronal, and sagittal views, as well
as with a “probe’s eye” view, advancing millimeter by millimeter along the trajec-
tory to look for anatomical structures that will be along the path of the cannula and
electrodes (Fig. 2.3).

Frame Placement

Patients are typically admitted to the hospital the night before surgery with their PD
medications held. Surgery is then performed in the “off state,” to enhance the neu-
rophysiological recordings and measure symptoms with stimulation. Oral hypogly-
cemic agents are also discontinued, whereas the morning dose of an antihypertensive
medication should be given before surgery. Some authors recommend beta-blockers
be stopped before surgery, due to potential reversible changes in STN activity [26].
However, we have not incorporated this into our practice and often utilize beta-
blockers to manage blood pressure intraoperatively.

Stereotactic frames used for DBS include the CRW, Riechert-Mundinger, and
Leksell. Each frame has been extensively tested for targeting errors [27]. Accuracy
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Fig. 2.3 Top panel: Sagittal, coronal, and axial views showing a proposed trajectory. This entry
point is at the middle frontal gyrus and in this example the trajectory is lateral to the ventricle.
Bottom panel: Probes eye view of the same trajectory

is inversely related to the targeting error. In phantom models, the Leksell system,
CRW, and STarFix have targeting errors of 1.7, 1.8, and 0.42 mm, respectively.
Taking into consideration brain shift, in the clinical setting, targeting errors are
2.78 mm (SD 0.25) for NexFrame, 2.65 mm (SD 0.22) for the CRW and 1.99 mm
(SD 0.92) for the STarFix. Our preference is to use the Leksell frame for DBS with
MER; however, this is largely based on familiarity, availability, and cost and not a
belief that this is a superior frame.

On the morning of surgery, the patient’s hair is clipped and pin points are pre-
pared with betadine. We use lidocaine and marcaine mixture, without epinephrine,
for local anesthesia. The base of the frame is placed parallel to a line extending from
the lateral canthus or orbital floor to the tragus in order to parallel the AC-PC plane.
The head should be centered in the midline of the frame. The frame base should not
be in contact with the skin, to avoid development of pressure ulcers. The pins are
finger tightened until the outer layer of the bone is purchased. Over tightening of the
pins can distort the frame and lower the accuracy of the system. We usually will
place the frame in the operating room, under sedation.

Once the frame is in place, the patient undergoes a stereo head CT scan. Several
image-guiding systems are available for merging and target/trajectory planning. We
use the Stealth Station s7 (Medtronic, Minneapolis) for stereotactic planning.
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Patient Positioning and Anesthesia

The patient is positioned supine on the operating table. Sequential compression
devices, if used, should be removed at the time of intraoperative testing. The frame
is fixed to the operating table with an adapter and the head/neck positioned for
patient comfort. Sedation is started with propofol. Invasive arterial blood pressure
monitoring is initiated, if the blood pressure is labile. Our anesthesiology team often
utilizes hydralazine, labetalol, and nicardipine for intraoperative blood pressure
control. Preoperative antibiotics should be given 30 min before incision. We pre-
wash the scalp for 7 min with Hibiclens solution, followed by application of an
alcohol-based solution. A Foley catheter is inserted once sedation has started. An
intraoperative imaging system (O-arm, Surgical Imaging System, Medtronic) is
brought into the field and aligned in parallel with the frame base (Fig. 2.4). The
rings are positioned on the frame, and the y and z coordinates are set and indepen-
dently confirmed by an assistant.

We use a disposable, waterproof, DBS-specific plastic drape with an Ioban cen-
ter. The outer borders of the drape are affixed to the O-arm to accommodate table
adjustment during the procedure. One important detail is to leave enough slack in

Fig. 2.4 Intraoperative
setup with O-arm draped
into the field
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the draping to accommodate movement of the O-arm during the procedure. All
cables, suction, and bipolar are connected to the drape itself for surgeon’s easy
access. The stereotactic arc is attached to the Leksell frame, the x coordinate set,
and the ring angle adjusted. The site of the entry point is marked on the Ioban cov-
ered skin after the angle is identified. A linear or curvilinear incision is planned
around the entry point.

The surgical site is infiltrated with lidocaine and we also infiltrate local anes-
thetic along the planned subgaleal tunneling path, posterior to the incision. A self-
retaining retractor is positioned after hemostasis of the scalp and galea. The cannula
is used to mark the point of entry on the skull. A 14-mm pneumatic drill perforates
the skull to expose the dura and the remnants of the internal table are removed with
a curette and bone bleeding plugged with bone wax. The inner table is undermined
with a Kerrison if it is evident that the cannula will deflect off of the bone on entry.
The anchoring device (Stim-Loc Anchoring device, Medtronic) is secured to the
skull by using 4 mm screws. The clip is deployed to verify it will lock and then
removed. The dura mater is coagulated, opened in a cruciate fashion, and its leaflets
retracted with bipolar cauterization over the entry point. A small corticectomy is
performed by coagulation of the pia and incision with an 11 blade. Careful entry
point planning will minimize the likelihood of a cortical vessel being in the field.
Nonetheless, mobilization of a cortical vessel is sometimes the only option.

The anesthesia team is then asked to arrest sedation and awaken the patient.
A microdrive is assembled and a premeasured cannula with a stylet insert is
advanced 15 mm dorsal to the target in the preparation for MER. Gelfoam and
fibrin glue are placed in the burr hole around the cannula to minimize CSF loss and
pneumocephalus.

Microelectrode Recording

The STN is an obliquely oriented oval-shaped structure between 125 and 238 mm3 in
volume. We start our MER at 15 mm dorsal to the target. As the microelectrode is
advanced, the anterior thalamus or reticular thalamus is entered. Relative quies-
cence is recorded, as the electrode passes through zona incerta (ZI). A larger gap
(thicker ZI) between the thalamus and STN is noted, if the trajectory is more ante-
rior. The anterior thalamic nuclei have low density and slow firing rates, interposed
with bursting cells that spike at a rate of about 15 Hz [28]. Compared to the other
regions, the ZI is relatively silent, with occasional large-amplitude neurons or burst-
ing neurons with rates between 25 and 40 Hz [29]. The dorsal border of STN is
remarkable for its usually distinct and sudden increase in background noise, fol-
lowed by isolation of the first STN cells.

On entering the STN, a pattern of tonic, irregular neuronal firing emerges with
rates between 30 and 50 Hz and frequent multiunit recordings [30]. This spike rate
is significantly higher than observed in a non-parkinsonian state [31]. Occasionally,
a second neuronal type that shows synchronized bursting with the patient’s tremor
is observed. When neuronal units are well isolated, we check for kinesthetic driving
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by passively moving the joints on the opposite side of the body. We examine for
upper and lower extremity passive joint movement as well as active movement of
the jaw and tongue. When clear kinesthetic driving is identified, it corroborates a
trajectory through the motor territory of the STN. While the somatotopy of the STN
is not as organized as in the cortex or ventral posterior thalamic nuclei, the bulk of
cells corresponding to the upper extremity are positioned more laterally than the leg
cells [31]. The most effective site for stimulation is thought to be the dorsolateral
portion of the STN, which corresponds with the sensorimotor region of the nucleus
[32]. A microelectrode track that records from 4-6 mm in the STN, with strong
kinesthetic driving, and does not elicit “capsular” effects at low amplitudes, is usu-
ally indicative of a trajectory in which the DBS lead should be implanted. However,
many centers prefer to record multiple MER trajectories through the STN, in order
to better understand the three-dimensional anatomy of the subthalamic area in each
patient. This needs to be weighed against the risks and disadvantages of repeated
MER penetrations, including hemorrhage. After the electrode exits the STN, there
is brief reduction in background noise before the SNr is entered. The pattern of
activity is very distinct from that of the STN, with less modulation of activity and a
constant, tonic firing rate around 50-70 Hz [28, 29, 33]. We routinely perform
microstimulation between 10 and 100 microamperes along the trajectory, while
looking for possible effects such as brief improvements in tremor, motor contrac-
tions suggestive of stimulation of internal capsule fibers, and oculomotor changes.
After the initial MER track, we routinely acquire an intraoperative O-arm image
and use this information in combination with the physiological findings. This
sequence is fused with the MRI plan and the distance between the preplanned target
and the electrode tip is measured, to ascertain the error between the actual and
intended location. Together with the MER data, we are then able to interpolate the
relative location of the electrode to the STN. This additional data point is used to
refine the target of subsequent MER tracks or macroelectrode insertion and is felt to
reduce the number of penetrations required for successful localization (Fig. 2.5).

DBS Electrode Implantation and Testing

At the time of this writing there are currently two DBS lead/electrode models com-
mercially available in the United States, each with four contacts, 1.5 mm in length
and 1.27 mm in diameter. The space between contacts is 1.5 mm in the 3387 lead
(Medtronic, Minneapolis) and 0.5 mm in the 3389 lead (Medtronic, Minneapolis).
After the coordinates for the final target are selected, the microelectrode and can-
nula are removed, the frame coordinates are adjusted, and the cannula and DBS
lead/macroelectrode are inserted and advanced to the target. The lead is advanced
beyond the end of the cannula based on the findings from MER. We usually position
the ventral-most contact, that is near the tip of the DBS lead, at the ventral STN. In
many patients, a microlesional effect is observed before the stimulation is even
turned on. This is manifested as reduction in motor symptoms on the contralateral
hemibody.
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Fig. 2.5 Sample macroelectrode trajectory through the subthalamic nucleus and relationship to
other regional structures

There are several options for macrostimulation settings. Our routine is to adjust
the first stimulation tests to a pulse width of 90 microseconds and a rate of 130 Hz.
A monopolar configuration, starting at contact 0, is tested first before moving on to
the other contacts as needed. Bipolar configuration is also sometimes used. The
voltage is increased progressively and the effects observed. Paresthesias that abate
quickly indicate a more posterior location, but are not a contraindication for perma-
nent implantation. As we gradually increase the amplitude, improvements in tremor,
bradykinesia, and rigidity are expected. We also observe for possible side effects,
such as motor contractions, diplopia, speech changes, oculomotor changes, and sub-
jective effects such as dizziness or light-headedness. In general, we expect that the
amplitude needed to cause a side effect (i.e., threshold) will be at least 50% greater
than the amplitude required to control tremor and significantly improve rigidity and/
or bradykinesia. If the side effects occur at a low voltage or at an amplitude similar
to that required for desired effects, we consider repositioning of the lead as optimal
postoperative programming may not be viable. When repositioning an electrode is
required, it is recommended to move the target by a minimum of 2 mm increments,
to avoid falling in the same tract from the previous lead trajectory.

Once the STN DBS electrode is satisfactorily placed, the guide tube is removed
and the electrode secured with the clip. The guide wire is removed along with the
carrier and microdrive. The Stim-Loc device (Medtronic, Minneapolis) is clipped,
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and the cap is secured after the lead is positioned in the groove of the Stim-Loc. The
proximal lead is inserted into a protective casing and housed in a silastic boot fitted
with two sutures. It is tunneled under the galea to the parietal boss on the ipsilateral
side in order to facilitate the second part of the procedure. The excess cable is then
coiled around the burr hole.

Closure and Postoperative Care

The patient is re-sedated for wound closure. The wound is irrigated and hemostasis
carried out. The galea is sutured with vicryl, and special care is taken to avoid punc-
turing the insulation encasing the electrodes. The frame is removed, and the patient
is awoken and transported to the post-anesthesia recovery unit. We routinely obtain
a CT scan to rule out subclinical intracranial complications, such as an asymptom-
atic bleed or inadvertent electrode migration. If the CT is as expected, we liberalize
the blood pressure and send the patient to a regular nursing floor room. If patients
have labile blood pressure, they are admitted to a monitored bed. The majority of
patients are routinely discharged after an overnight stay.

Implanting the Pulse Generator

At our institution, we implant the pulse generator 7-10 days after the lead is placed.
Patients are regularly discharged on the day of surgery. Patients receive general
anesthesia and are positioned with their head turned, exposing the distal end of the
DBS lead. An incision approximately 2 cm inferior to clavicle and lateral to the
sternum is marked on the chest. A subcutaneous pocket is created to fit the pulse
generator, typically superficial to the pectoralis fascia. In thin patients, we create a
pocket under the fascia of the pectoralis muscle. Of note, if a rechargeable unit is to
be implanted, it is recommended that it should not be placed deeper than 1 cm from
the surface in order to allow for good interaction with the recharging apparatus.

A small incision in the parieto-occipital region is made over the extension con-
nector. From this incision, a tunneler is passed beneath the skin and externalized in
the subclavicular incision. The extension wire cable is affixed to the tunneler and
pulled up to the cranial incision. It is inserted into the battery and connected to the
DBS lead. The incisions are irrigated and closed.
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Core Messages

The subthalamic nucleus (STN) target is frequently employed as a deep
brain stimulation (DBS) target for the treatment of Parkinson’s disease.
This target offers the advantage of tremor reduction and L-Dopa medica-
tion reduction.

When compared with other targets for the treatment of PD, such as the
globus pallidus interna (GPi), some practitioners feel that the STN target
may lead to greater reduction in impulse control, worsened cognitive defi-
cits, and increased balance problems.

Modern rapid prototyping methods, such as 3D printing, have made it pos-
sible to create custom skull-mounted stereotactic mini-frames (microTar-
geting™ platform) specific to a given patient and target.

The microTargeting™ platform is a complete stereotactic system that
offers several advantages including greater patient comfort, shorter surgi-
cal time on the day of lead implantation, reduced capital cost, and a shorter
distance to target.

Disadvantages of the system include the requirement of an extra patient
visit, because the frame must be planned with imaging on a day separate
from the operative day, and some constraints on targeting trajectories on
the day of surgery.
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e Waypoint planning software is coupled with the microTargeting™ plat-
form for the purpose of trajectory planning and frame creation.

* Waypoint planning software includes a probabilistic atlas based on a his-
torical cohort of patients that previously underwent DBS placement, and it
can be used as an adjunct to standardized coordinates in choosing the spe-
cific location of the STN target.

o After the trajectories are planned and the microTargeting™ frame is pro-
duced, it is affixed to the patients’ skull on the day of lead placement. From
this point, bur hole creation proceeds in the standard manner and micro-
electrode recording can occur simultaneously, if necessary, through both
planned trajectories. Reducing the time necessary to affix the frame and
plan the case on the day of surgery provides more time for MER and test
stimulation and may improve patient cooperation, by shortening the surgi-
cal time.

Introduction

Currently, the STN is the structure most commonly targeted for DBS therapy of
PD. The use of DBS therapy at the STN for PD first began in the early 1990s and
was FDA approved in 2002. Although the exact mechanisms of DBS are incom-
pletely understood, stimulation of the STN is thought to improve the symptoms of
PD by blocking excessive output from the globus pallidus [1]. Some believe this
may be accomplished by a temporary “lesioning” effect that interrupts the excit-
atory output of the STN to the GPi resulting in less thalamic inhibition and subse-
quently greater excitatory output to the cerebral cortex. However, much remains to
be discovered regarding the mechanism of this therapy [2].

Stimulation of the STN has been shown to improve many of the symptoms of PD
including tremor, bradykinesia, dyskinesia, and rigidity. Unfortunately, STN DBS
may also be associated with side effects such as depressed mood, decreased visual
processing speed, cognitive difficulty, and impulse control disorders. With appropri-
ate patient selection and surgical technique, many of these side effects can be pre-
vented and benefit can be maximized [3].

Traditional surgical technique for STN DBS lead placement generally involves
application of a stereotactic frame to an awake patient followed by microelectrode
recording (MER), test stimulation, final lead placement, and confirmatory testing of
the position. Stereotactic guidance devices for DBS placement can be loosely cate-
gorized into two groups: frame-based and frame-less systems. Frame-based systems
are the traditional devices which are affixed to the patient’s head and the patient’s
head subsequently must be fixed in place to the OR table. Traditional stereotactic
frames are generally relatively heavy metal fixtures that are affixed to the patient’s
head and scanned on the day of surgery with the frame and its fiducials in place,
followed by frame adjustment to trajectory coordinates. Modern material science
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along with rapid prototyping techniques such as 3D printing now allows rapid pro-
duction of disposable “frame-less” guidance systems. These smaller guidance
devices are disposable, affix directly to the patients’ skull, and because they are
lighter do not require the patient to be rigidly locked to the OR table [4]. Two frame-
less systems commercially available are the Medtronic Nexframe™ and the FHCR
microTargeting™ frame (see FHC and Medtronic websites). These devices essen-
tially co-opt the Cartesian coordinate space of volumetrically acquired CT or MRI
scans and are smaller and lighter fixtures that improve patient comfort. One key
difference between these two frameless options is the fact that the Nexframe requires
active image guidance with a Stealth® system, whereas the trajectories for the
microTargeting™ platform are set at the time of its production and do not require
image guidance during surgery [5]. While studies of the accuracy of frame-less
systems and the traditional stereotactic frames demonstrate similar accuracy, we
argue that the precision of the microTargeting™ system may be greater given the
nature of its custom production providing a new frame each time and the fact that
fewer user adjustments must be made since the trajectories are relatively set (as
opposed to traditional frames which must be set each use and wear over time) [6].
This chapter will discuss the use of the microTargeting™ platform in conjunction
with Waypoint™ stereotactic planning system for use in MER-guided STN DBS
placement for the treatment of PD.

Operative Procedure for Use of the microTargeting™ Platform
in STN DBS Lead Placement

The microTargeting™ platform used in conjunction with the Waypoint™ planning
software is a complete stereotactic system. As such, it can be used for any number
of stereotactic procedures with good accuracy and precision including placement of
DBS leads or depth electrodes, tumor biopsy, or laser ablation [7]. In this chapter,
we are specifically addressing the use of the microTargeting™ platform for place-
ment of DBS leads at an STN target for the treatment of PD, but many of the prin-
ciples are generalizable.

Patient Selection and Preoperative Concerns

Although discussed at length in other parts of this book, we will provide a brief
comment on patient selection. Patient selection is an integral part of the surgical
procedure. Patients with Parkinson’s disease are typically considered DBS candi-
dates when they develop significant on/off fluctuations in their symptoms despite a
robust levodopa response, or have disabling dyskinesias. They must also have neu-
ropsychological testing that precludes severe comorbid depression or progressive
dementia and must be healthy enough to tolerate surgery without inordinate risk. In
selecting the appropriate target for DBS, many centers now consider the STN and
GPi to be similarly viable. Although practices differ, the STN may be preferred for
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patients with tremor predominance, high medication doses, or frequent wearing off.
Patient factors such as major depression, cognitive difficulties, or excessive prob-
lems with gait may lead the team to consider a GPi target as opposed to STN [8]. In
general, we have found that elderly patient’s recover more slowly and are more
prone to transient postoperative cognitive deficits. We commonly stage bilateral
lead placement in patients over 70 years. The majority of our PD patients are treated
with bilateral DBS unless their symptoms are predominantly one sided. DBS for PD
should be a multidisciplinary process. The movement disorders neurologist, physi-
cal therapist/rehab team, and neuropsychologist are integral in the patient selection
process, and decisions are typically made in a multidisciplinary conference.

Bone Marker Placement and Creation of the Frame

The first stage of STN DBS placement using the microTargeting™ platform is the
placement of bone markers followed by imaging. The procedure can be performed
under general or local anesthesia. The head is prepped and draped. Incision sites are
infiltrated with local anesthetic. Four small stab incisions are created with an #10
scalpel blade, and one bone marker (5 mm Waypoint™ anchor) is placed at each site
using an Osteomed screwdriver (Addison, TX, USA). Figure 3.1 demonstrates the
appearance of bone markers on a typical CT with bone windows. Each incision site
is closed with a skin staple. At our institution, a thin-cut noncontrasted CT scan of
the head and a contrasted MRI of the brain is obtained, while the patient is under
general anesthesia to limit artifact caused by tremor or involuntary patient move-
ment. The CT scan is 512 x 512 pixels 0.5-1 mm slice thickness. The MRI is
obtained on 1.5 or 3 T magnet and uses three-dimensional SPGR volumes, TR:

Fig. 3.1 microTargeting™ bone markers as viewed through the waypoint planning software
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12.2, TE: 2.4; 256 x 256 x 170 voxels, and a voxel dimension of 1mm?. The patient
is discharged the same day with oral pain medications as needed [4].

The imaging is loaded into a planning system for design of the frame. Although
many commercially available systems are compatible with the microTargeting™
system, we use the Waypoint™ planning software that is available through FHC,
Inc. (Bowdoin, Maine, USA). Once we have verified correct images and correct
study date, we co-register the T1 with contrast and the T2 noncontrasted sequences
to the thin-cut CT scan. The position of the bone markers is verified, and the posi-
tions of the AC, PC, and a midpoint (usually the falx) are selected. At this point, we
select our target within the STN. At our center, the starting x, y, z coordinates of
(12,-3,-3) relative to the midcommisural point are used. Adjustments of the target
are made by evaluating the position of the target within the STN as visualized on the
T2 MRI sequences. Our center also uses probabilistic maps compiled from nonlin-
ear imaging processing of the lead coordinates for a large cohort of patients who
have previously undergone the STN DBS procedure [6]. A distillation of this infor-
mation usually produces our final target position. With the target chosen, the entry
point is selected in the region of the coronal suture. The specific trajectory chosen
allows the electrode to reach its final target without injuring any vessels visible on
the postcontrasted T1 MRI sequence (including cortical surface veins) and without
violating the ependymal surface. Following the creation of trajectories, the
Waypoint™ software generates a 3D model of the frame and it is checked to assure
that frame is of appropriate configuration. Figure 3.2 provides a screenshot of tra-
jectories in the Waypoint™ software and a frame model [4]. Once the frame is cre-
ated in the planning software, the data can be transferred to the FHC server and the
3D frame can be generated, usually within 72 h. Prior to shipping, the frame is
checked to assure accuracy. The frame should arrive 48 h prior to the lead placement
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Fig. 3.2 Typical STN trajectories and a computer-generated frame model generated in waypoint
planning software
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to allow gas sterilization. Our workflow sequence usually involves placing the bone
markers 1 week prior to lead placement. The frame plan is created the day following
bone marker placement. The frame is generated and arrives at the OR facility
2-3 days prior to the lead placement. Since planning happens days before the opera-
tive procedure, we feel that it is easier to methodically plan the electrode trajectories
without the time pressure and other distractions of a busy OR environment.

STN Lead Placement Using the microTargeting™ Platform

On the day of surgery, STN lead placement using the microTargeting™ platform is
quite similar to the procedure as performed with a standard frame-based stereotactic
system. Our standard procedure is to perform lead placement with the patient awake
and off of any Parkinson’s medication or medications that can affect tremor, includ-
ing benzodiazepines. Dopaminergic medications are typically stopped the night
before surgery.

At the time of the procedure, the patient is placed on the operating table supine
in the beach chair position. The patient’s head is prepped and draped. A clear plastic
drape is applied and suspended above the patient’s head so their vision is not
obstructed. A short-acting IV opioid such as fentanyl is given at the beginning of the
procedure to minimize discomfort while local anesthetic is injected. A mixture of
lidocaine and bupivacaine is injected at each bone marker site. Epinephrine contain-
ing local anesthetic is used if the patients BP is well controlled, (<150 mmHg). The
prior bone marker incisions are opened and step off screws are threaded into the
bone marker screws. The frame is mounted after it is verified to be for the correct
patient and the correct target. The scalp is marked at the appropriate point using a
trocar touched to scalp and the exact point inked with a marking pen. Now the frame
can be removed and the incisions created in a standard fashion. Now with the scalp
opened the frame is re-mounted and the bone is marked with the trocar and a perfo-
rator is placed through the guidance tube portion of the frame and a standard bur
hole is created in the frame trajectory. The dura is coagulated and opened. The sur-
face of the brain is inspected, and any pial vessels underlying the bur hole are coag-
ulated. Pia is opened in a cruciate fashion using an 11-blade scalpel.

The microdrive, set 10 mm above the target, is placed in a hub secured within the
frame. We check with the anesthesiology team to assure that the patient’s blood pres-
sure is <140 mmHg and the microcanulla(s) are inserted. A mounted frame setup for
MER is shown in Fig. 3.3 with only a single drive in place for illustrative purposes (in
bilateral cases, we usually proceed with simultaneously mounted drives and MER).
Microelectrode recording can proceed in a standard fashion from this point. We typi-
cally perform multitrack recording, often in the anterior, center, and posterior tracks
of the rosette. Multitrack recording can quickly delineate the anatomy of the STN and
may have the advantage of identifying relatively optimal tracks during comparative
stimulation mapping. We seek a 4-6 mm span of STN with motor somatotopy and the
typical increased firing rate seen in the STN. Driving down below the STN can pro-
vide further confirmation of position if substantia nigra recordings are obtained [4].
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Fig.3.3 The
microTargeting™ platform
mounted on a patient
undergoing multitract
MER with a single
microdrive in place. Note
that two microdrives can
be mounted simultaneously
for bilateral simultaneous
MER

Following multitract MER, we perform further testing with semi-macro-stimula-
tion after pulling back the MER leads. This stimulation testing allows evaluation of
side effects such as eye deviation, muscle contraction, and others. Furthermore, test
stimulation also allows some preliminary testing of efficacy. At each case, the intra-
operative module of the Waypoint™ planning module is used to visualize the posi-
tion of each tract. The software also allows one to enter MER data and test
stimulation results relative to position [9].

Final lead position is determined based on a distillation of MER and test stimu-
lation characteristics. With the final lead position chosen, we insert the final lead.
For STN DBS cases, we typically use a Medtronic® 3389 lead because the 7.5 mm
span is sufficient for a small structure such as the STN. Once the final lead is
positioned, we test each contact 0-3 using a monopolar from hundreds of
implanted patients setting and slowly increasing the voltage. In doing this, we are
predominantly testing for side effects. At that point, the lead is secured, typically
in our cases with cement, but a securing cap can be used as well. The lead is care-
fully disengaged from the microdrive. The frame is removed, the leads positioned
under the scalp appropriately, and the incisions closed. If a unilateral or bilateral
case is done, the bone markers can be removed at this point. If a staged bilateral
case is being done, the bone markers are left in place. The ability to reapply the
frame without further adjustment in cases that are staged is a significant advantage
of this system. The patient is generally brought back on a separate day for place-
ment of the internal pulse generator and lead extensions.

Although the microTargeting™ platform does not offer the option of infinite
trajectories, like a frame-based platform, standoff adjustments can achieve target
adjustments of up to 11 mm in any direction. This has proven more than sufficient
for the intraoperative adjustments that we have needed [4].
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Advantages and Disadvantages of the microTargeting™
Stereotactic System

Our center has used the microTargeting™ stereotactic system extensively as have
other high volume centers. This stereotactic system is increasing in popularity and
is also used by centers that perform a lower volume of movement disorders surgery.
Like all stereotactic systems, the microTargeting™ system has distinct advantages
and disadvantages.

In general, all stereotactic systems must achieve a permissible level of accuracy,
which is accepted to be in the submillimetric range. However, some may argue that
the microTargeting™ system permits a higher level of precision, because each
frame is custom created for the particular patient being treated. This removes the
risk of human error during frame adjustments and the equipment is not subject to
wear and need for maintenance [6]. Further precision advantages include a shorter
distance to target, 120—130 mm compared to 180—190 mm for frame-based systems,
such that small deviations are less consequential. No targeting scans are necessary
the day of surgery so the amount of time the patient is awake in a frame and off
medications is reduced by approximately 60-90 min. Reductions in operative time
can increase patient comfort and minimize the strain on OR resources. Patient com-
fort may also be improved by the fact that the head is no longer rigidly fixed to the
OR table. Since the patient is not fixed in a frame, access to the airway is unfettered
and this improves safety. Finally, for lower volume centers, the capital cost neces-
sary to use the microTargeting™ system is less than buying a frame-based system.
This is important if relatively few movement disorder cases will be done but does
represent a recurrent cost that must be weighed against gains in OR time for larger
centers.

Disadvantages of the microTargeting™ platform are relatively few. Patients must
make an additional trip to the center for placement of the bone markers and imaging
on a week separate from the week of the procedure. For many patients, this is an
acceptable trade-off for having a shorter awake procedure. Each bone marker place-
ment requires a small stab incision, as opposed to the puncture site of the traditional
frame-based systems. In general, these incisions can be placed behind the hairline
and the cosmetic result is good. Finally, the OR materials team must have a system
in place for verifying that the frame is received prior to the day of surgery for gas
sterilization [4]. The cost of the frame, as noted above, may not compare favorably
to the capital outlay for a traditional frame if the center is high volume.

Research Uses of the Waypoint™ Planning Software

For centers interested in research and quality analysis, the Waypoint™ planning
software provides powerful data management capability. As previously mentioned,
the intraoperative module of the Waypoint™ planner permits entering of MER and
test stimulation data as well as virtual lead placement for overlay on the patients’
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anatomy. Data recorded within the planning software can be mined for research
purposes and/or shared with other centers to create multicenter studies if desired.

Using active contact data from hundreds of implanted patients, at multiple cen-

ters, probabilistic maps, created by an image normalization algorythm, can be used
to preoperatively plan DBS targets. At our center, standard STN coordinates, ana-
tomical imaging, and probabilistic maps are used in conjunction to choose our lead
target. With time, the research and data management capabilities associated with the
Waypoint™ planning software continue to expand [10].
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Globus Pallidus Interna Deep Brain
Stimulation: Practical Guide

to Placement with Microelectrode
Recording

Eric Hudgins, A. G. Ramayya, and G. H. Baltuch

Takeaways

e Both STN DBS and GPi DBS are approved by the Federal Drug
Administration for use in PD.

* The intended placement of the active DBS lead is in the motor territory of
the GP1i, approximately 3—4 mm from the border between the GPi and the
internal capsule.

* At our institution, we use the stereotactic frame-based approach to localize
the GPi, both anatomically using MRI and physiologically using micro-
electrode recordings and stimulation.

Introduction

Surgical lesioning of the posterior globus pallidus interna (GP1i), or pallidotomy, was
performed in the 1950s to improve rigidity, tremor, and hypokinesia associated with
Parkinson’s disease (PD; [1, 6, 7, 11, 30]); however, this approach was abandoned
after the introduction of Levadopa as an efficacious medical therapy in 1967 [5, 22].
Surgical treatment for PD re-emerged in the early 1990s as a result of several factors
[13-15, 17, 18, 20, 21, 24, 25, 28, 29]. First, the limitations of medical therapy, such
as failure to arrest disease progression, dyskinesias, and motor fluctuations, became
apparent. Second, nonhuman primate studies demonstrated that parkinsonian motor
symptoms were improved when lesions were applied to the GPi and the upstream
subthalamic nucleus (STN), which were both pathologically hyperactive in the
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disease state ([2, 3, 8]). Third, advances in surgical technology such as stereotaxy,
intraoperative electrophysiology, and magnetic resonance imaging (MRI) allowed
for the creation of safe, reversible, and titratable effects via deep structures using
chronic high-frequency deep brain stimulation (DBS; [4, 5, 9, 10]). STN DBS was
first reported in a PD patient by Benabid in 1993 [23] and GPi DBS was first reported
by Siegfried and Lippitz in 1994 [26]. Several randomized clinical studies have dem-
onstrated that STN DBS and GPi DBS are more effective than medical therapy alone
and are both approved by the Federal Drug Administration for use in PD (see [22],
for areview). This chapter will detail our method for the effective targeting of GPi by
using Leksell frame stereotactic coordinates and microelectrode recording for place-
ment of DBS leads (or macroelectrodes). A more detailed description of the general
technique of DBS implantation at our institution has been previously described [16].

Stereotactic Targeting of the GPi

The intended placement of the active DBS lead is in the motor territory of the GPi,
approximately 3—4 mm from the border between the GPi and the internal capsule.
Various localization approaches can be used to target the GPi, including frame-based
approaches, frameless neuronavigation-guided approaches using a skull-mounted
frame, rather than a traditional stereotactic frame, and using real-time guidance with
intraoperative MRI [31]. At our institution, we use a frame-based approach with the
Leksell Micro Stereotactic System Model G Frame (Elekta) for stereotactic targeting
of the GPi. The polar coordinate system of the Leksell frame provides an effective
strategy for reaching deep brain targets, while also avoiding superficial cortical ves-
sels [19, 27]. The frame is positioned to be precisely midline, using the lateral canthi
and zygomatic arches as landmarks [16]. After applying the frame, two MRI
sequences are obtained using a 1.5-T magnet (Signa, General Electric), a 1.3-mm
slice T1-weighted MRI scan with gadolinium contrast to aid in indirect targeting, and
a 2.5 mm T2-weighted MRI scan to aid in direct targeting, both described below. The
frame coordinate system is established by manually identifying the frame’s localizer
markings on an MRI scan that is co-registered to a brain atlas (see [16] for details).
For reference, the X coordinate marks mediolateral, the Y coordinate marks anterio-
posterior, and the Z coordinate marks the superioinferior dimension, respectively. X,
Y, Z of 0, 0, O represents the right-most, posterior-most, and superior-most point on
the frame and 100,100,100 marks the center of the frame. A manual correction is
made so that 100,100,100 corresponds with the midcommissural point, or the mid-
point of a line drawn between the anterior commissure (AC) and the posterior com-
missure (PC, AC-PC line). If there is a large discrepancy between the center of the
frame and the midcommissural point, the frame must be repositioned with new screw
sites. We anatomically localize the GPi using a combination of direct and indirect
targeting, which involves using MRI to identify an X, Y, Z coordinate for the GPi
within the frame coordinates. Indirect targeting involves identifying the GPi relative
to the midcommissural point (17-21 mm lateral, 2 mm anterior, and 5 mm inferior)
on a T1-weighted MRI, whereas the direct targeting method involves identifying the
GPi on an axial slice of a T2-weighted MRI scan, about 5 mm below the AC-PC line,
that allows for anatomical localization of subcortical structures.
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Setting the Electrode Trajectory

Once the target site for the DBS lead has been identified, an electrode trajectory or
angle of approach is determined. The trajectory to the target site consists of the
azimuth, or the angle of approach in the mediolateral plane, and the declination, or
the angle of approach in the anterior-posterior plane. We use the StimPilot system
(Medtronic, Inc.) to plan the trajectory. The StimPilot system uses the MRI scan of
the patient with the frame placed in its current position. The polar coordinate system
of the Leksell frame is reestablished by manually marking the frame’s localizer
positions on the MRI scan. The AC, PC, and target site are remeasured using indi-
rect and direct techniques described above. Briefly, the indirect method involves
identifying the GPi relative to the midpoint of the AC-PC line identified on
T1-weighted MRI (using predefined coordinates), whereas the direct method
involves identifying the GPi using direct anatomical identification on a T2-weighted
scan. In practice, the target is initially calculated by the indirect technique and then
may be adjusted, based on the identification of the GPi on the T2 axial images (the
direct approach). Next a trajectory is set so as to avoid the lateral ventricles if pos-
sible and to avoid any veins on the cortical surface (best visualized using a
T1-weighted MRI scan with contrast). Finally, lateral C-arm fluoroscopy is used to
ensure that the lead makes a direct path to the target and for verification of target
depth, as the electrode is advanced into the brain (Fig. 4.1).

Fig. 4.1 Lateral
radiograph through Leksell
frame showing
macroelectrode in target
position at center
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Microelectrode Recording and Stimulation to Physiologically
Target the GPi

Following target planning using direct and indirect methods as described above,
microelectrode recordings along the planned electrode trajectory can verify the tar-
geting of the posteroventral GPi. Microelectrode recordings allow for localization
with a high spatial resolution and can account for factors that may result in inac-
curate targeting, such as brain shift. We use a microdrive system (FHC positioner,
Frederick Haer, Bowdoinham, ME) that is mounted on the stereotactic frame and
incorporates a Ben-Gun guide that allows for insertion of a guide tube via one or
more holes for microelectrode tracts (a central hole and holes that are 2 mm ante-
rior, posterior, lateral, and medial to the center). A 1-pm tungsten microelectrode
is introduced through the central hole; the ground electrode attaches to the guide
cannula whereas the recording electrode attaches to the distal tip of the micro-
electrode. Before advancing the microelectrode, it is important to ensure that the
microelectrode guide tube does not abut the dural edges, as even a minimal force
can deviate the tube and compromise targeting. To eliminate unnecessary forms of
electromagnetic interference, all lights, suction devices, electronic operating table,
and Bovie electrocautery are turned off. The microelectrode is advanced to target
depth and confirmed with C-arm fluoroscopy at 10, 5, and 2 mm above the target
depth, to ensure an appropriate trajectory. The nonsterile physiology team assists
the surgical team by performing sensorimotor tests at various points along the elec-
trode trajectory.

While driving the microelectrode into the GPi and recording extracellular single
and multiunit action potentials, one will encounter several physiological patterns
[31]. First, one should encounter striatum (caudate or putamen), which mostly con-
sists of neurons with low spontaneous discharge rates (0—10 Hz). Next, one will
encounter GPe neurons that have spontaneous discharge rates of 30-60 Hz and typi-
cally fire in a “bursting” or “pausing” pattern in PD patients. GPi neurons, in con-
trast, demonstrate high tonic firing rates from 60—-100 Hz. Border cells are typically
located between the GPe and GPi and can provide a distinct clue that the microelec-
trode will soon enter the GPi. Border cells have a 10-20 Hz firing pattern and a high
signal-to-noise ratio (Fig. 4.2). Within the posteroventrolateral GPi, sensorimotor
activity may be identified by passive and active movement of the contralateral joints
increasing unit discharges [12]. While driving the microelectrode and recording
activity, positioning a flashing light above the patient’s eyes allows the neurophysi-
ologist and surgeon to detect visual-evoked activity (time-synced to the flashing
light) prior to reaching the optic tract and minimize the chance of entering the optic
tract and helps avoid ventral misplacement. The optic tract is typically about 1.5 mm
below the ventral border of the GPi [12].

Microstimulation can be used to confirm appropriate placement in the GPi.
Correct placement of the microelectrode in the GPi will result in improvement in
cogwheel rigidity with stimulation. Inappropriate placement ventrally into the optic
tract can produce flashing-light phenomena (phosphenes) in the contralateral visual
hemifield. Placement medial to the ideal target will position the electrode within the
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Fig. 4.2 Electrophysiologic characteristics of GPi, demonstrating correct localization using
microelectrode. MRI co-registered with a Sterotactic atlas demonstrates the electrode tip to be
located within GPi (red dot) on the coronal image

Fig. 4.3 Low signal-to-noise ratio consistent with medial placement of the microelectrode within
the posterior limb of the internal capsule

posterior limb of the internal capsule, in which case microelectrode electrophysiol-
ogy will show a low signal-to-noise ratio consistent with white-matter recording
(Fig. 4.3). Stimulation at low currents (e.g., 10 pA at 300 Hz, 200 ps pulse width)
will then produce contralateral muscle contractions [31]. Anterior, dorsal, lateral
misplacement will position the electrode within the external segment of the globus
pallidus (GPe), which in most cases produces no effect on the patient during stimu-
lation. In some situations, however, there might be an improvement in PD motor
symptoms.
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Once the target coordinates are confirmed anatomically and physiologically, the
microelectrode is removed from the guide cannula and a quadripolar DBS lead
(Medtronic, Inc.) is advanced along the same track to the desired electrode depth.
C-arm fluoroscopy is used to confirm an appropriate trajectory and depth. Finally,
macrostimulation through the DBS lead is used to confirm appropriate placement,
by assessing for improvement in symptoms and for adverse effects. Details regard-
ing closure, bilateral placement, and placement of the implantable pulse generator
(IPG) have been described previously [16].

Conclusion

In our experience, targeting GPi employing direct and indirect stereotactic guid-
ance, microelectrode recording, and micro- and macrostimulation provides a safe
and accurate means for placement of deep brain stimulation electrodes.
Microelectrode recordings display characteristic signals of the target structure, the
GPi, as well as nearby structures. The preferred therapeutic target for placement of
the macroelectrode is within the posteroventrolateral GPi, where sensorimotor
activity is often present. Morphological differences between patients can make tar-
geting this area challenging. However, the combined use of MRI Leksell frame
stereotactic anatomic guidance and microelectrode recording and stimulation, to
optimize GPi targeting, can overcome this challenge.
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Microelectrode Recording-Based
Targeting for Parkinson’s Disease
Surgery

Charles B. Mikell lll and Joseph S. Neimat

Core Messages

Microelectrode recording (MER) is a key technique for electrode targeting
in deep brain stimulation surgery.

MER depends on an experienced practitioner differentiating signature
forming patterns of basal ganglia structures.

The targets in Parkinson’s disease are the subthalamic nucleus (STN), the
globus pallidus internus (GPi), and, rarely, the ventral intermediate nucleus
of the thalamus (VIM) or the posterior subthalamic area (PSA), which
includes the caudal zona incerta.

The keys to identification of dorsal STN are neuronal firing rate, firing pat-
tern, and passive motion sensitivity.

The keys to identification of GPi are identification of globus pallidus exter-
nus and the optic tract.

The value of MER has been questioned and is evolving.

Introduction

Microelectrode recording (MER) has a long history in neurosurgery and has paral-

leled the development of stereotactic targeting of subcortical structures. MER is a

critical step in mapping subcortical structures. It is accomplished by comparing the
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Fig.5.1 A typical
trajectory to subthalamic
nucleus. Care is taken to
enter a gyrus rather than a
sulcus. We typically begin
mapping 10-15 mm above
target. The thalamus can be
seen adjacent to the third
ventricle. (Figure is from
Camalier et al. 2014)

basal firing rates and response properties of detected structures to the known
regional anatomy. Done correctly, MER thus provides a detailed understanding of
both the anatomy and physiological function of circuits relevant to movement dis-
orders. For instance, the identification of tremor cells in the subthalamic nucleus
(STN) both suggests that the identified location is likely to be an effective location
for permanent placement of the deep brain stimulation (DBS) electrode and hints at
the pathophysiology of tremor in Parkinson’s disease (PD) [1]. Despite advances in
intraoperative neuroimaging that have called its use into question [2], MER’s ability
to physiologically verify DBS targets continues to have broad application among
functional neurosurgeons (Figs. 5.1 and 5.2).

In this chapter we will briefly explore the history of MER before describing the
technical basics of MER, as practiced in 2018. We will discuss the relevant subcorti-
cal anatomy of the STN and the globus pallidus internus (GPi), the most frequent
surgical targets in PD, as well as discuss some less frequently used targets. We will
close with a discussion of novel techniques in MER, including automated target
detection and closed-loop systems.

History

Spiegel and Wycis developed frame-based stereotaxy for the treatment of psychiat-
ric disease and reported this advance in Science, in 1947 [3, 4]. However, they
quickly realized that individual anatomy was variable and looked for techniques to
improve the precision of targeting [5]. Albe-Fessard was the first to use MER to
map the human thalamus [6], but her papers were mostly published in French, and
her findings did not reach a wide, English-speaking audience. However, in the
1980s, DeLong and colleagues applied these techniques to primate basal ganglia
physiology [7] and used insights gained in this manner to develop a detailed map of
the functional organization of the human STN and pallidum [8]. These techniques
were then applied by Kelly and others to create reproducible lesions of the thalamus
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pars reticulata
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Fig. 5.2 Multiunit activity in subcortical structures has distinct firing rates and patterns. In the
thalamus, firing rates of 15-25 Hz, including both bursting and nonbursting cells, are typical.
There is rarely neuronal activity in the zona incerta. STN is identifiable by its marked increase in
background and firing rates from 35-45 Hz. Finally, the substantia nigra contains tonically active
cells firing at variously reported rates from 30-70 Hz. (Figure is from Camalier et al. 2014)

[9] and pallidum [10]. Roughly contemporaneously, Alim Benabid in Grenoble
observed that high-frequency stimulation could have clinical benefits similar to
lesion generation in both PD and ET [11]. Alim Benabid’s group eventually used
MER to guide DBS surgery of the thalamus [12], as well as STN surgery [13].
Indeed it was the use of intraoperative stimulation used for mapping that led to the
observation that high-frequency stimulation could “create a functional lesion” and
led to the advent of DBS. At present, MER is widely used in these surgeries.

Advantages of MER

Stereotactic targeting is a messy business, as there remains significant disagreement
on how and where to target standard BG structures. Indirect methods with averaged
coordinates as well as “direct” targeting of MRI-identifiable structures are available
[14]. MER provides the ability to directly identify neuronal populations with defined
characteristics, including firing rate and bursting behavior. Moreover, somatotopic
features of STN, ventralis intermedius (VIM) nucleus, and other targets can be used
to confirm that the targeted region subserves parts of the body that are afflicted by
bothersome symptoms, like tremor or dyskinesia. For instance, in the treatment of
hand tremor by VIM stimulation, it is believed that the best treatment efficacy
results from stimulating parts of VIM that respond to passive hand or wrist move-
ments [15]. Although this confirmatory function can be somewhat replicated with-
out MER by placing the permanent electrode and stimulating it, or performing
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macrostimulation of the cannula, there is appeal to using the smaller MER elec-
trodes before passing the larger cannula or test electrode. As above, there is no class
I evidence to confirm this suspicion.

A second advantage of MER is that a second practitioner may be engaged in the
surgery. Many successful DBS programs include a neurologist who performs the
intraoperative neurophysiology, as well as grades the response to test stimulation
intraoperatively. In our experience, two heads are better than one in DBS, and a
second experienced physician or neurophysiologist can often confirm clinical suspi-
cions or detect subtle abnormalities that the operating surgeon would fail to detect
during the procedure. This collaborative approach with the movement disorders
neurologist can provide more comprehensive consideration of the patient’s symp-
toms and is appreciated by the patient. Often this practitioner is interested in MER
from a research perspective, as well.

A third advantage of MER (which accrues to society) is the research that has
been conducted on neural structures targeted in DBS. Our understanding of how
cortical-basal ganglia loops contribute to behavior in normal and pathological
states has been greatly expanded by insights from DBS surgery. More recently,
studies interrogating the anterior cingulate gyrus [16] and the prefrontal cortex
[17] in behaving patients have been possible. While individual patients rarely
directly benefit from the MER research in which they participate, new therapies
are being developed using signals identified in DBS. This would not have been
possible without MER.

Disadvantages of MER

Obvious downsides of MER are (1) the additional time required, (2) the additional
passes through the brain with the microelectrodes, and (3) the cost of the equipment,
neurophysiology personnel, and OR time needed for mapping. However, whether
these issues are themselves associated with risk remains unsettled. To be sure, time
of the operation has been associated with infection in one large series [18], but this
has not been uniformly reproduced [19]. It is not clear, additionally, that image-
guided surgeries are significantly faster; in one recent report of asleep, CT-guided
surgery, operative time was somewhat longer than the time needed for more tradi-
tional, MER-guided surgery (190 versus 145 min [20]. Yet it is certain that long
procedures are taxing for the patient as well as the practitioner. Whether long dura-
tion is itself associated with medical risk is not clear.

The risk associated with multiple penetrations through the brain seems self-evi-
dent, but the actual numbers are not clear. In one report, multiple penetrations were
associated with hemorrhage risk [2], a finding that has been reproduced in some
[21] (in one case not at the 0.05 p value level) [22] but not all reports [23, 24]. Some
of the discrepancies may be due to differences in cannula size used by some centers
employing MER (i.e., smaller MER cannulas may not engender the same risk as the
larger DBS lead cannula). Eskandar and colleagues reported improvement in
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hemorrhage rates when the electrodes were redesigned, so that only the microwire
tip is advanced through the brain rather than the microelectrode along with its pro-
tective sleeve. However, a recent systematic review did conclude that MER increased
hemorrhage risk [25] and concluded that image-guided techniques are therefore
preferred. This claim is highly controversial, given the long history of MER use and
the lack of strong evidence thatimaging-based targeting is superior [26]. Nonetheless,
it is beyond dispute that MER is associated with some risk of hemorrhage.

MER Basics

MER depends upon identifying and recording subtle changes in membrane poten-
tial that are characteristic of action potentials and postsynaptic potentials in local
neuron populations (including the typical DBS targets). This is typically done with
thin, tungsten-coated electrodes attached to a differential amplifier, which is accom-
panied by various bells and whistles, depending on the manufacturer. These signals
are typically unique to different brain regions, and trained neurophysiologists inter-
pret these signals as “fingerprints” of subcortical structures, including the STN,
GPi, thalamus, and so on. After a structure is identified, its response properties can
also be determined, including its response to active or passive joint movements,
sensory input, flashing lights, and so on. Taken together, the neurosurgeon can use
this information to assemble a detailed picture of the anatomy and physiology of the
interrogated region.

Neurophysiological Signals Relevant to DBS

The signal most commonly used to guide mapping for DBS surgery is high-fre-
quency activity (>300 Hz) corresponding to multiunit activity (MUA). MUA cor-
responds to the action potential firing of a local group of neurons, and its frequency
and pattern are characteristic of the STN, thalamus, substantia nigra, and other sub-
cortical structures. A variety of tricks are used to amplify it over the rest of the
broadband signal, especially hardware high-pass filtering. The signal amplitude
itself is quite modest (as one would expect from individual neurons!), and is easily
drowned out by electrical or mechanical noise, if care is not taken in the recordings.
Nonetheless, with care, attention, and the right equipment, it is straightforward to
detect and characterize MUA.

A second signal that is robustly identified is referred to as the background. The
background appears to represent synaptic activity and distant action potential firing
that is still identifiable despite the use of filtering and high-impedance electrodes
that only detect a small area. A marked, sudden increase in amplitude of the back-
ground characterizes the STN [27], and attempts have been made to detect this
phenomenon in an automated way [28].
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Hardware Needed

Modern neurophysiology equipment consists of four parts: recording electrodes
(typically made of tungsten), a headstage containing a preamplifier (and sometimes
a hardware high-pass filter), an analog-to-digital conversion board, and a computer
where the digital signals are turned into sound and visual representations for inter-
pretation by a neurophysiologist. Commercial systems to do this include the Neuro
Omega™ by Alpha Omega (Nazareth, Isracl) and the Guideline 4000 LP+™ by
FHC (Bangor, ME). These systems are essentially similar in capability and pricing.

Personnel Needed

In addition to a neurosurgeon, a trained neurophysiologist is typically needed to
interpret the MUA and background signals to construct a detailed, three-dimen-
sional map of recorded structures. There is no accepted, standard training for DBS
neurophysiologists; they may be engineers, PhD neuroscientists, or physicians
(neurosurgeons or neurologists typically with experience in a basic neurophysiol-
ogy research laboratory). However, only a physician may bill insurers a professional
fee, in accordance with federal guidelines, and the fee for MER interpretation can-
not be billed by the neurosurgeon who is billing for the surgery. Other professionals
may collect reimbursement out of the hospital’s diagnosis-related group fee. The
neurophysiologist will typically have a detailed understanding of the regional anat-
omy being interrogated. He or she will also have experience in the technical aspects
of neurophysiology, especially in understanding how to improve the signal-to-noise
ratio. Finally, this team member must be comfortable in the operating room, some-
times for lengthy periods, while mapping is underway.

Targets in PD

Typical targets for the treatment of PD include STN, GPi, and, occasionally, VIM
thalamus, as well as investigational targets including the posterior subthalamic
area (PSA), which includes the caudal zona incerta, and the pedunculopontine
nucleus (PPN).

STN MER

Basic Procedure for Identifying STN The surgeon will generally create a stereotac-
tic plan, which is implemented using frame-based or frameless stereotaxy. A tract is
planned that typically passes through striatum, thalamus, zona incerta (ZI), STN,
and substantia nigra. Using the surgeon’s preferred technique, a burr hole aligned
with the planned trajectory is created, and a cannula is passed to some fixed distance
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(typically 25, 15, or 10 mm) above target. Longer trajectories take longer to map,
but may provide more detailed anatomical information. The microelectrode(s)
(from one to five electrodes) is/are then passed downward to and through the target.
After identification of STN (or whatever structures happen to be identified), a deci-
sion is made about whether to pass the microelectrode(s) along an additional track
or tracks or to place the stimulating electrode in the identified target. If the decision
is made to attempt a different trajectory, the cannula or cannulas will be reintro-
duced, usually 2 mm away from the prior track(s), and the process is repeated. Many
centers incorporate macrostimulation (of the guide sleeve) or microstimulation (of
the tungsten microelectrode) into this paradigm.

Neurophysiology of the Ideal Tract In the ideal pass, the striatum, thalamus, ZI,
STN, and substantia nigra are all encountered at the expected depths.

Before Encountering STN In a typical tract, started 10-20 mm above target, the
neurosurgeon will encounter the lateral part of the thalamus. Its neurophysiology is
characterized by two cell types, bursting and nonbursting cells, at a density of
approximately two cells per millimeter, and an overall mean firing rate between 15
and 25 Hz [29]. More specifically, the bursting cells are reported to have a mean
firing rate of ~15 Hz, and the nonbursting cells fire at ~28 Hz [30]. These are
reported to correspond to the reticular, ventralis oralis anterior, or lateropolaris
nuclei. Background activity is relatively low. The ZI is encountered next. The ZI is
a thin rim of gray matter between the thalamus and subthalamus which may treat
tremor when stimulated [31, 32]. However, it is identifiable by its paucity of neuro-
nal activity.

STN After the ZI is traversed, there is typically a massive increase in action poten-
tial firing and background activity. This marks the superior boundary of the
STN. Sources vary about the mean firing rate, reported between 35 and 45 Hz, but
agree that a variety of regular and irregularly firing neurons are present [27, 29, 30].
Recordings are continued until there is a decrease in background activity, corre-
sponding to exit from the STN [29]. Subsequent to this, the substantia nigra pars
reticulata (SNpr) is identified. SNpr is distinctive because of its tonic pattern of
discharge variously reported between 30 and 70 Hz [27, 30] and has been compared
to the sound of rain on a tin roof (Okun M, Personal communication). SNpr lacks
kinesthetic responses and is not typically mapped in detail.

STN has extensive kinesthetic responses, especially rostrally and dorsally. This
anteromedial location is believed to be the most effective location for stimulation
therapy and corresponds to the sensorimotor territory of the STN [33]. In general,
STN cells respond to movement of contralateral limbs across one or two joints, and
responses tend to be relatively clear. The proportion of STN cells reported with
kinesthetic responses varies between 26% and 40% in the literature [27, 30]. These
responses are absent from SNpr, which also indicates exit from STN.
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Stimulation Testing While it is good to identify efficacy with intraoperative testing,
a variety of issues prevent full assessment of clinical efficacy in the operating room,
including patient comfort and the use of sedation. In a responsive patient, however,
significant improvements in rigidity or tremor are good signs of an effective place-
ment. It is important to note however that while immediate effects may be a good
predictor, they are not invariably identical to the effects of long-term stimulation.

If side effects are detected at low stimulation amplitude, the electrode should be
moved. The STN is bordered anteriorly and laterally by motor fibers from the inter-
nal capsule, medially by fibers in CN III, and posteriorly by the medial lemniscus.
Therefore, face pulling or dysarthria should prompt posterior or medial movement.
Eye movement abnormalities indicate too medial a trajectory. Contralateral pares-
thesia should prompt movement forward. If some clinical benefit is identified, and
there are no side effects, the electrode should be fixed into place.

Debugging a Suboptimal STN Recording Suboptimal recordings are either (1) tech-
nically bad or (2) fail to detect adequate STN. From a technical standpoint, the most
common issue is line noise, from any of numerous sources in the operating room,
especially the cauteries and the electric drill. These should be unplugged. Loud, repet-
itive noises known as “ground loops” are a consequence of high-amplitude signals
oscillating in the amplifier. Ensuring adequate grounding prevents this issue. Other
technical issues should be discussed with the MER equipment manufacturer.

When not enough (or no) STN is detected, Bakay has developed an algorithm,
depending on the other MER findings, and microstimulation [33]. If microstimula-
tion triggers the above events, the appropriate maneuvers should be made. If micro-
stimulation is not available, or has no acute effect, the length of time spent in the
thalamus should be considered, as well as the distance between the thalamus and
STN. If the thalamic pass is long, one is either medial or posterior, as distinguished
by the distance between the thalamus and STN. If this distance is long, one is pos-
terior, and if it is short, medial. Alternately, if the thalamic pass is short, one is either
anterior or lateral, possibilities which are again distinguished by distance between
the STN and thalamus (long distance is consistent with an anterior tract, and short
is probably lateral). If no STN is encountered, one is either anterior or posterior,
possibilities again distinguished by how much thalamus was recorded.

GPi MER

For a variety of reasons, including mood disorders and cognitive disorders, a GPi
target may be considered in some patients [34]. MER for GPi is straightforward but
does have some technical nuance. Most passes begin in the striatum, which exhibits
tonic firing at 4-6 Hz. Subsequent to this, the globus pallidus externus (GPe) is
entered. GPe is characterized by two types of units: high-frequency bursting neurons,
separated by pauses (60 Hz), or lower-frequency neurons (10-20 Hz) with periods of
bursting [35, 36]. There is typically a 1-2 mm area characterized by decreased activity
or border cells (firing regularly at 20-40 Hz) corresponding to the medial medullary
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lamina that is encountered before the GPi is encountered [35]. GPi neurons have a
firing rate (80-90 Hz) a bit higher than GPe, which is qualitatively similar to STN [35,
37], with high cellular density. The sensorimotor territory of GPi is found posteroven-
trally. Approximately 25% of neurons in this area have kinesthetic responses, which
should be looked for [35]. Below the inferior border of GPi is the optic tract. Visual
evoked responses are often seen in this location and should be considered confirma-
tory of a good pass. The final target should have the first contact of the DBS electrode
just over the optic tract, with the other contacts in the posteroventral GPi.

Debugging a Suboptimal GPi Recording Technical issues should be addressed as
above. We adapt another algorithm from Bakay, if little or limited kinesthetically
responsive GPi neurons are identified. GPi is bounded anteriorly and laterally by
GPe and posteriorly and medially by the corticospinal tract. If microstimulation
elicits contralateral movements, the length of the GPi pass should be considered. If
GPi itself was short, one is probably posterior and should move 2 mm anterior. If no
movements are elicited by microstimulation, the width of the medial medullary
lamina should be considered. If it was long (4—6 mm), one is probably too lateral
and should move 2 mm medially. Otherwise, it is likely one is anterior and should
move posteriorly. Anterior tracts may detect basal forebrain cells that have a high
tonic firing rate and no kinesthetic responses.

Other Targets in PD

VIM nucleus of the thalamus is the oldest target for PD tremor, and it is still a rea-
sonable choice for tremor-dominant disease [12]. Many centers place VIM elec-
trodes without MER, but if MER is desired, the essential step is to identify sensory
thalamus (Vc thalamus) and place the electrode 2—3 millimeters anterior [33]. PPN
is an investigational target for treatment of freezing and gait disturbance in PD. It
consists of populations of cholinergic and glutamatergic neurons, which are respon-
sible for gait initiation and voluntary movement initiation, respectively [38]. PPN is
located medial and inferior to SNpr and is usually approached almost directly from
a lateral angle. Its units have a firing rate around 15 Hz and some subtle kinesthetic
responses [39]. PPN surgery is best performed under an institutional review board
protocol, under the guidance of physicians from an experienced center. The poste-
rior subthalamic area is a location that includes caudal zona incerta, and has been
stimulated in tremor syndromes that are not traditionally responsive to VIM stimu-
lation, including postural tremors that occasionally accompany PD [40].

Future Directions in MER

In the setting of advancing neuroimaging technology, there are strong incentives
to prove the usefulness of MER in the operating room. Several recent develop-
ments have demonstrated potential new directions for MER in stereotactic
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surgery. One promising technique is performing MER under light general anes-
thesia. The efficacy of this technique may be comparable to awake surgery [41].
Along these lines, there is experience using automated techniques to detect
boundaries of the STN, which may take the human error out of neurophysiology
[42]. Finally, use of field potentials, rather than MUA, has permitted the develop-
ment of closed-loop systems that stimulate in response to brain activity rather
than in a continuous fashion [43]. The coming years will no doubt bring further
advances of this kind.
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MRI-Guided DBS for Parkinson’s Disease

Richard Rammo, Jason M. Schwalb, and Ellen L. Air

Key Points

* Accurate implantation of deep brain stimulation leads can be performed
using real-time MRI guidance while the patient is under general
anesthesia.

» Patient selection and target choice follow standard paradigms.

* MRI safety is of primary importance in the planning and execution of the
procedure.

* Outcomes of iMRI-guided placement are equivalent to traditional
approaches.

Introduction

Successful treatment of Parkinson’s disease (PD) by deep brain stimulation (DBS)
relies on stimulation of a physiologically responsive location within the brain,
which in turn requires accurate DBS electrode/lead placement. For the two targets
most commonly used for the treatment of PD, the subthalamic nucleus (STN) and
globus pallidus interna (GPi), experience has taught us the most effective region
for stimulation within each structure [21, 6, 18]. Reaching these targets requires a
means to relate an external apparatus (typically, a stereotactic frame secured to the
skull) with the deep internal structures of the brain. The stereotactic frame, in
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combination with imaging, has allowed surgeons to precisely implant electrodes/
leads and perform other stereotactic procedures with adequate accuracy and rela-
tive ease [5].

Despite its ability to reach a given target with pinpoint (1-2 mm, in general)
accuracy, the frame does have its disadvantages. First, securing the frame onto an
awake patient is uncomfortable and can be stressful for patients, particularly those
with claustrophobia or anxiety. Second, the pre-operative target localization does
not account for intra-operative brain shift that occurs with CSF egress and air
ingress. The degree to which this happens in a particular patient cannot be pre-
dicted [9, 11, 12]. The resultant shift typically is of the anterior commissure (AC)
posteriorly, in the direction of gravity, with little change in the posterior commis-
sure (PC), leading to shortening of the AC—PC distance. This can lead to subopti-
mal targeting and poor clinical outcomes [9, 12]. Medial-lateral shifting can also
occur. Third, errors in manipulation or setting of the frame can produce targeting
inaccuracy. To correct for the possible brain shift and mechanical errors, many
surgeons employ micro-electrode recording (MER) to refine the target based on
neuronal activity [1, 3, 8, 18], though there remains controversy concerning its
necessity [10]. The success of the frame-based MER approach typically requires
an awake, cooperative patient who has been without dopaminergic medication on
the day of the surgery. Most patients tolerate this approach, with coaching and re-
assurance, while some require deep sedation and in some cases the procedure must
be aborted. Some patients avoid surgery altogether due to fear of undergoing an
awake brain surgery. Therefore, the ability to account for brain shift and confirm
lead placement using direct intra-operative visualization provides an alternative
approach for successful DBS implantation [14, 16].

Patient Selection

As with any approach to DBS, the success of the intra-operative MRI (iMRI)-
guided procedure begins with appropriate patient selection. Our approach is simi-
lar to that detailed in Chap. 1, with a multi-disciplinary team of specialists assessing
each patient for motor response to levodopa, absence of “red flags” that indicate an
alternative diagnosis, and lack of significant cognitive dysfunction. Appropriate
patient expectations are established. It is confirmed that the individual’s goals for
treatment are aligned with anticipated clinical benefits. It should be emphasized
that DBS is a long-term commitment that requires ongoing treatment to achieve the
best outcome.

In our experience, the prospect of an asleep approach to DBS has led patients
who were previously unwilling to consider surgery to seek surgical consultation.
We have also worked with many anxious patients who, with education, have become
willing participants in an awake procedure. We welcome those for whom the iMRI
approach brought them to discuss DBS, but advise them regarding both iMRI and
frame-based placement. Because the procedure is performed under general anesthe-
sia and patients may take their dopaminergic medications the morning of surgery,
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we have found the iMRI approach particularly suited for patients with claustropho-
bia, significant anxiety, or severe pain/discomfort in their “off” state. In the absence
of a contraindication to iMRI, patient preference also guides this choice.

Contraindications to the iMRI approach are related to MRI safety and risks of
general anesthesia. As with MRI-guided frame-based surgery, a complete MRI
safety check must be completed to determine the compatibility of any implanted
devices and implants (e.g., automatic internal cardiac defibrillator or spinal cord
stimulator) and exclude retained metal (e.g., shrapnel). The specifics of your iMRI
magnet and head coil must be cross-checked with implanted devices to determine if
compatible. Keep in mind that most “MRI compatible” implants are currently rated
against a 1.5 T magnet strength and a send-receive head coil [17].

The most recent generation of DBS hardware offers improved MRI compatibil-
ity. Therefore, staged implantation, with implantation of the IPG between cranial
procedures, can now be offered. Compatibility between the specific make and model
of implanted hardware and the iMRI system being used must be confirmed before
proceeding with the implantation of additional electrodes using this approach.

The risk of general anesthesia must also be considered when determining the
best approach for DBS implantation. Patients with mild pulmonary or cardiac dis-
ease may have lower risk of morbidity with an awake surgical approach. Medical
conditions which place a patient at significant surgical risk, such as poorly con-
trolled diabetes, significant pulmonary or cardiac disease, and history of non-healing
wounds, are relative contraindications for DBS placement, independent of the surgi-
cal approach.

MRI System Requirements

MRI-guided DBS implantation can be successfully performed in either a diagnostic
scanner or one that is part of an operative suite, as long as the core requirements are
met. This includes the ability to ensure a sterile field, to accommodate required
anesthesia equipment, and the installation of a waveguide that allows connection
between MRI safe and unsafe portions of operative equipment (e.g., bipolar electro-
cautery). Furthermore, an MRI-compatible drill and titanium instruments are neces-
sary (i.e., forceps, scissors, rongeurs, etc.) [24]. Your institution’s MRI safety officer
should be involved in purchase decisions and guide the team in maintaining an
MRI-safe environment.

Currently, the only commercial system available for iMRI DBS implantation is
the ClearPoint® System produced by MRI Interventions, Inc. It has been success-
fully used in both 1.5 T and 3 T MRI units, and is compatible with all available MRI
manufacturers. The system hardware includes a laptop computer with ClearPoint®
software, MRI compatible monitor and control pad that allow navigation of the
software from within the MRI room, and adjustable head fixation frame. The
ClearPoint® software supports all aspects of the procedure from surgical planning
to target navigation and confirmation of final lead placement. The surgical kit
includes the required disposables, which will be further discussed below.
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Pre-operative Preparation

As there are many important details, we have found the use of a checklist extremely
helpful in ensuring a smooth and successful procedure. The case begins with appro-
priate set-up of the MRI suite. Because most MRI scanners are used for both diag-
nostic imaging and surgical procedures, care must be taken to establish a clean
operative environment, by wiping down all surfaces, before surgical equipment is
brought into the suite. We recommend placing clear adhesive plastic drapes and/or
towels around the integrated frame and coil, to reduce soiling. A final safety check
of all instruments and equipment is performed before they are brought into the MRI
suite. Instruments should be kept in separate surgical trays and each individual
instrument clearly marked as MRI-safe. Titanium instruments are typically identifi-
able as having a different color from standard instruments, however, additional
marking is encouraged.

Patients are advised to take their Parkinson’s medications as typically scheduled
on the day of surgery. Once the patient is under general anesthesia, clippers are used
to remove hair. A wide strip spanning the coronal suture is required, though many
prefer to clip the entire scalp. Then we infiltrate the wide strip of the scalp with local
anesthetic. Performing this step prior to bringing the patient into the scanner aids
hemostasis as MRI-safe bipolar forceps tend not to be as efficient as those used in a
standard operating room. It is important to not forget at this time to place earplugs
in the patient’s ears. Next, the patient’s head can be secured in the integrated head
frame (Fig. 6.1a). The ideal position is slightly extended and offset to the left. This
best accommodates the skull-mounts and typically avoids collision between the
frame and the MRI bore. The top of the patient’s head should be positioned in the
rostral-caudal direction at the center of the head coil. This optimizes visualization
of both intracranial structures and the mounted frame. Finally, anesthesia should be
able to access the patient at all times, although this may be a challenge, depending
on the length of the bore. A final check of the patient is performed to ensure moni-
toring cords are without loops and are padded from the patient, to prevent heat
conduction and burning during the procedure.

Procedure
Draping and Initial Trajectory Planning

The patient is brought into the MRI bore, with the head initially brought to the
operative end of the bore. The surgical site is prepped in the usual fashion. A special
drape with accordion feature is placed, which maintains sterility at the operative end
of the magnet and of the patient’s head as it moves within the bore [24]. Elastic
bands on the drape secure it to each end of the bore. Once the patient is draped, MRI
visible marking grids are placed over the anticipated burr hole site(s), typically cen-
tered just in front of the coronal suture (Fig. 6.2a). The patient is then returned to
bore-center.
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Fig.6.1 Positioning and Draping: Head fixation frame is secured to the table and MRI coil placed
within it (a, left). Head is positioned within the frame and coils (a, right). Two different styles of
flexible head coils are shown and will vary by MRI system. The accordion drape is placed after
prepping, covering the working area at the head (b, left), with elastic bands secured to the foot end
of the bore to allow movement of the drape with movement of the patient (b, right)

A T1-weighted, post-contrast, volumetric scan (T1W) is performed and trans-
ferred into the ClearPoint® software. The software will present auto-detected ante-
rior commissure (AC) and posterior commissure (PC) locations, which are easily
adjusted as needed by the user. A mid-sagittal point must also be defined, best
placed near bregma. Initial target(s) and trajectory planning is then performed. As
standard targets (STN and GPi) are not well-defined on T1W images, indirect tar-
geting relative to the AC—PC plane is entered into the system at this stage. Further
sequences which better visualize the target will be obtained in later steps that allow
for fine-tuning of the exact target.

Alternatively, the ClearPoint® software allows for pre-operative scans to be
imported and targeting performed on the appropriate sequences. The AC-PC coor-
dinates of the defined targets are saved in the software, then transferred onto the
T1W images obtained at surgery. We routinely obtain a volumetric MRI as part of
our pre-operative patient evaluation, so it is readily available for import. Pre-
planning the target in advance saves time during the trajectory planning step. Focus
can then be turned to optimizing the trajectory. One can toggle between probe and
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Fig. 6.2 Marking the Opening: MRI visible grids are placed over the anticipated entry point on
each side (a), which are then detected by the Clearpoint® software (b). The entry point is indicated
by the software. Once the top portion of the grid is removed, the marking tools can be placed
through the skin and into the bone at the specified location (c)

anatomical views to best visualize the relationship of the trajectory to sulci, ventri-
cles, and vessels. After confirming the trajectory, the software will present the opti-
mal location to center the incision, burr hole, and frame relative to the MR-visible
scalp grid (Fig. 6.2b).

Opening and Frame Placement

The top layer of the scalp grid is removed, leaving the white portion on the scalp. A
marking tool is then placed through the indicated point on the grid, through the skin,
and into the bone. The marking tool should be advanced until it is firmly seated in
the bone (tool will stay in position without being held, Fig. 6.2¢). This ensures that
a distinct hole will be made in the bone beneath. The marking tool and grid are then
removed, and skin incision made. A linear or curvilinear incision can be made
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Fig.6.3 Types of Smartframe® bases: The skull-base mounted frame (a) sits directly on the skull
and requires 5-6 cm incision. The scalp-base mounted frame (b) is secured to the skull through the
skin, offset to account for its higher pivot point. A smaller incision can be used, tailored to the
procedure

depending upon the surgeon’s preference. Some variations in frame placement,
incision, and workflow exist depending on the type of ClearPoint Smartframe®
used (Fig. 6.3).

The basic components of the Smartframe® system are the base, either scalp or
skull mounted, and the arc. The skull-mounted frame must be seated directly onto
the skull, requiring an approximate 5 cm incision. The scalp-mounted frame is
secured to the skull through the skin, requiring a much smaller incision. The
frame base is positioned relative to the bone divot made by the marking tool and
secured with the pre-loaded screws. Check to make sure the frame base does not
rock. The MRI fiducials on the base should be checked to ensure fluid is present
in each. Although interchangeable, we prefer to mount the base first, then drill the
burr hole.

When creating the burr hole, it is essential to undercut the inner table to avoid
bone collision, particularly along the planned trajectory. The Stimloc® base is
placed over the burr hole, the dura and pia are opened and coagulated. The
Smartframe® arc is then placed onto the frame and secured. Check that the X-Y
stage is set to 0—0 (yellow and green lines aligned in the center) and the align-
ment stem is in down position with fluid in stem. Place but do not tighten lock-
ing screw. The hand controller is then connected to the arc, aligning each
color-coded end.

The patient is moved to isocenter and a T1 volumetric scan is performed with
additional slices to include the frame base and alignment stem. Then, appropriate
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sequences are performed to highlight the target (T2 or inversion recovery), which
are fused to the volumetric scan. Based on these images obtained after frame place-
ment and dural opening, final targeting is performed. Scan parameters for these and
all the procedural scans can be found in [24] and in the iBook by Larson, Starr, and
Martin [15], though optimized parameters have also been developed for each MRI
system by MRI Interventions.

Alignment

Once final targeting is completed, the software will provide scan plane parame-
ters that must be entered into your MRI system. These direct 2D imaging slabs
identify the location of the alignment stem relative to the frame base and predict
the size and direction of error (Fig. 6.4). The system then calculates and directs
adjustments to be made using the hand controller. The arc allows for four direc-
tions of adjustment: pitch, roll, X, and Y. Pitch and roll are used to make larger
adjustments in the A—P and medial-lateral directions, respectively. The X-Y
stage allows for fine adjustments. Due to the limited range of the X-Y stage
(2.5 mm in each direction), pitch and roll should be used to align the system to
less than 1.0 mm predicted error from the target. The sequences obtained during
the X-Y adjustment step are more accurate than those for the pitch and roll step.
Therefore the predicted error on an X—Y scan may be larger than 1.0 mm, despite
a smaller predicted error at the prior step. In this case, the system can provide
additional pitch and roll adjustments until the error is small enough to move to
X-Y adjustments. A locking screw should be secured prior to moving to the X-Y
adjustment step.

Of note, the entry point remains that defined at the initial trajectory step. However,
on occasion, it is necessary to adjust the entry point due to the final seating of the
base and small shifts at the cortical surface. This can be accomplished by adjusting
the X-Y stage. The software will aid in compensating for such adjustment through
subsequent steps.

The cycle of short MRI alignment scans and manual adjustments is continued
until the radial error is sufficiently small, generally less than 0.4 mm. Experience
with your institutions’ system, and from those with similar scanners elsewhere, may
reveal the system to have a directional bias in final lead location, e.g., final lead
location is consistently 0.2 mm posterior to that predicted prior to insertion. Such
biases should be considered when determining the amount and direction of error
you are willing to accept before moving to the insertion step.

Insertion
When you have determined you are ready to place the lead, the software will pro-

vide the insertion length to be marked with a depth-stop on the blunt-tipped ceramic
stylet. The stylet is then placed into the peel-away sheath and its holder, and the
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Fig. 6.4 Navigation: Screenshot from the Clearpoint® navigation computer showing the initial
images performed after frame placement (a). The alignment stem is detected (left) and the required
adjustments calculated (right). The cross-hair indicates the intended target, while the open circle
indicates the detected trajectory of the alignment stem. Following pitch and roll adjustments,
orthogonal slab images are obtained which provide increased accuracy (b). The current location of
the alignment stem is again detected (left) and the required adjustments indicated (right). These
can be made using either pitch and roll or the XY stage as illustrated (right)

sheath is adjusted until the tip of the stylet is exposed (Fig. 6.5). The stylet is then
advanced into the brain. If the pia has been sufficiently opened, the stylet should
pass smoothly. A sharp-tipped stylet is included, and may be used to ensure the pia
is opened at the entry point. If the stylet still does not pass smoothly, the entry point
must be inspected for collision with the bone edge. Some prefer to use the sharp
stylet to open the dura and pia at the time of lead placement, rather than open these
at the beginning of the case. However, the success of this approach requires the
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Fig. 6.5 Insertion: The peel-away sheath is assembled with the ceramic stylet inserted (a). The tip
of the ceramic stylet should just protrude from the bottom of the sheath. Once inserted, the stylet
can be visualized on slab images to confirm it followed the correct trajectory (as indicated by the
yellow line, Fig. 6.5b)

opening to be precisely along the intended trajectory, without deviation caused by
bowing of the stylet while attempting to pass through a tough dura. Deviation at the
point of entry has been the single greatest cause of lead misplacement, so attention
to the bony, dural, and pial openings is critical. We standardly obtain a short scan
after partial insertion of the stylet to confirm that no deviation has occurred, before
advancing the stylet to target.

At target, a confirmation scan is obtained which reveals the radial error at
the target, as well as the depth. This scan is most helpful in calculating the
depth to be measured on the electrode, so the desired contact is placed at the
targeted depth. When keen attention has been paid to the details of the preced-
ing steps, we have not had to re-target or replace the stylet due to an unaccept-
able radial error.

The stylet is removed from the peel-away sheath, and the electrode placed to
target by inserting it through the sheath. A short scan can be performed to con-
firm the final location and depth of the electrode. The electrode is then secured
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by a locking screw and the peel-away sheath removed. We prefer to mark, then
secure the Stimloc® clip, as soon as the lead is exposed from the sheath. Then
the sheath is fully removed, as is the lead stylet, so the electrode can be removed
from the frame and the Stimloc® cap placed. At this point the Smartframe® arc
and base can be removed. The end of the lead is capped and buried beneath the
scalp as per routine.

Closure and MRI Safety

It is the surgeon’s choice whether to obtain a final T1 volumetric scan before or after
skin closure. The scan parameters may need to be adjusted to avoid unacceptably
high SAR (specific absorption rate) levels once the leads are in place. Your institu-
tion’s MRI physicist is instrumental in addressing this issue. Unless there is a
change in the patient’s clinical exam that warrants delayed imaging, this scan can
serve as the standard post-operative scan. Performing this scan is not recommended,
if performing the procedure in a 3 T scanner [13].

During scalp closure, it is important to recognize that no MRI-compatible suture
needles are currently available. This can make suture placement a challenge if the
needle is not well-clamped into the needle driver. More importantly, the surgeon and
scrub assistant should establish a consistent hand-off routine to prevent a loose nee-
dle from flying into the bore. Used needles should be secured in a foam block which
is set outside the 5-Gauss line of the magnet. If you use the small screw-driver con-
tained in the Medtronic kit to secure the boot to the proximal lead end, note that this
is also ferromagnetic and the same safety concepts must apply.

Intra-operative Pitfalls and Complications

There are aspects of MRI-guided DBS electrode placement that are unique to this
modality. As highlighted throughout this chapter, the most important is the need for
constant attention to MRI safety. Absent-mindedness can lead to an avoidable injury
to the patient or staff. Vigilance ensures a successful and safe procedure.

Also unique to this approach is that the surgeon’s view of the brain entry point is
reduced at the time of stylet insertion. Therefore, deviation of the stylet caused by
bony or dural obstruction at the surface may not be readily identified. Undermining
the bony opening and adequate dural opening mitigate this potential pitfall.

Another aspect to take into consideration is the proximity of the mounted bases.
This is most relevant in bilateral GPi DBS using a parasagittal approach. Entry
points should be planned such that they are at least 5 cm apart from one another to
accommodate the bases. Sharply sloping skulls may accommodate shorter
distances.

Other pitfalls and risks are similar to any DBS approach. Overall, the complica-
tion rate has not been higher than that seen with traditional frame-based implanta-
tion methods ([13, 19, 22-24]).
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Post-operative Management

Post-operatively, patients should be monitored as per institution standard.
Parkinson’s medications should be resumed as soon as the patient has recovered
sufficiently from anesthesia. If there are no complications or neurologic deficits, the
patient can be discharged home on the first or second post-operative day with plan
for stage II generator implantation as an outpatient.

Outcomes

In a prospective study of 26 patients who underwent bilateral DBS placement by
iMRI using the ClearPoint® System, Ostrem et al. [20] reported a 40.2% improve-
ment in off-medication UPDRS III score at 12 months. This is similar to the out-
comes reported in a large series using a standard frame-based approach [7, 25].
Most leads were placed in a single pass ([13, 19, 24]). This may be an advantage of
this approach as the number of brain passes may slightly increase the risk for hem-
orrhage [2, 4].

Overall, the results from these studies are promising, but require a larger patient
population and longer follow-up. To date, no study directly comparing outcomes of
the iMRI approach to the frame-based approach has been published.

Conclusion

MRI-guided DBS for PD is an evolution of frame-based stereotaxy that has seen
significant advancements over the past five years. It is the procedure of choice for
Parkinson’s patients who cannot tolerate awake DBS placement, but have no contra-
indications to MR imaging. While it is important to be cognizant of procedure-
specific pitfalls, MRI-guided DBS has been shown to have equivalent outcomes to
MER-guided DBS placement.
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Optimizing Deep Brain Stimulation
Programming in Parkinson’s Disease

Fiona Gupta and Punit Agrawal

Screening, Expectations, and Assessments

The success of deep brain stimulation (DBS) therapy in Parkinson’s disease (PD),
whether the target is subthalamic nucleus (STN), globus pallidus interna (GPi), or
ventral intermediate thalamus (VIM), starts prior to DBS surgery. The route to best
outcomes is based on the proper screening and patient selection, followed by iden-
tifying expected clinical benefits and setting the stage with the patient for realistic
expectations for goals of DBS therapy.

Screening for DBS candidacy in PD should include movement disorder neuro-
logical evaluation, levodopa challenge using a supra-therapeutic dose (if possible),
neurosurgical evaluation, cognitive assessment (often with formal neuropsychologi-
cal testing), possibly a psychiatric assessment and brain imaging.

With the initial evaluation, eliciting the concerns expressed by the patient helps
to elucidate the reasons that the patient is seeking DBS therapy. The key elements
in the history to suggest benefit for improved quality of life with DBS therapy
should include:

1. History of marked response to levodopa, but the development of problematic
motor fluctuations with clear problematic/disabling medication off and on time.

2. Medication refractory tremor.

3. Person meeting the diagnostic criteria for diagnosis of idiopathic PD (United
Kingdom Brain Bank Criteria).
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Further, if not levodopa intolerant, an important tool in assessing for potential for
improvement is a levodopa challenge, by assessing motor symptoms at least 12 h off
medications and then after a supra-therapeutic dose of levodopa. In general, medi-
cation improvement of PD motor symptoms by greater than 33% tends to indicate a
good chance of improving quality of life with DBS therapy, in persons bothered by
motor fluctuations.

Importantly, the person’s main complaint needs special attention, as it may not
be a problem that DBS therapy can be expected to improve: DBS therapy for such a
patient may incorrectly be perceived as ineffective. A common practice approach is
to re-emphasize the real/expected goals of DBS therapy, in simplistic terms:

1. To reduce motor fluctuations (lessen severity and quantity of off time and lessen
dyskinesia).

2. To reduce tremor in individuals with medication refractory tremor.

3. To lessen tremor, bradykinesia, and rigidity in individuals with levodopa
intolerance.

Given the nature of the neurodegenerative progression in PD, it is important to
highlight which of the above indications is present, and differentiate these from
other concerns that tend to not be DBS responsive. Below is a list of some of the
specific primary complaints that could be reported during screening and would have
little to no expected response to DBS therapy:

Gait trouble (such as freezing of gait)
Imbalance/falls

Posture changes

Speech/swallowing trouble

Drooling

Hypomimia

Cognitive issues

Bowel/bladder trouble

REM sleep disorder

Blood pressure fluctuations
Non-motor wearing off (i.e. restless legs, fatigue, pain, shortness breath).

AN R U o S e

—_

When these are the main focus of a patient’s concerns, there may be little chance
for DBS therapy to improve quality of life.

Also, the specific nature of a patient’s bothersome motor symptoms may provide
insight into which DBS target will be most beneficial. One example would be a
person experiencing return of axial symptoms or gait trouble, when medications
wear off, or non-motor symptoms. If these occur in the presence of levodopa-
induced dyskinesia, then the GPi target may be considered preferable to STN. GPi
DBS also may be preferred over STN in persons with dyskinesia at low doses of
levodopa, or when a person is experiencing biphasic dyskinesia. Further, a person
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predominantly bothered by tremor, without clear motor fluctuations, may see greater
benefits from VIM DBS. Especially, this is seen when tremor is mixed with rest,
postural, and action components. The selection of the DBS target is important, to
achieve successful outcomes and best determined by collaboration of the neurolo-
gist and neurosurgeon.

Important information to obtain prior to proceeding with DBS therapy include:

1. Presence of tremor and response to PD medication

2. Amount (hours/minutes) and severity of medication off time with respect to
doses of medication, and specific motor symptoms (tremor, rigidity, bradykine-
sia), with localization to side and part of the body

3. History and details of gait changes with medication wearing off, or if present at
peak, response to medications

4. Dyskinesia as it relates to medications: peak effect, presence when medica-
tion worn off (such as upon awakening, prior to first morning dose of PD
medications), or biphasic with respect to medication onset of action and
wearing off

5. Motor score in relationship to best response to medication off/on in a person
experiencing motor fluctuations

6. History of levodopa intolerance

These same issues are often useful to reassess at the first visit after DBS therapy
has been initiated and kept in mind subsequently, to help identify potential for fur-
ther improvement with adjustments in DBS parameters and help achieve stimula-
tion optimization.

Patients being screened for DBS commonly need to be educated to understand
the meaning of motor symptoms, how to identify off/on time, and to differentiate
between dyskinesia and tremor. This education is an important step for future pro-
gramming visits, and especially given these are the hallmark features for which
DBS therapy has likely benefits. In addition, it is very helpful to identify the absence
or presence of restless leg syndrome, other non-motor symptoms or dopamine dys-
regulation syndrome, as these can confound optimization of DBS therapy. The pres-
ence of these issues can result in problems with adjusting PD medications, even as
clear therapeutic benefits are being achieved with DBS therapy. It is also important
to establish if any psychiatric or cognitive issues are present, prior to considering
DBS therapy, as these issues commonly interfere with obtaining good DBS
outcomes.

With regard to assessing motor symptoms, useful tools include the objective
standard rating scales, including Part III of either the UPDRS (United Parkinson’s
Disease Rating Scale) or MDS-UPDRS (Movement Disorder Society - United
Parkinson’s Disease Rating Scale). In addition, a person with PD experiencing
motor fluctuations may benefit from knowing how to create a motor diary. Another
rating scale that can be useful is the UDysRS (Unified Dyskinesia Rating Scale),
especially with GPi DBS therapy.



84 F. Gupta and P. Agrawal

DBS Programming Visits

Basics

At many centers, initiation of DBS therapy for PD patients commonly occurs at
3—4 weeks post-implant of DBS electrode, with subsequent programming visits every
2-6 weeks over the next several months. Maintenance visits thereafter may be every
3—6 months. It can be helpful to reiterate the goals of DBS therapy with each visit.

For the initial programming, it is common practice to use the same examination
rating scale that was used preoperatively. This helps identify the absence or pres-
ence of a “microlesion” effect (reduced contralateral PD motor symptoms) from
DBS lead placement. If present, the “microlesion” effect usually lessens over
1-2 weeks after surgery, but can persist to a milder degree for 610 weeks. The
continued use of the same rating scale at subsequent visits can also help quantify
improvement from prior visits and identify potential for further improvement of off
motor symptoms, with further DBS setting changes.

Prior to a programming visit, it is important to establish whether a patient is to
come to the visit when medication effects have worn off or during peak effect of a
dose of medication. This decision is commonly guided by a person’s main concern.
If it is the occurrence of off time symptoms (tremor, rigidity, bradykinesia), then
programming is best done in the medication off state. If the main concern is dyski-
nesia, then programming should be done in the medication peak on state. Many
DBS Centers find initial and early DBS therapy programming visits most effective
in the medication off state (sometimes asking a person to hold 1 dose of PD medica-
tion or even not take any PD medications for 12 h). However, this is often individu-
alized based on a programmer preference with regards to the DBS implant site for
PD and specific complaints the patient is reporting.

Prior to DBS interrogation/programming, the following history/assessment is
commonly helpful:

—_

Average daily awake hours of off time and what are the off motor symptoms
Average awake hours with dyskinesia and what portion of this time is it bother-
some, in addition to what location in the body

Continued tremor

Possible side effects from stimulation (vide infra)

PD medication doses and schedule

Objective rating of PD motor symptoms and absence/presence of dyskinesia

»

SNk W

Programming

During every programming visit, there is certain basic information that should be
reviewed. This includes:

1. Lead model
2. IPG model
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(O8]

. IPG Battery reading and status

. % on since last visit

5. Individual monopolar and bipolar electrode impedance (assessing for any open
or short circuits)

~

Adjustable stimulation parameters for DBS include active electrode contacts (for
configuration of field), amplitude, pulse width, and frequency.

The mechanism of how DBS induces clinical effects is not well understood.
Though stimulation intensity appears to be the key parameter to alleviate symp-
toms or induce side effects, the other parameters are also important [1-3]. High
frequency stimulation (greater than 100 Hz) has been shown to have therapeutic
effects and lower frequencies have produced lesser to no clinical effect [1, 2, 4].
Very low frequencies (10 Hz) can worsen symptoms as well [5]. Commonly,
DBS therapy is started at 130 Hz and then slowly increased, if needed, but usu-
ally not higher than 185 Hz. There is potential for negative effects from stimula-
tion at excessively high frequencies [6]. Pulse width (PW) of 60 and 90
microseconds has been shown to be effective to obtain clinical benefits in PD,
thought largely due to activation of large diameter myelinated axons [1]. It is
further suspected that lower PW excites large diameter axons and higher PW
typically affects smaller diameter and unmyelinated elements [7, 8], thus site of
stimulation for therapeutic effect may be different. For example, GPi stimula-
tion may require higher PW than STN or VIM, for therapeutic effects. As a
simple rule, an increase in PW tends to make a more concentrated core of stimu-
lation of neuronal elements and may increase therapeutic effects and/or induce
unwanted side effects.

Common range of PW and rate in PD based on target:

Rate (Hertz) PW (microseconds)
STN 100-185 60-120
GPI 100-130 60-210
VIM 100-185 60—120

The cathode, anode, and amplitude form the stimulation field, with regards to
shape and size, and are regarded as the most important parameters for DBS therapy.
The field of stimulation is dependent on the location of the implanted electrode with
respect to regional anatomy.

Knowledge of the bordering structures and regional anatomy around a nucleus of
stimulation, in combination with information of the trajectory and coordinates (rela-
tive to the planned target) of the implanted DBS electrode, is instrumental in the
selection of the optimal electrode stimulation configuration. Often, a programmer
finds reviewing intra-operative notes and related neurophysiological data (if pres-
ent) helpful as well.

Certain structures around the implanted nucleus are felt to be important, when
programming each DBS lead. These structures induce well recognized clinical side
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effects. In combination with intraoperative records, this can help guide whether the
stimulation field should be moved to more dorsal or ventral contacts on the DBS
lead (Figs. 7.1, 7.2, and 7.3).

For the STN, posterior stimulation produces persistent paresthesia (medial lem-
niscus), lateral stimulation produces dystonic muscle contraction/slurred speech/
conjugate eye deviation (internal capsule), medial stimulation produces ipsilateral
eye deviation/pupil dilatation (cranial nerve III) and flushing/sweating (medial ven-
tral) [9]. In addition, stimulation in the anterior/ventral STN may have no effect or
may produce emotional changes.

Fig. 7.1 Axial MRI image
at the STN target level,

with pertinent structures Right Left
outlined

Anterior

Posterior

IC = internal capsule

STN = subthalamic nucleus
ML = medial lemniscus

RN = red nucleus

Fig.7.2 Coronal MRI
image at the GPi target
level, with pertinent
structures outlined

Dorsal

Right ~|— Left

Ventral

GP = globus pallidus
IC = internal capsule
OT = optic tract
PUT = Putamen
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Fig.7.3 Axial MRI image | Anterior

at the VIM target level,
with pertinent structures
outlined

Right

| Posterior

Voa/Vop = ventral oral anterior and posterior
Vim = ventral intermediate

Ve = ventral caudal

IC = internal capsule

CM = central medial

For GPi, medial stimulation can cause dystonic muscle contraction/slurred
speech (internal capsule), or visual changes, such as phosphenes (optic tract).

For VIM, the most commonly identified side effects are posterior stimulation,
producing persistent paresthesia (Vc — ventral caudal thalamus) and lateral stimula-
tion, causing dystonic muscle contraction/slurred speech (internal capsule).

Thresholds for side effects establish some basic guidelines as to which direction
to move the stimulation field, keeping in mind that the electrode trajectory in the
brain is from dorsal/anterior/lateral to ventral/posterior/medial.

STN
Speech change/contraction Internal capsule Move medial (more ventral contact)
Ipsilateral eye deviation Medial Move lateral (more dorsal contact)
Persistent numbness Posterior Move anterior (more dorsal contact)
Sweating/flushing Medial Move lateral (more dorsal contact)
GPi
Phosphenes/visual flashes Ventral Move to more dorsal contact
Speech change/contracture Medial Move to more dorsal contact
VIM
Persistent paresthesia Posterior Move anterior (more dorsal contact)
Contracture/slurred speech Lateral Move medial (more ventral contact)

Programming Specifics

One basic tool commonly referred to during initial and subsequent DBS program-
ming visits is a monopolar review. This will help identify stimulation thresholds
by creating a stimulation map in reference to regional anatomical structures and
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guide selection of stimulation anode (+) and cathode (—). The review is conducted
by keeping a constant pulse width (commonly 90 microseconds) and rate (com-
monly 130 Hertz) and then slowly increasing the amplitude at one electrode con-
tact (cathode) at a time, while using the IPG case as the anode. As the stimulation
is increased, clinical observations are made for both evidence of clear symptom-
atic reduction and, more importantly, the threshold for side effects, due to spread
of current to one of the identifiable neighboring structures (recognized by the
specific side effect).

The next step is the choice of monopolar or bipolar stimulation, to shape a
field of stimulation with the best clinical effect, with the goal of achieving ade-
quate level of clinical benefit, before reaching the threshold for bothersome side
effects.

Many DBS programmers will start with monopolar stimulation, but if benefits
are suboptimal prior to reaching the stimulation threshold for bothersome side
effects, will then switch to bipolar stimulation to try to capture more symptom
improvement, before producing bothersome side effects. If two adjacent contacts
are found to be effective, a double monopolar configuration can be used to create
a larger field (wider and longer). Bipolar stimulation can allow shaping of the field
more like a football, thus limiting the width, when side effects occur with the
wider field of stimulation. “Near bipolar” uses adjacent contacts and “far bipolar”
uses non-adjacent contacts. The most commonly used configurations are as fol-
lows (Fig. 7.4):

Other configurations include tripolar or quadripolar, using more than two con-
tacts. If low thresholds for stimulation-induced side effects occur on all electrodes,
one useful tripolar configuration is “a guarded cathode” with two anodes surround-
ing a cathode. These more advanced configurations are rarely used during initial
programming visits, but can be tried at future visits, with attempts to improve more
clinical symptoms.

During initial programming for STN or GPi DBS, many programmers avoid
using frequencies outside of 130-185 Hz or pulse widths outside of 60—100 micro-
seconds, but these should be considered, if needed, at later visits.

With regards to symptoms, the first clinical benefit typically is reduction in
rigidity, then tremor, and lastly bradykinesia. Some benefits are seen acutely, but

Monopolar Double Monopolar Bipolar

Fig. 7.4 Schematic diagrams depicting different modes of stimulation
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there is usually further reduction over several minutes to hours and even further
reduction is often seen over the next few weeks. With STN DBS therapy, dyskine-
sia may occur with effective stimulation therapy, after a few minutes or a few
hours. This will often worsen with doses of medication. An increase in dyskinesia
can be alleviated by a combination of medication reduction and lowering of stim-
ulation. This is then followed by a gradual increase of stimulation over the next
several weeks. To lessen the chance of dyskinesia, some programmers will adjust
parameters until clinical benefits are seen and then lower the stimulation at the
end of the visit. This approach will be followed by visits to slowly increase stimu-
lation parameters, in addition to possible medication adjustments. Another strat-
egy that can be employed is increasing stimulation to effective parameters, and
then immediately cutting PD medications at the end of the visit, with caution to
not induce withdrawal side effects from too rapid of a reduction. Regardless of a
programmer’s preference, it is often very useful to observe a patient after taking a
dose of PD medications and see the full on effect, in case further adjustments are
needed, due to on side effects. This is of particular importance during the initial
programming visit. Every programmer has different strategies, and these may
vary from patient to patient.

Newer DBS Leads

Recently, newer DBS lead models have become available. Two specific features of
interest include electrode segmentation and fractionalization. These features may
not be needed for many patients, but allow for flexibility for finer tuning. These are
most helpful when there is need to further shape the field of stimulation, due to a
low threshold for side effects.

A segmented lead has the middle two of the four electrodes divided into three.
This provides a total of 8 possible stimulation electrodes instead of 4, and allows for
a stimulation field to be shaped away from a neighboring structure causing lower
threshold for side effects. A fractionalized lead allows for any of the electrodes to be
used with any percentile of the total energy. This also allows shaping the stimulation
field to avoid unwanted side effects. Other investigations are ongoing to further
explore the full potential of these leads.
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DBS Revision Surgery: Indications 8
and Nuances

David Shin, Justin D. Hilliard, and Kelly D. Foote

Introduction

Deep brain stimulation surgery has become the treatment of choice for appropri-
ately selected patients with Parkinson’s disease, essential tremor, and dystonia.
Despite the significant risk associated with minimally invasive brain surgery, the
risk-to-benefit ratio for DBS surgery is quite favorable, and the overwhelming
majority of patients derive substantial improvement in their motor function and
quality of life from well-executed DBS therapy. A nonnegligible number of move-
ment disorders patients, however, report unsatisfactory outcomes after DBS sur-
gery. If we define “DBS failure” as any case in which the patient and her/his
caregivers are dissatisfied with the outcome of DBS surgery, then potential causes
of DBS failure include failure to set appropriate expectations preoperatively, inap-
propriate patient selection, failures of postoperative device programming and medi-
cal management, in addition to various surgical and device-related complications
including suboptimal lead placement, hardware failures, and rare instances of
procedure-related brain injury resulting in permanent neurologic impairment. In
one published series of 41 consecutive patients who presented for evaluation of
DBS failure, approximately half of the failures were attributable to surgical and
device-related complications [1]. Forty-six percent of patients had suboptimally
positioned DBS leads in that series [1]. Other reported surgically remediable causes
of DBS failure are less common, and include infection, skin erosion, pulse genera-
tor battery depletion, and DBS lead or extension fractures [2-6]. At the University
of Florida, our team has evaluated over 400 patients referred to our center for DBS
failure and we have performed over 100 surgical procedures aimed at remediating
these cases. Just over half of these referred patients were converted from patient-
defined DBS failures to successes with various interventions. Fortunately, with
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careful patient screening and appropriate surgical intervention, a high percentage of
the patients who ultimately underwent DBS revision surgery derived substantial
benefit from it [1, 2, 7-9]. In this chapter, we focus on the various causes of DBS
failure that are potentially correctable through surgical intervention. We review
methods for evaluating patients presenting with DBS failure to identify appropriate
candidates for various surgical salvage procedures, and we present successful deci-
sion-making strategies and surgical techniques for carrying out these operations.

Multidisciplinary Risk-Benefit Analysis

Perhaps, even more so than for initial DBS surgery, the decision to perform DBS
revision surgery warrants a very careful analysis of the patient-specific risks and
predictable benefits associated with repeat surgical intervention. Because failure to
achieve predicted efficacy of DBS therapy, or delayed loss of efficacy, may be
attributable to a variety of factors, we find it useful in our decision-making process
to obtain input from a multidisciplinary team qualified to examine all facets of a
patient’s disease, surgical intervention, and outcomes. At our center, patients pre-
senting with “DBS failure” (like patients referred for initial DBS surgery) are evalu-
ated by a team of eight different specialists, all of whom are subspecialized in
movement disorders, and all of whom have evaluated hundreds of patients prior to
and after DBS surgery. The initial evaluation is performed by a movement disorders
neurologist who serves as gatekeeper for the interdisciplinary evaluation. If the neu-
rologist determines, on initial screening, that the patient was likely an appropriate
candidate for DBS surgery and that the predicted benefits of DBS therapy were not
realized, she/he refers the patient for a 2-day risk/benefit analysis that includes eval-
uations by the following specialists: DBS surgeon, neuropsychologist, psychiatrist,
physical therapist (PT), occupational therapist (OT), speech/swallow disorders spe-
cialist, and social worker. The neurologist’s extensive initial evaluation includes
confirmation of the patient’s neurologic diagnosis, review of the patient’s history
and previous response to pertinent medication trials, evaluation of the patient’s
symptom severity and responses to both medical and DBS therapy (e.g., assessing
UPDRS motor score in various states: Off-medication/Off-stimulation, Off-med/
On-stim, On-med/Off-stim, On-med/On-stim), assessing responses to adjustment
of medications and/or stimulation parameters including assessment of the electrical
integrity of the DBS system and documentation of thresholds for stimulation-
induced side effects at each DBS contact, and brain imaging (MRI +/— high-
resolution CT) for careful anatomic localization of the existing DBS lead(s). In one
series of patients referred to two academic centers for DBS failure, 12% were sub-
sequently diagnosed with a neurologic disorder not typically expected to respond
well to DBS therapy [1]. The various other specialists involved in the decision-
making process each assess the patient-specific risks and potential benefits of fur-
ther surgical intervention within their specialized domain based upon extensive
prior experience with similar patients. For example, increased risk of further sur-
gery may be discovered by PT (poor balance/fall risk), speech therapy (dysarthria,
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aspiration), psychiatry (depression, anxiety disorder), neuropsychology (poor cog-
nitive reserve, dysfluent speech), or neurosurgery (advanced age, severe brain atro-
phy, multiple medical comorbidities). Alternatively, the OT might point out that the
right brain DBS lead in an essential tremor patient who reports no significant
improvement in her dominant left-hand tremor after initial DBS surgery seems
poorly positioned and has excessively low thresholds for stimulation-induced side
effects, rendering it essentially useless. The social worker adds that the patient must
be able to feed herself in order to stay in the assisted living center that she loves,
joining with the OT to make a compelling argument that replacement of the poorly
placed right DBS lead would likely result in a very meaningful improvement in the
patient’s functioning and quality of life.

Nonsurgically Remediable Reasons for DBS Failure

Over half of all patients who present with DBS failure have problems that cannot be
remedied with surgical intervention, but DBS surgeons should be keenly aware of
these problems and should play a key role in their prevention. In the worst of cases,
a patient presents with a bad outcome that was predictable because she/he was a
poor candidate for DBS surgery in the first place. In such cases, careful screening
with an experienced multidisciplinary team would likely have led to a consensus
recommendation against surgery due to perceived risks that clearly outweighed pre-
dictable benefits. In some cases, both patient selection and surgical procedure are
well executed, but suboptimal postoperative management results in patient dissatis-
faction. In many such cases, DBS programming and medication adjustments can
salvage a good outcome. Occasionally, appropriate patient selection, along with
sound surgical and postoperative management, results in predictable symptomatic
improvement with minimal adverse effects, but patients and caregivers are dissatis-
fied because their expectations were unrealistic and the failure was one of preopera-
tive education. In such cases, extensive counseling with the patient and caregivers,
along with multidisciplinary optimization of care, typically results in a reasonable
level of restored satisfaction.

Surgically Remediable Reasons for DBS Failure
Hardware Failure

Damage to a DBS lead or extension cable is often discovered after a sudden loss of
clinical efficacy, or when an intermittent shocking sensation is felt by the patient [5,
10-12]. Interrogation of the pulse generator revealing elevated impedance on one or
more contacts suggests an open circuit consistent with lead fracture. Similarly,
damage to a lead or extension can result in a short circuit between two contacts,
resulting in low impedance measurements over the bipolar circuit in question and
identical impedance measurements when the affected circuits are tested against the
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case, in monopolar mode. Commonly, only a single contact is affected by lead frac-
ture. If the contact affected by the lead fracture is the active contact and therapeutic
efficacy is lost, reprogramming is performed in an attempt to use surrounding viable
contacts to salvage therapeutic benefit.

If reprogramming fails to restore acceptable clinical efficacy, then surgical inter-
vention is indicated. An X-ray series (skull and chest) capturing the course of the
electrode, extension cable, and IPG should be performed prior to surgery in an
attempt to localize the malfunctioning hardware component. Most commonly, short
circuits and open circuits involving only a subset of the DBS contacts do not result
in a visible discontinuity in the lead or extension cable on X-ray. Occasionally,
however, a significant disruption of the integrity of the lead or extension might be
identifiable on X-rays, facilitating planned surgical correction of the problem. When
the site of the hardware failure is indeterminate, which is most commonly the case,
our strategy is to replace the extension cable (and the generator if it is nearing the
end of its battery life), in an outpatient procedure, in an attempt to solve the problem
without replacing the intracranial lead, which would be substantially more invasive
and expensive. In our experience with the most commonly used DBS hardware
system, the pulse generator is almost never the source of a hardware failure unless
it is nearing end of life. The integrity of the intracranial lead can be tested indepen-
dently during the extension replacement procedure, but the reliability of this testing
is not perfect and we typically attribute an open or short circuit to a damaged lead,
if replacement of the extension cable does not restore the electrical integrity of the
system. The patient should be well informed regarding the possibility that replace-
ment of the extension cable and the pulse generator might not solve the problem,
and that if the problem lies with the intracranial DBS lead, then this can only be
corrected with a stereotactic cranial procedure to remove and replace the lead. In
our experience using our current DBS implantation techniques, the intracranial lead
is rarely the source of a hardware failure and replacement of the extension generally
resolves the problem. Multiple technical modifications have diminished the inci-
dence of DBS lead fracture in our experience. These include the following: (1)
avoiding placement of the connector in the neck as repetitive neck movement can
result, over time, in fatigue and fracture of the lead at its junction with the rigid con-
nector; (2) careful application of pinching counter-torque to each individual metal
block in the connector as its connection is tightened can prevent rotation of the
block within the polymer casing that may result in shearing of the individual wires
and open circuits; (3) avoidance of excessive tensile force applied to the “dummy
connector” attached to the implanted lead prior to its connection to the extension
cable, which can result in fracture of the most vulnerable #3 circuit wire near its
attachment to the connection contact; (4) avoiding the application of any significant
tensile force on the segment of the lead where contacts are distributed, which can
result in detachment of the bond between the polymer casing and the contacts with
stretching and exposure of the internal helically coiled wires and potential fractures
and open circuits; and (5) taking care to align the connection contacts with their
blocks prior to tightening the connection screws, since tightening the connection
screws onto an interval of polymer encased lead rather than onto the intended metal
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contacts can result in damage to the polymer insulation surrounding individual
wires, producing short circuits.

First described in individual’s with cardiac pacemakers [13], twiddler’s syn-
drome is defined as manipulation of the IPG resulting in hardware failure. Twiddler’s
syndrome more commonly occurs in patients who are obese or in women with pen-
dulous breasts. In such patients, more abundant subcutaneous adipose tissue allows
the implanted pulse generator to more easily rotate. Repetitive rotation of the IPG
results in twisting of the extension cables that can result in tension, fracture, or, in
extreme cases, lead migration. We have also seen twiddling in nonobese patients
with connective tissue disorders or psychiatric disorders. Revision surgery to
securely anchor the pulse generator in place may be performed to avoid the sequelae
of twiddler’s syndrome. One may even consider subpectoral placement of the IPG
with silk suture anchors to prevent IPG rotation. Subpectoral placement is not fea-
sible for rechargeable devices, however, because the increased depth of implanta-
tion would prevent recharging [4, 14-16].

Because of the more significant risk associated with lead replacement, the intra-
cranial lead should only be replaced after ruling out extension cable or IPG mal-
Sfunction. A careful risk/benefit analysis should be undertaken prior to lead
replacement surgery, because a patient with acceptable risk for cranial surgery may
transition into a patient with unacceptable risk as aging and predictable disease
progression result in diminished physiologic reserve.

Lead Migration

Post-implantation lead migration may occur for a variety of reasons. Methods for
securing DBS leads at their point of egress from the skull vary among surgeons. The
most common technique uses the Stimloc cap supplied by Medtronic. The point of
fixation during closure of the “Pac-man”- type locking mechanism is weak, offering
minimal resistance to tensile or compressive axial forces. Great care must be taken
during securing the lead with this cap, not to inadvertently advance the lead deeper
or pull the lead out. After multiple episodes of inadvertent intraoperative dorsal
lead migration in our early experience at the University of Florida, we adopted the
use of intraoperative fluoroscopy to ensure that the leads are not displaced during
the fixation process.

We have also learned, through careful analysis of our own technical errors over
time, that even the fully assembled Stimloc cap has insufficient strength to withstand
a significant tensile force, which can result in dorsal lead migration postoperatively.
During staged pulse generator implantation, the most commonly used DBS system
requires exposure of approximately 4 cm of the previously implanted DBS lead in
order to place a connection cover and connect the new extension cable to the previ-
ously implanted DBS lead. This is typically accomplished by making a small scalp
incision over the proximal aspect of the palpable “dummy connector” on the “con-
nection” end of the implanted DBS lead and pulling on the lead to expose a sufficient
length of the lead to make the connection to a newly tunneled cable. Following a
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series of unexplained dorsal lead migrations over the course of a few years, we per-
formed a study to determine the incidence and etiology of postoperative dorsal lead
migration. In a series of 135 cases in which patients had undergone high-resolution
CT imaging enabling precise measurement of the position of an implanted DBS lead
(or leads) on at least two occasions separated in time by at least 3 months, 12% of
patients were found to have dorsal migration of their DBS leads by greater than
3 mm. Multiple hypotheses were proposed and investigated to explain this observa-
tion, and ultimately it became compellingly clear that all of the dorsal lead migra-
tions were attributable to excessive coaxial tensile force applied to the lead and
failure of the cap fixation at the skull. Most commonly, this was attributable to poor
surgical technique with application of excessive tension during connection of the
lead to the extension cable. When the interval between lead implantation and pulse
generator implantation exceeds 3 weeks, the lead becomes sufficiently scarred into
the subgaleal space that the applied tensile force, rather than resulting in pulling out
a coiled loop of subgaleal lead, is transmitted coaxially along the scarred in lead,
resulting in some cases in failure of the lead fixation point at the Stimloc cap and
withdrawal of the lead from the brain. (Fig. 8.1) In rare cases (head movement due to
dystonia, twiddler’s syndrome), tensile forces exerted by the patient resulted in simi-
lar fixation failure and dorsal lead migration. (Unpublished manuscript in prepara-
tion.) In another published retrospective review of 240 electrodes, 7.9% of dystonia
patients experienced migration of their lead, while there were no migrations found in
PD, MS, or tremor patients. The predisposition for dystonia patients to experience
lead migration is presumed to be attributable to their extensive head and neck move-
ments imposing significant strain on their intracranial and extension cables [12].

Fig. 8.1 This illustration
shows the tensor force
transmitted from the
dummy connector to the
tip of the electrode inside
of the brain, resulting in
iatrogenic dorsal lead
migration
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Intraoperative lead migration can be effectively prevented by carefully avoiding
inadvertent pulling on the lead, while it is being secured to the skull after implanta-
tion, and by comparing intraoperative fluoroscopic images before and after lead
fixation to ensure that no displacement has occurred during fixation.

In order to prevent postoperative lead migration, we have adopted the strategy of
making a longer incision coaxially proximal to and along the palpable subgaleal
dummy connector and minimizing tensile force applied to expose sufficient lead for
the connection. We also drill recesses in the skull at the Stimloc and the connector
sites to minimize the prominence of the implanted hardware. This effectively pre-
vents delayed scalp erosions (unpublished manuscript in preparation), but also miti-
gates the transmission of a coaxial tensile force from the extension cable to the lead,
which should diminish the likelihood of dorsal lead migration secondary to twid-
dling or dystonic movements.

In the event of loss of DBS efficacy due to a dorsal lead migration that is con-
firmed by imaging and careful lead localization, programming at more ventral con-
tacts should be attempted prior to surgical revision of the lead. If this is unsuccessful,
the lead should be removed and replaced with a new lead. Attempts at advancing the
lead to a deeper position beyond the early postoperative period are rarely success-
ful due to removal of the stiffening stylet and softening of the implanted lead that
occurs over time, at body temperature.

Suboptimal Lead Position

Suboptimal lead location may be attributable to the use of indirect targeting,
head movement or frame shift, excessive CSF loss intraoperatively resulting in
brain shift, or postoperative lead migration. Given that the targets for DBS are
on a subcentimeter scale, a difference in lead position of a few millimeters can
make the difference between effective symptom relief and intolerable side
effects [2].

In our first study on DBS failure in 2005, 19 of 41 patients had suboptimally
positioned DBS leads, and poor lead placement continues to be a contributing factor
in roughly half of all DBS failure patients referred to our center [1]. Interestingly,
we only perform lead replacement surgery in about half of the patients in whom a
DBS lead is determined to be suboptimally positioned. This discrepancy is largely
attributable to the multidisciplinary risk/benefit analysis described above. When the
risk of further surgical intervention is determined to exceed the expected benefit
from such intervention (not an uncommon occurrence), then a consensus recom-
mendation is made against further surgical intervention.

No amount of expert programming can compensate for a poorly placed DBS
lead. Decreasing the likelihood of suboptimal lead placement is of paramount
importance for a surgical procedure in which a millimeter or two can determine the
difference between remarkable symptomatic relief with profound patient satisfac-
tion and a procedure that fails to achieve its only goal of enhancing quality of life,
because stimulation-induced side effects outweigh clinical benefits.
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We advocate the use of high-resolution, 3 Tesla gadolinium-enhanced
T1-MPRAGE and FGATIR MRI coupled with a deformable, patient-specific three-
dimensional atlas to enable careful direct targeting of the DBS lead [17]. Using
software capable of displaying the position of the DBS lead within the 3D virtual
representation of the brain, a safe trajectory can be selected for each patient (avoid-
ing surface and periventricular veins, ependymal surfaces, sulci, and deep vessels),
and the position of the DBS contacts within the target can be visualized and adjusted
with small alterations of the target and trajectory to customize targeting to each
patient’s brain (i.e., direct targeting).

In addition to careful stereotactic targeting, intraoperative physiologic and
radiographic feedback can be exploited to optimize outcomes. While the value
of intraoperative microelectrode recording has become controversial, we remain
convinced that skillful MER can provide useful fine-tuning of the anatomic tar-
get that warrants the small associated risk. Similarly, as patient-friendly, purely
anatomically targeted “asleep DBS” methods using intraoperative imaging are
becoming more prevalent, the importance of assessing thresholds for stimula-
tion-induced side effects and evaluating clinical benefit intraoperatively using
trial stimulation via the implanted DBS lead has been questioned. To date, our
group remains unconvinced that DBS targeting with imaging alone (even the
very high-quality 3T MR imaging described above—Iet alone the far less opti-
mal imaging that is typically achievable intraoperatively) is superior to methods
that augment image-guided targeting with physiologic feedback. It is likely that
experienced DBS practitioners will achieve a high percentage of good outcomes
using only image-based targeting, but it also seems likely that foregoing intra-
operative test stimulation via the implanted DBS lead will result in some, hope-
fully slight, increase in the number of patients with DBS failure attributable to
intolerable stimulation-induced side effects that occur before predicted thera-
peutic benefit can be achieved. Our philosophy that neither safety nor efficacy
should be compromised for the sake of convenience has led us to continue to use
awake surgery with physiologic feedback for the overwhelming majority of our
patients.

A critical step in the evaluation of a patient with DBS failure is accurate ana-
tomical localization of the existing DBS lead. We contend that every implanted
DBS lead should be carefully localized postoperatively for quality control and to
assist with programming. At our center, each DBS patient undergoes a high-reso-
Iution head CT for lead localization approximately 3—4 weeks after the lead
implantation procedure. For convenience, this CT is acquired systematically as
part of the preoperative evaluation the day prior to initial pulse generator implan-
tation. The postoperative CT is fused to the preoperative targeting 3 T MRI and
patient-specific three-dimensional atlas. The delayed acquisition of the lead local-
ization CT allows the resolution of any pneumocephalus and brain shift caused by
the lead implantation procedure and results in a higher fidelity image fusion. The
position of the DBS contacts are carefully measured on the high-resolution CT
(more accurate than MRI for determining the precise position of the lead) and the
lead is displayed graphically on the fused MRI/atlas. This enables prediction of
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which DBS contact is likely to be most favorably positioned for therapeutic stim-
ulation and can facilitate DBS programming. For patients referred from other
centers, we use a similar protocol with 1.5 Tesla MRI (MPRAGE+gadolinium and
FGATIR) and a patient-specific 3D atlas (+/— high-resolution postoperative CT)
to localize the lead anatomically [17].

The lead localization thus performed is used in conjunction with the thresh-
olds for stimulation-induced side effects measured for each contact and an
assessment of clinical benefit (or lack thereof) achieved with optimally pro-
grammed stimulation fo determine whether the lead is poorly placed. For exam-
ple, a patient with debilitating essential tremor presents after DBS surgery
complaining that she can only achieve meaningful tremor suppression at high
voltage settings, but these settings result in intolerably dysarthric speech and
swallowing difficulty. Lead localization shows that the DBS contacts are posi-
tioned on the boundary between the VIM thalamus and the internal capsule. The
determination is made that the existing DBS lead is positioned excessively lat-
eral, and that if the perceived risks are acceptable, then removal and replace-
ment of the lead to a position 2.5-3 mm more medial would likely result in
diminished side effects and substantial improvement of her tremor suppression
(and her satisfaction) with DBS therapy. A detailed understanding of the typical
DBS targets and their surrounding anatomy is critical to this decision-making
process. Understanding which stimulation-induced side effects result from the
spreading of current into which neurocircuitry surrounding the target enables
the astute DBS practitioner to plan effective lead repositioning procedures when
indicated (Table 8.1).

Table 8.1 Typical stimulation-induced side effects and their anatomic correlates

Side effect Electrode positioning in STN

Muscular contraction Lateral or anterior (internal capsule)

Paraesthesias Posterior or medial (medial lemniscus)

Autonomic symptoms (flushing, sweating) Anterior or medial

Diplopia Medial (CN III)

Dysarthria Lateral or anterior (internal capsule)

Personality or impulsivity changes Medial or ventral (SNr)

Side effect Electrode positioning in GPI

Muscular contraction Posterior or medial (internal capsule)

Flashes of light Ventral

No effect Lateral, superior, or anterior

Side effect Electrode positioning in VIM

Muscular contraction Lateral (internal capsule)

Dysarthria/dysphagia Lateral and anterior (internal capsule/
corticobulbar)

Limbic effects (mania, anxiety) Medial
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Strategies for Surgical Rescue of DBS Failures
DBS Lead Replacement

In cases where minimal to no therapeutic benefit is derived from DBS therapy
despite valiant and expert programming, no evidence of hardware failure is pres-
ent, and careful anatomic and physiologic localization of the lead (as described
above) confirms an obviously suboptimal lead position, the decision to remove the
poorly placed lead and implant a new lead is relatively straightforward [2]. In gen-
eral, lead replacement should not be undertaken unless the ineffective lead is at
least 2 mm away from the planned reimplantation site. The planned reimplantation
site should be selected preoperatively to correct apparent anatomic misplacement
that is confirmed with predictable stimulation-induced adverse effects. After per-
forming over 50 lead replacement procedures, we have identified two common
misconceptions regarding DBS lead replacement surgery: (1) Contrary to popular
belief, the risk of removal of a DBS lead, regardless of how long it has been
implanted, is minimal. We have never encountered significant adherence of the
implanted lead to the brain or caused a hemorrhage or stroke by removing a chroni-
cally implanted DBS lead. Every lead we have removed has slid out of the brain
with essentially no resistance; (2) It is not necessary to perform independent,
staged procedures to remove a DBS lead then place a new one. As long as the new
target is at least a couple of millimeters away from the old one, the risk of reim-
planting into the exact same (ineffective) location is minimal, brain shift is not a
major issue, and microelectrode recording at the new implantation site is not
adversely effected.

Unless the existing entry site is suboptimal due to safety concerns for the new
trajectory (prominent cortical veins, crossing ependymal surfaces, etc.) we gener-
ally try to use the existing entry site to implant the replacement lead to avoid creat-
ing new, independent penetration pathways through the brain. In most cases, skull
bone has regenerated to at least partially fill the previous burr hole, so even if the
same entry site is planned, the burr hole requires some drilling. If the existing
Stimloc cap is attached to the outer cortex of the skull and produces a prominence
on the patient’s head, we replace the existing Stimloc entirely and take advantage
of the opportunity to drill a recess in the skull to countersink the cap and make it
Sflush with the surrounding skull. If the cap is already countersunk, we might leave
the base ring in place and replace only the snap in “Pac-man” mechanism and the
overlying cover. The surgical procedure employed for lead replacement is other-
wise essentially identical to that for original lead implantation, with the exception
that we generally try to connect the new lead to the existing extension cable at the
end of the procedure, rather than coming back for a second stage to connect the
new lead.

In the case series mentioned above that evaluated patients referred for “DBS
failure,” 46% (19 of 41) were deemed to have poorly placed electrodes with 24%
(10 of 41) proceeding to surgical replacement of their DBS leads [1]. Of those who
underwent surgical revision, 70% experienced marked improvement, while 30%
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experienced partial improvement. Fifty-one percent (21 of 41) of patients who were
referred for DBS failure ultimately had good outcomes with alteration of their medi-
cal regimen or due to surgical revision, 15% (6 of 41) had modest improvement, and
34% (14 of 41) did not improve [1].

Addition of a“Rescue Lead”

In DBS cases where patients experience some clinical improvement that is mean-
ingful, but substantially less than that predicted preoperatively, and lead localization
does not clearly suggest a poorly positioned lead, the decision-making regarding
further surgery is less straightforward. In such cases, removal of the existing DBS
lead might result in loss of the meaningful, but limited therapeutic benefit from the
original lead with no guarantee that a new lead would be an improvement. In such
cases, if we are convinced that there is potential for substantial symptomatic
improvement, and the risk/benefit ratio is appropriate, we generally opt to leave the
partially effective lead in place and carefully implant an additional “rescue” lead
through a separate entry site into an alternative target that would be expected to
provide synergistic benefit. There is limited literature regarding the overall effec-
tiveness of rescue leads, but several case reports and a case series have indicated that
rescue leads are a potentially effective method of management of partial DBS fail-
ure [7-9, 18].

The following are examples of successful application of this rescue lead
strategy:

1. Addition of GPi rescue leads to suppress problematic dyskinesia in a patient
with traditional STN DBS for Parkinson’s disease who continues to derive sig-
nificant relief of bradykinesia, rigidity, and tremor, but has developed problem-
atic dyskinesia over time. The very reliable dyskinesia suppression achievable
with GPi DBS makes this an excellent strategy for such patients.

2. Addition of an additional GPi rescue lead in the ipsilateral GPi nucleus of a
patient with incompletely relieved dystonia and an apparently reasonable, but
suboptimally positioned GPi lead. (The motor segment of the GPi is a consid-
erably larger target than that of the STN, and higher current delivery is typi-
cally required to achieve desired stimulation effects as compared to the
significantly smaller STN, and hence the observed longer battery lives associ-
ated with STN stimulation.) In such a situation, a second lead within the same
nucleus may be warranted in order to provide additional benefit. An example
of such a strategy was documented in the case series by Oyama et al. [8], in
which a patient with cervical dystonia initially underwent bilateral GPi implan-
tation but experienced only pain relief without a substantial improvement in
her UDRS score (reduced from 11 to 10). Imaging revealed that her leads were
within the GPi, but that her left lead was 2.4 mm more anterior than the right
lead. A rescue lead was placed more posteriorly on the left, after which her
UDRS score improved to 4.
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3. Addition of an ipsilateral STN (or caudal zona incerta) DBS lead in a patient
with meaningful, but incomplete suppression of debilitating essential tremor
with traditional VIM thalamic stimulation.

4. Addition of bilateral STN stimulators in a patient with severe generalized torsion
dystonia who has incompletely responded to traditional bilateral GPi
stimulation.

5. Addition of bilateral GPi stimulators in a patient with incomplete relief of severe
Parkinsonian symptoms with bilateral STN stimulation. This strategy was
employed successfully by Allert et al. [18] for a PD patient who underwent bilat-
eral STN DBS that initially improved her off-medication UPDRS score from 83
to 31. Over several years, her disease progressed and her DBS became less effec-
tive, resulting in worsening of her off-medication UPDRS score closer to her
preoperative baseline, at 78. She underwent additional bilateral GPi DBS implan-
tation that reduced her off-med UPDRS score to 47.

6. Addition of a ventral oralis (VO) DBS lead in a patient with incomplete sup-
pression of severe tremor with traditional VIM stimulation. Oyama et al. [8]
reported such an essential tremor patient who underwent VIM implantation at
another institution with meaningful improvement, but continued significant
tremor with a TRS score of 28. He underwent addition of a VO DBS lead,
which improved his tremor and reduced his TRS to 17. We have had gratifying
success with a dual lead ipsilateral (VIM + VO) thalamic DBS technique for
suppression of very severe tremor, and we have adopted the strategy—for
patients with very severe tremor—of implanting a VIM DBS lead, testing
intraoperatively, and if the tremor suppression achieved with test stimulation
through the VIM lead is not satisfactory, we will immediately add a second
lead in the ipsilateral VO nucleus.

7. Addition of an ipsilateral GPi DBS rescue lead to treat iatrogenic hemiballismus
in a patient who suffered a rare delayed STN infarct 1 year after implantation of
clinically effective STN DBS. Oyama et al. [9] reported a patient treated with
bilateral STN DBS for PD who developed hemiballismus, believed to have
occurred as a result of a small STN stroke secondary to lead placement. This
patient underwent implantation of an ipsilateral GPi rescue lead, which success-
fully suppressed his hemiballismus.

Programming of rescue leads will depend on the extent of benefit obtained
when both leads are active versus isolated stimulation of the rescue lead. In the
majority of cases in which the patient is already experiencing some benefit from
his original lead, multi-lead stimulation results in maximum symptomatic relief.
If patients are found to have equivalent benefit without activation of the original
lead, then single lead stimulation may be a more effective strategy, especially in
Parkinson’s disease, where studies have demonstrated that dual stimulation of GPi
and STN does not necessarily provide synergistic benefit [19, 20]. Patients deemed
candidates for rescue leads should be thoroughly evaluated by a multidisciplinary
team in order to carefully weigh the benefits and risks of additional lead
placement.
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Conclusion

DBS has become a mature and reliable therapy for the treatment of debilitating,
medication refractory movement disorders. By exploiting our collective experience
and available outcomes data, we should be able to reliably identify patients who are
likely to benefit from DBS therapy and make accurate predictions regarding which
of their presenting symptoms are likely to improve and by approximately how
much. When individual patient outcomes after DBS surgery fall short of our predic-
tions, patients and caregivers are understandably dissatisfied. Since DBS is not a
lifesaving or curative procedure, and the sole objective of DBS therapy is to improve
quality of life, when this goal is not met, the designation of such cases as “DBS
Failures” is not overly harsh. Careful, systematic troubleshooting of cases of DBS
failure, including evaluation by a multidisciplinary team of movement disorders
specialists, accurate localization of the ineffective DBS lead, interrogation of the
DBS system to rule out hardware failure, and a trial of expert programming of the
existing lead, can typically identify the cause(s) of DBS failure. Causes can be
divided into surgically remediable and nonsurgically remediable. Problems that are
not amenable to surgical intervention include poor patient selection, failure to
exploit a multidisciplinary team to appropriately predict risk versus benefit of surgi-
cal intervention, poor perioperative management of medications, ineffective pro-
gramming, and failure to set appropriate patient and/or caregiver expectations.
Surgically remediable DBS failures include hardware failure, lead migration, sub-
optimal lead position, skin/scalp erosion, and infection. In this chapter, we reviewed
techniques for avoiding such failures and discussed useful strategies for manage-
ment of surgically correctable DBS failures, such as DBS lead replacement and
addition of rescue DBS leads, with detailed explanation of the technical aspects of
these interventions.
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Deep Brain Stimulation: Complications 9
and Management

Steven Lange, Sameah Haider, Adolfo Ramirez-Zamora,
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Introduction

Multiple studies have shown that deep brain stimulation (DBS) has been effective in
reducing motor signs (tremor, bradykinesia, dystonia) and improving functionality
and quality of life for patients with Parkinson’s disease (PD). As DBS becomes
more commonplace, maximizing perioperative safety is essential [19]. Although
DBS is known to be a relatively safe and effective procedure, rates of complications
in the literature vary because of categorical differences in their definition, the lack
of large studies concerning surgical complications, underreporting of minor or com-
mon complications, and the difficulty in drawing precise comparisons across such
studies. Also, a relatively small number of prospective studies have reported com-
plications. Typically, these studies report a much higher rate of complications than
retrospective studies [86]. Reporting of complications is usually reserved for atypi-
cal (and thus interesting) events. Though relatively rare as compared to other neuro-
surgical procedures, complications do occur. Wound infection (0-15% adverse
event risk) and hardware complications (lead fracture, malposition, or migration)
comprise the majority of long-term difficulties [9, 19]. The most severe complica-
tion is intracranial hemorrhage (ICH).

We conducted a literature review using PubMed and Google Scholar databases.
Keywords used include “DBS,” “complications,” “adverse effects,” “hardware,”
“biopsychosocial,” and “mental health.” Applicable sources were selected for
retrieval with additional cross-reference search of cited literature. We grouped com-
plications into the following classifications: (1) hardware-related, (2) biologic, (3)
stimulation-related, and (4) cognitive-behavioral considerations. In addition, we
offer means by which such complications can be avoided or addressed.
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Surgical Complications

Serious surgical complications following DBS tend to be rare, such that a 30-day
perioperative mortality and permanent neurological morbidity have been reported to
be close to 0.4% and 1.0%, respectively, according to multicenter studies [72].
Other surgical complications include infection, hemorrhage, lead edema, venous
infarction, confusion, pulmonary embolism, and peripheral nerve injury. Although
a large number of patients experience an “adverse event” following DBS, most
DBS-related air embolisms (AEs) are benign and transient [32].

Intracranial Complications

One of the most feared adverse events following DBS surgery is intracranial hem-
orrhage (ICH). Though it is most often asymptomatic, ICH can present symptom-
atically and lead to permanent neurological disability. The risk of symptomatic
ICH causing permanent neurologic sequelae can be as high as 1.2%, while asymp-
tomatic ICH may occur in as many as 3.4% of patients undergoing DBS for PD
[18, 19, 60, 69, 80]. Ocular tilt, vertical diplopia from skew deviation, and vertical
gaze palsy have been reported with midbrain hemorrhages, while subcortical isch-
emic strokes in the internal capsule and thalamus may present with hemiparesis,
seizure, and mixed sensory findings. Though the etiology of ICH in DBS remains
unclear, some hypothesized risk factors include the number of electrodes used for
intraoperative microelectrode recording (MER), added force needed to pass the
cannula through the cortex, trajectory through lateral ventricle, and use of micro-
electrodes with step-offs [51, 54, 69, 87]. ICH is most likely to occur with direct
injury to vessels involved in the trajectory of electrode placement (Fig. 9.1).
Additionally, DBS-associated insults have been linked to pre-existing vascular
disease, small vessel vasospasm, edema, and mechanical irritation [80].
Furthermore, predisposing factors for ICH may include age, gender, perioperative
hypertension, and use of anticoagulants [60, 69, 80]. It has been shown in at least
one study that the rate of fatal ICH is much higher during electrode removal than
implantation, and may be associated with more superficial hemorrhages. A review
of 78 DBS electrodes removed at the Cleveland Clinic between October 2000 and
May 2010 shows that 12.8% resulted in asymptomatic ICH, while 1300 leads
implanted during the same period demonstrated a risk of asymptomatic hemor-
rhage of 2.0% per lead [40].

Direct trauma at the brain surface, injury to vessels in cortical sulci, or injury
to deeper vascular structures (ependymal surface, choroid plexus) can increase the
risk of ICH. Careful planning of placement and target trajectory should be made
in order to avoid the ventricles and large veins, including thalamostriate veins and
the highly vascularized choroid plexus in transventricular approaches. Planning
of entry points, repeated verification of coordinates, and systematic monitoring of
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Fig.9.1 A 56-year-old male who underwent ventral intermediate (Vim) thalamus DBS for essen-
tial tremor. On postoperative day three, he noted expressive aphasia. He was found to have this
ICH. It resolved as did his symptoms with speech therapy after 6 months. He remains tremor free
on the right side

systolic blood pressure are suggested in order to minimize the risk of peri- and
postsurgical ICH [59]. Image-guided neuronavigation has been shown to reduce
the severity of hemorrhage after DBS, effectively reducing the risk of ICH and
aborted procedures [6, 41, 54]. The effect of DBS of the subthalamic nucleus
(STN) on regional cerebral blood flow (rCBF) can be demonstrated by analyzing
the changes in enhancement patterns using T1 double-dose gadolinium-enhanced
brain magnetic resonance imaging (MRI). A decrease in contrast enhancement of
ipsilateral small veins may suggest an alteration in venous blood flow around the
electrode, though various studies of single-photon emission computerized tomog-
raphy (SPECT) have also reported increases in regional cerebral blood flow
(rCBF) during the first months of stimulation in subcortical structures, with cor-
relation between rCBF and motor improvement [12, 62]. Treatment involves con-
trolling blood pressure, stabilizing vital signs, maintaining euvolemia, avoiding
hyperthermia, correcting coagulopathies, and mitigating seizure activity; resolu-
tion of symptoms is often witnessed in the postoperative period.

Venous infarction is another complication with the potential to evolve into
delayed hemorrhage. Though a low incidence (<1.0%) has been reported in the
literature, venous infarction can occur from transection or coagulation of large
draining veins at the burr hole site [2, 59]. It has been suggested that more
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lateral burr hole placement, and placement away from surface veins as seen on
MRI, likely decreases the risk of venous infarction. Unrecognized clinical
sequelae, inconsistent follow-up imaging, comparability to microlesion effects,
and variable correlation with vascular disease make venous infarction occasion-
ally elusive; nevertheless, prolonged MER silencing arising while recording
well-defined neuronal discharges can raise suspicion of potential infarction and
may help the surgeon take precautionary measures to prevent adverse events.
Although the actual mechanism of deep infarction is unknown, postulated theo-
ries include vasospasm from stimulation, lead compression of parenchyma, and
microvascular vessel rupture [2]. It has been purported that ischemic strokes
may be more common than previously thought, and have been more frequently
associated with globus pallidus interna (Gpi)-DBS. Despite the severity for side
effects reported, there is a wide variation in the incidence of hemorrhage and
infarction in GPi-DBS [35]. Although STN-DBS was initially considered to be
a more effective and reliable target than GPi-DBS leading to widespread use of
STN DBS for the treatment of advanced stage PD, large, randomized trials have
shown that STN and GPi DBS are similarly effective in improving motor func-
tion and quality of life at 36 months [75]. The rate of ICH is similar between the
two targets [22]. Unilateral GPi-DBS may be favorable for patients who do not
require bilateral surgery and who have more debilitating dyskinesia with small
doses of medication, while STN DBS is currently heralded as the most promis-
ing intervention for young, highly levodopa-sensitive patients [22, 35, 47].
Infarction can be most readily avoided through a thorough understanding of a
patient’s preoperative status and likelihood of developing this postsurgical com-
plication. Specifically, the use of high-resolution, contrast-enhanced T1-weighted
MRI to delineate vascular anatomy and judicious stereotactic planning of lead
trajectory has been proposed as a way of avoiding venous infarction; again,
precautionary comprehensiveness and an orderly, well-managed operative regi-
men is likely to promote better outcomes in patients undergoing DBS for
Parkinson’s disease [46, 80].

Additionally, peri-electrode edema is another significant event that can result
from DBS. Edema may occur in up to 6% of cases and cause focal neurological
deficits, most commonly during the 96-hour postoperative window. In one study,
cerebral edema—Iocated near the tip, subcortical region and/or around the entire
electrode—was noted at an average of 27 days after DBS surgery (range,
4-120 days). If symptomatic, symptoms resolve completely over an average of
33 days (range, 7-60), and include headache, focal neurologic deficits, and/or sei-
zures. Though the nature and pathologic process remain undefined, studies have
shown that the number of MER tracks correlate with the size and timing of edema
[13]. The presence of edema in glial tissue is relevant to the short-term and long-
term efficacy of the electrode and thus may impact acute and chronic adverse events
[50]. Cranial MRI with specific settings can be used in patients with implanted
hardware to identify vasogenic edema without a significant risk of imaging-related
adverse events [85].
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Systemic Complications

Because DBS surgery is often performed in a semi-sitting position with the
cranial opening above the level of the heart, there is potential of venous air
embolism (VAE) [10]. In actuality, however, this phenomenon remains rare. Air
embolus, when it does occur, presents with acute-onset coughing, dyspnea,
tachycardia, hypoxemia, and chest pain. Precordial Doppler is a safe, noninva-
sive monitor that can be used in the early detection of VAE in these procedures
[28]. Venous complications (including venous infarction, as noted above) may
be minimized by the administration of contrast during preoperative imaging so
that burr hole locations may be placed remote to venous confluences or promi-
nent surface veins, as disruption of venous vessels may predispose to VAE and
venous infarction. Administration of 500 mL of normal saline to increase venous
pressure at the beginning of surgery and minimized coughing may be beneficial
prophylactic measures. If VAE does occur, bone wax to the diplo€, copious irri-
gation of the field, and placement of the patient into a head-lowered position can
avoid exacerbation of cardiopulmonary status [59]. If the patient remains hemo-
dynamically unstable, the operation should be aborted, the patient placed in the
lateral decubitus position with the right side up, and hemodynamic resuscitation
undertaken.

The risk of seizures in DBS is low (0.2-2.3%), and is reportedly higher
within the first 48 h after DBS surgery. Seizures are possibly one of the most
underreported events, particularly if no intracranial complications arise con-
comitantly. Seizures are most likely to occur in the setting of ICH, peri-elec-
trode edema, or ischemia, which increase the risk of postoperative seizures by
30- to 50-fold. A review of a consecutive series of DBS surgeries at a single
institute showed that 7 (4.3%) of 161 cases who underwent 288 electrode
implantations had generalized tonic-clonic seizures, and most (71%) only
experienced a single seizure. Neither prophylaxis nor long-term treatment with
anticonvulsants is recommended [56]. In a study of 233 patients diagnosed
with PD, 56 surgical adverse events (SAE) occurred in 49 patients, 15 of which
were seizures. Single tonic-clonic seizures were significantly related (p = 0.002)
to ICH (cortical, thalamic, intraparenchymal, mesencephalic) and were revers-
ible, with no signs of long-term clinical consequences [61]. It is reasonable to
suspect that control of conditions which may precipitate ICH can help to modu-
late the incidence of seizures; avoidance of hemorrhagic risks and minimizing
number of penetrations by electrodes is likely to reduce the incidence of DBS-
related seizures. Postoperative computed tomography (CT) is critical to rule
out ICH, since ICH is typically the most common reason for seizure occurrence
especially during the first 12 h postimplantation. Close observation and moni-
toring of patients with a history of seizures may be warranted in the periopera-
tive setting [29]. Despite the statistically significant relationship between ICH
and seizure, MER and total amount of MERs do not significantly influence
ICH or seizure incidence [61]. Anecdotally, the two seizures that have occurred
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Summary for the Clinician

* Intracranial hemorrhage is a feared complication of unclear etiology that
results from difficulties with electrode placement and may be affected by
predisposing factors (age, gender, hypertension, anticoagulation) as well
as direct injury to vascular structures.

* Suboptimal burr hole placement can increase the risk of venous infarction,
which may be indicated by prolonged MER silencing.

» Peri-electrode edema causes focal neurologic deficits up to 2 months post-
operatively and may predict long-term outcome.

* MRI is an effective method of delineating various surgical complications
and improving patient outcomes.

* Venous air embolism is a rare complication that may be prevented with
judicious burr hole placement, detected with precordial Doppler, and
treated with bone wax to the diploe, copious irrigation of the field, and
placement of patient into Trendelenberg position.

* DBS-related seizures are underreported events that occur in the setting of
ICH, peri-electrode edema, ischemia, or revision surgery.

* Routine postoperative CT scanning is important for identifying ICH, since
these are mostly asymptomatic, but raise the risk of seizures and may alter
care.

in our series of several hundred patients were in patients who underwent revi-
sion surgery and were restarted on their original settings within 24 h
postoperatively.

Hardware Complications

Hardware-related issues comprise a considerable percent of DBS-related com-
plications. Various series have reported rates that range from 7% to 65%, though
a better estimate of overall complications is approximately 8% per lead-year
[30, 71]. Improved technologies and evolving surgical techniques, however,
have limited hardware-related issues [33]. The emergent and expansive applica-
tion of DBS to related conditions justifies greater focus on the probability and
rate of surgical complications as they can be specific to subpopulation studied
(Fig. 9.2). For instance, the rate of postoperative infection is higher in patients
with Tourette’s syndrome, possibly related to obsessive-compulsive traits asso-
ciated with the disease. Simply stated, the more that procedures are performed
(i.e., the greater the number of cases), the more complications there are, by
virtue of the opportunity for mishap [5]. Appreciation of the various forms of
device failure seen in DBS may aid clinicians in device implantation, complica-
tion identification, and avoidance of short-term and long-term complications.
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Fig.9.2 A 38-year-old
female with flipping of her
generator showing
evidence of curled
extension at IPG site

An awareness of the outcomes of DBS surgery is likely to positively impact the
quality of life of patients as well as reduce the morbidity associated with treat-
ment and management.

Lead Migration

Hardware complications are defined as those events related to implanted leads (frac-
ture or malposition/migration), the extension wire (erosion and fracture), or the IPG
(malfunction, repositioning, or scar tissue growth, removal, or tightening) that
required additional surgical intervention [41]. Postoperative imaging should be
obtained following lead placement as a baseline to detect migration or misplace-
ment [6]. Patients who experience suboptimal results often are found to have expe-
rienced lead migration. Although hardware-related complications are neither
life-threatening nor concerning for permanent neurologic deficit, they do cause
patient suffering and may pose a significant economic burden, especially consider-
ing their occurrence in approximately one-quarter of patients undergoing surgery
for advanced PD [6, 16, 41]. Revision or explantation of hardware may double the
total cost of care in addition to conferring added risk to the patient.

Lead migration (or, in some cases, misplacement) is the most frequent cause of
hardware complication and surgical revision. DBS lead migration has been reported
in 1.5-6.3% of patients, or ~4.4% of leads implanted, though these values may
slightly vary depending on the specific institution and equipment used [2]. Lead
migration can occur when the electrode has moved away from the optimal target,
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and is more likely to be a late development, though it may occur intraoperatively in
the process of securing the DBS lead [2, 49]. When the electrodes shift from their
original site of placement, the patient may experience: (1) a change in device effi-
cacy, (2) acute changes in voltage requirements to sustain therapeutic benefits, (3)
worsening of symptoms, and (4) other clinical manifestations that may include sud-
den severe change in cognition, mood, thoughts of suicide, seizure, and signs of
stroke [49]. Dislocation of the lead may occur when the neurosurgeon attempts to
secure the electrode, or when fixation of the lead to the skull is insufficient. Many
surgeons use intraoperative fluoroscopy to image the lead before and after secure-
ment, especially when the clinical benefit is suboptimal [3, 16, 26]. The etiology of
lead migration has also been attributed to patient-induced involuntary movement
and improper location of the connector in the neck [2].

When there is a question of ineffective stimulation postoperatively, X-rays of the
system should be obtained and impedances measured. A CT scan of the head with
1.5 mm cuts should also be obtained and lead location compared with the location
in the postoperative period using fusion software. It needs to be recognized that as
brain shift resolves, a slight change may occur in lead location relative to AC-PC
over time and thus may not represent lead migration. Imaging studies have been
able to isolate unpredictable movements in initially placed leads at any time between
6 months to 3 years after initial surgery when the patient notes decline in function,
necessitating an immediate correction of lead placement [2, 16]. Fortunately, relo-
cation of the lead restores therapeutic stimulation to the patient.

Issues with migration and fracture have spawned interest in improved lead secur-
ing devices and lower profile systems [30, 84]. Alternatively, some surgeons choose
to use a titanium cranial plating system to secure the lead to the skull with good
results [52]. When movement occurs, it is most common in the superior, rather than
inferior, direction [77].

Lead Fracture

Lead fracture usually occurs at the burr hole anchorage site and depends upon the
laxity of the mechanism adhering the electrode to the skull. Net forces acting upon
the electrode can cause short-circuiting and actual physical disruption of the lead
[9]. Repeated bending of the lead at a single point may also result in fracture, and
lead fracture results in inadequate stimulation [6, 20, 59]. The incidence of lead
fracture has been reported between 2.0% and 9.9% per patient, and may produce a
short or open circuit in 0.9-9.9% of patients [2]. High rates of lead fracture have
been correlated with placement of lead/extension connector in the upper neck or
below the mastoid, and may be minimized by securing this connection on the cal-
varium [27]. The most important cause of lead fracture is rotational movement of
the extension and the most common site is approximately 9—13 mm from the junc-
tion between the lead and extension cable [2, 20].

The mean time between DBS surgery and the diagnosis of lead fracture is
36 months, with a range of 7-84 months in one clinical study [20]. Excessive
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Fig.9.3 A 38-year-old
male with occupation in
physical labor who noted
shocking by his stimulator.
Despite normal
impedances and X-rays
interpreted as negative, he
was taken to the OR for
exploration and found to
have a gross break in his
lead at the arrow site

tightening of the lead fixation plate is typically an immediate issue, though delayed
fractures—potentially caused by changing the site of DBS lead/extension connec-
tion—may account for 5-10% of cases [30]. Lead fracture often can be circum-
vented by early intervention as well as a familiarity with the mechanism of choice.
Additionally, the learning curve associated with implantation of DBS systems sug-
gests that lead fracture can be better avoided by more experienced surgeons and
seasoned technical acumen.

As in lead migration, X-ray, impedances, and CT should be obtained [41].
Component malfunction necessitates reoperation with removal and replacement of
the damaged portion (Fig. 9.3). Strain-relief coils/loops may be helpful, especially
in patients with dystonia or severe dyskinesias [59].

Infection

Infection remains the most common complication of DBS and may occur anywhere
in the DBS system [5]. The most common pathogens are Staphylococcus aureus
(most common), Staphylococcus epidermidis, and Propionibacterium acnes [4].
Risk factors for DBS-related infection include frontal subcutaneous connector
placement, externalization of electrodes, and—in some literature—advanced age
and immune compromise [4, 5].

Infections may be categorized as superficial incisional surgical site infection
(SSI), deep incisional SSI, or organ/space SSI [4, 43]. There is a 4-12.2% risk of
infection (mean of 5.6% in all performed procedures) per patient or 1.5-9.7% risk
per lead, with most cases of infection occurring within the first 3 months postopera-
tively [2, 5]. The connector site tends to be the most common infection site, fol-
lowed by the IPG pocket [9].

Many superficial infections can be treated with oral antibiotics, while deeper
infections often require removal of the portion of the implanted hardware that is
affected [59]. Infections require removal of the entire system, removal of a single
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component (lead, IPG, or extension), or only debridement, though partial hardware
removal is often preferable and sufficient [2, 18]. Partial removal of hardware
together with antibiotics should be attempted if the infected part is the IPG or exten-
sion wire, and if there is no evidence of infection over the brain lead, extensive cel-
lulitis, or multiple drainage sites [5, 65]. Several studies indicate that infection by S.
aureus should be treated with prompt local hardware removal and long-term antibi-
otic therapy, whereas other infections may be managed by an initial trial of antibiot-
ics. Infections caused by S. aureus begin earlier, demonstrate classic signs of
infection (e.g., purulence), and are less successfully treated with antibiotics or
wound revision alone [5]. Nonetheless, early surgical treatment with partial hard-
ware removal and appropriate antibiotic prophylaxis is considered in many cases to
be effective conservative management for DBS-related infection, especially by S.
aureus [4]. A study on the role of biofilm—a complex aggregate of microorganisms
embedded in a self-produced polymeric matrix—in systemic infection and an
awareness of biofilm formation can lead to higher success rates, less morbidity
(pain, systemic upset, further surgical revision), and lower healthcare costs related
to DBS-related infections [4, 64]. Reports of intracerebral infections are extremely
rare after DBS [69]. Aseptic intracranial cyst development mimicking intracranial
abscess is also a rare occurrence. This typically occurs months after implantation
presenting with focal and worsening neurological symptoms [58]. Cultures and
other signs of systemic inflammation are negative and treatment requires removal of
hardware.

Avoidance of wound complication is best correlated with a consistent surgical
team, strict enforcement of sterility, timeliness of the procedure, and use of prophy-
lactic antibiotics perioperatively [18]. Prophylactic antibiotics are given before skin
incision and redosed after 4-6 h. Additionally, it is advisable that all surgical per-
sonnel use double-gloving when hardware is on the field, that minimum personnel
handle the hardware itself, and that care is taken to implant the hardware as soon as
possible after package opening [59]. Certain surgical approaches that have been
attempted to lower infection rates include: smaller incisions; meticulous surgical
technique; shaving with clippers rather than razors; use of alcohol, betadine, and
chlorhexidine skin prep; and copious irrigation of all wounds with bacitracin solu-
tion before closure [2, 4, 65].

Screening the nares of all patients for methicillin-sensitive Staphylococcus aureus/
methicillin-resistant Staphylococcus aureus (MSSA/MRSA) prior to surgery may be
beneficial in the prevention of nosocomial infection. Patients may be treated with
mupirocin for 3 days prior to surgery as a prophylactic measure. Perioperative intra-
nasal mupirocin also appears to decrease the incidence of surgical site infection
when used as prophylaxis and is favorable for its low risk and low cost [31]. Irrigation
of the operative field with bacitracin throughout the procedure and use of an intrave-
nous cephalosporin and/or vancomycin perioperatively and for 23 h postoperatively
can reduce the risk of DBS-related infection. The administration of vancomycin,
however, should begin early in order to allow adequate time for tissue perfusion. Use
of an oral antibiotic for up to 5 days postoperatively has also been shown to help
prevent the incidence of infection, though not all medical centers routinely
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administer postoperative prophylaxis [2, 4]. Other common methods of limiting
microbial infection include refraining from touching or coming in contact with the
wound (due to bacterial colonization of the skin) and providing a barrier to the inci-
sion site. Preoperatively, a complete blood count (CBC) and urinalysis (UA) with
culture and sensitivity may be ordered to rule out existing bacterial infection.

Prominence of the device under the scalp, neck, or subclavicular tissues predis-
poses to erosion through the skin. Surgical debridement, however, is crucial in the
case of erosion without infection. In the event of erosion with negative cultures,
management is at the surgeon’s discretion [2, 25]. Placing permanent anchors only
in deep tissue, and placing the IPG underneath muscle fascia rather than in subcuta-
neous fat, may also reduce the probability of erosion.

Summary for the Clinician

* Lead malposition/migration is the most frequent cause of hardware com-
plication and surgical revision that may lead to change in efficacy, altera-
tion of voltage requirements, worsening of symptoms, and neuropsychiatric
sequelae.

* Lead fracture is caused by poor adherence to the skull, repeated bending,
securement low on the calvarium, and rotational movement of the
extension.

e X-ray and CT help to localize device changes that occur with lead migra-
tion and fracture.

e Checking impedances is important in identifying lead fractures.

* Infection of the DBS system is most often caused by S. aureus or P. acnes
and may require oral antibiotics and/or hardware removal depending on
the depth of infection.

* Attention to sterility, timeliness of the procedure, proper device placement,
prophylactic antibiotics, and screening the nares for MSSA/MRSA may
reduce the incidence of DBS-related infections.

Long-Term/Chronic Issues
Skin Complications

The incidence of skin erosion from both meta-analyses and case series ranges from
1% to 8.3%. In aretrospective study of 153 DBS implantations by a single implanter,
the rate of skin erosion was 4.5% at a mean follow-up of 64 months [15]. The ero-
sion of device components through the skin is often a subacute, or chronic, process;
in a single center series of 85 patients from 2002 to 2009, 40% of skin complica-
tions occurred beyond 1-year postimplantation [66]. A retrospective series of 85
consecutive PD DBS patients in Germany suggested that age, hypertension, disease
duration, and disease severity were not statistically significant risk factors for skin
complications [66].
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Patients should initially be counseled to avoid manipulation and excoriation of
skin overlying device components: this includes avoidance of shaving one’s scalp
with direct blade-to-skin contact or even having a “military buzz cut” [69]. Upon
noting evidence of skin erosion, the surgeon should be notified immediately and the
wound assessed. Appropriate studies include blood cultures, device interrogation,
and impedance checks. In the absence of local or systemic infection, device explan-
tation may be avoided by reapproximating the wound, rerouting the hardware, and/
or utilizing a well-vascularized scalp flap to protect exposed device components and
repair the overlying skin defect. Lanotte and colleagues describe successful use of a
rotational fasciocutaneous scalp flap supplied by branches of the superficial tempo-
ral artery [38].

A common site of skin erosion involves the extension lead at the connector site.
Others describe a prophylactic measure to reduce the likelihood of skin erosion at
the connector site; this method involves creating a recess within the calvarium to
allow device components to sit flush and minimize overlying scalp tension [69]. If
possible, one may also elect to cover the connector site with a portion of temporalis
muscle. Any attempt to preserve device components should include local debride-
ment and antibiotic washout.

Allergic reactions to DBS device components are faintly recognized in the
literature; thus the true incidence of hypersensitivity responses cannot be
extrapolated [48, 66]. If we draw from the body of literature surrounding spinal
cord stimulation, we find that allergic reactions most commonly present as cuta-
neous manifestations overlying device components: these findings include ery-
thema, pain, and pruritus in the absence of infectious stigmata [11]. If an allergic
reaction is suspected, tissue culture and biopsy can both exclude infectious eti-
ologies and confirm inflammatory infiltration. Additionally, cutaneous patch
testing of antigens is often available through model-specific kits from the device
manufacturer [68]. Of note, a negative yield from an allergy test kit has variable
sensitivity and does not exclude the possibility. We have involved dermatology
in these cases and ultimately have had to remove the device in one true allergy
patient.

Loss of Efficacy

Common causes of poor efficacy include disease progression, improper patient
selection, limited access to programming, lack of a multidisciplinary team, sub-
optimal lead location, and unrealistic patient expectations. In a single-center
series of 728 patients, 29 patients (4%) presented with loss of motor improve-
ment that was refractory to reprogramming and troubleshooting [19]. An earlier
study of VIM DBS for essential tremor reported a loss of efficacy in 16% of
patients (8 of 49) during a 40 month follow-up period [34]. The literature
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corroborates this finding; approximately 15-20% of VIM DBS patients report a
loss of efficacy after an initial period of symptomatic improvement [55].

Current theories regarding loss of efficacy include stimulation tolerance, dis-
ease progression, and brain atrophy [19, 39, 44]. Observations of long-term DBS
follow-up from several series describe the need for reduced programming thresh-
olds to avoid unintended stimulation. Theoretically, as the brain atrophies, the
volume of stimulation targets wanes, thus permitting stimulation current to spread
beyond the intended nuclei [17, 44]. If stimulation tolerance were the predomi-
nant mechanism of loss of efficacy, we would expect increased programming
thresholds at follow-up, which we sometimes do see [55]. In the realm of spinal
cord stimulation, peri-electrode fibrosis has been implicated as a factor contribut-
ing to stimulation tolerance [37]. It is speculated that gliosis and inflammatory
changes around the electrode tip insulate outbound stimulation, leading to rising
impedances and ineffective stimulation over time. Neurohistological analysis
from autopsies of long-term DBS patients demonstrates fibrillary gliosis and mul-
tinucleated giant cells, in concert with thin fibrous sheaths around electrode con-
tacts [14, 67, 70]. Lastly, as diseases progress, DBS may no longer be able to
provide meaningful benefit [7, 17].

In cases where patients have less effective stimulation, a Unified Parkinsons
Disease Rating Scale (UPDRS) evaluation (on/off stimulation and on/off med-
ication), device interrogation, and imaging studies should be obtained to
expected stimulation benefit and confirm satisfactory lead location. A com-
parison of programming thresholds/impedances at each contact with prior
stimulation requirements should be performed to better elucidate the cause of
loss of efficacy [17, 44].

Reprogramming may offer significant benefit. Out of 50 patients presenting with
long-term dissatisfaction with STN DBS, 22 patients reported amelioration of axial
symptoms after reprogramming; this finding was observed even among patients pre-
senting beyond 2 years postoperatively. The authors suspect that these symptoms
were due to internal capsule stimulation [17]. Interleaved stimulation may be benefi-
cial in refractory cases [57]. For a more detailed account of target-specific stimula-
tion-related complications, please refer to the manuscript by Tong and colleagues
[69].

When patients present with dissatisfaction from current therapy, it is advisable to
assess the holistic well-being of the patient in a multidisciplinary fashion. Patients’
expectations and hopes for surgery may not be met, despite appropriate preoperative
counseling. In a series of 30 patients receiving STN DBS, 8 patients reported a subjec-
tive negative outcome of surgery at 3 months follow-up despite significant improve-
ments in motor symptoms and quality of life [42]. All patients underwent accepted
DBS screening protocols and preoperative approval independently by a movement
disorder neurologist, neurosurgeon, psychiatrist, and a neuropsychologist. Not only
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Summary for the Clinician

* The majority of potential complications declare themselves in the early
postoperative period.

* Long-term complications are more likely to be related to hardware and
efficacy.

* Skin erosion from underlying hardware components necessitates assessing
the wound.

e  While rare, the most at-risk location for skin erosion is the extension-con-
nector interface.

* Loss of response to DBS may be due to a combination of disease progres-
sion and brain atrophy; this is supported by the need for reduced program-
ming thresholds on long-term follow-up.

* Device interrogation and reprogramming is indicated with loss of
efficacy.

* One must also assess the patient and caregivers’ expectations, disposition,
and outlook in a multidisciplinary fashion.

should expectations be realistically addressed, but behavioral counseling and support
should also remain an integral component of therapy as the disease progresses.

Stimulation-Related Considerations
Cognitive Changes

While DBS has been shown to improve motor symptoms of PD, it has also been
associated with cognitive impairments at long-term follow-up. Patients with signifi-
cant preoperative cognitive dysfunction are likely to have worse cognitive function
postoperatively, thus emphasizing the importance of appropriate presurgical patient
screening and neuropsychological assessment by clinical psychologists and psy-
chiatrists [9]. It is thought that even moderate postsurgical cognitive impairment can
shift patients with borderline impairment into the moderate-to-severe range of cog-
nitive dysfunction, thus emphasizing the need for patient selectivity and prudent
exclusion in questionable cases [79]. Experts agree that a critical element of favor-
able DBS outcomes is appropriate patient selection and preoperative evaluation. A
multipronged approach to neuropsychological testing is valuable in establishing a
reference point from which to compare future changes in cognitive, behavioral, and
functional status [7, 21, 83]. Acceptable evaluation tools and functional subscales
include the UPDRS, Mattis Dementia (MDRS) Rating Scale, Dementia Rating
Scale (DRS), Stroop test (ST), Trail Making Test Part A and B (TMT A/B),
Wisconsin Card Sorting Test (WCST), and the Parkinsons Disease Questionnaire
(PDQ-39) [53, 78, 83]. While screening tools may be useful initially for patient
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selection and exclusion, they are not validated to detect more subtle changes in vari-
ous cognitive domains [78].

At present, the neuromodulation community is still investigating the extent to
which these changes are due to disease progression, surgery, and/or stimulation.
When evaluating the current literature, one should take note of the methodology
used to assess cognitive function; cognitive screening tools are not designed to
detect subtle changes in cognitive domains [78]. Additionally, studies commonly do
not adjust for covariates as confounders when assessing overall cognitive function.
Statistically significant differences between GPi and STN DBS on the MDRS and
the Hopkins Verbal Learning Test have been reported [75]. Several recent studies
have shown that declines in executive function seen postoperatively are transient
and patients return to baseline by 6—12 months. Zangaglia and colleagues performed
a prospective study evaluating cognitive function in 32 STN DBS patients and 33
medically managed PD patients. At 1 month postimplantation, the STN DBS group
showed statistically significant declines in logical executive functioning and verbal
fluency. Changes in the aforementioned cognitive variables returned to baseline by
12 months [83]. These findings were corroborated by two recent studies reporting
transient declines in phonetic verbal fluency and frontal executive function that
were recovered to preoperative baseline levels by 12 months after DBS implantation
[81]. When compared to medically managed controls at 36 months follow-up, STN
DBS patients showed impaired verbal fluency task scores. These findings suggest
that declines in frontal executive function are transient while deteriorations in verbal
fluency are more strongly associated with DBS stimulation. It is hypothesized that
frontostriatal pathways involved in lexical retrial are disrupted by STN stimulation
[83]. A meta-analysis of six randomized controlled trials also demonstrated a statis-
tically significant decline in verbal fluency in DBS treated groups compared to
medication-matched controls [53].

While STN DBS allows reductions in levodopa equivalent daily doses (LEDD),
it has been noted that reductions in dopaminergic medication can contribute to
worsening neuropsychiatric function [78]. Yamanaka and colleagues found a sig-
nificant correlation between declining TMT A/B scores at 1 month and reduction in
LEDD. The authors also remarked that the rate of LEDD reduction was more
aggressive compared with medication reductions carried out in prior studies [81].
We recommend a gradual reduction in dopaminergic therapy after DBS implanta-
tion to avoid precipitating neurobehavioral signs of dopamine agonist withdrawal
syndrome.

Neuropsychiatric Complications
Behavioral Changes
The synaptic connections found in the basal ganglia have implications on behav-

ior due to their intimate relationships with limbic, subcortical, and prefrontal
associative structures [82]. Noticeable changes in behavior after DBS
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implantation may be considered using two paradigms: exacerbation/mitigation
of preexisting symptoms or new-onset psychiatric symptoms. If the behavioral
changes are truly stimulation-related, the magnitude of change should be ame-
nable to adjustments in stimulation parameters. Extrapolating the association
between DBS and long-term behavioral outcomes is more challenging due to the
nature of underlying neurodegenerative disease.

Depression is a frequent comorbidity in those with neurodegenerative disorders.
One of the greatest misfortunes in this patient population is the higher incidence of
suicidality. Risk factors for attempted suicide include unmarried status, previous
history of impulsivity, and postoperative depression [2, 69]. There is conflicting
evidence regarding whether DBS is a risk factor for postoperative depression. A
randomized prospective trial of DBS patients and wait-list controls did not estab-
lish any differences in the incidence of depression [74]. The incidence of suicide
has been reported to range from 0.3% to 4.3% [32, 74]. In an international multi-
center retrospective survey of more than 5000 patients with STN DBS, there was
an increased risk of attempted and completed suicide rates in STN DBS patients in
the first postoperative year, as compared with the lowest and the highest expected
age-, gender-, and country-adjusted World Health Organization suicide rates (stan-
dardized mortality ratio). The single most important factor for a completed suicide
was postoperative depression, whereas factors identified to be important for
attempted suicide included a previous history of impulse control disorder, a previ-
ous history of suicide attempt, and a younger age of onset [73]. Analyzing the data
of a large randomized Veterans Affairs (VA) study showed that suicidal ideation
and behavior were similar in the DBS and best medication management cohorts
when compared at 6 months postoperatively. The authors analyzed the DBS cohorts
that underwent STN and GPi DBS, and found similar frequencies of suicidal ide-
ations and behaviors. The author emphasizes the concern of developing suicidal
behaviors associated with medication reduction postoperatively. Significant medi-
cal and psychiatric comorbidities, including the presence of pre- and postoperative
depression, larger decreases in dopaminergic medications, and other general risk
factors, may be associated with an increased risk for suicidal behavior after DBS
surgery [76].

In order to appreciate behavioral changes from a clinical standpoint, one must
establish the patient’s preoperative baseline with extensive neuropsychological
evaluation. This workup includes identification of risk factors concerning for poorer
outcomes, such as: advanced age, disease stage, frontal lobe dysfunction, severe
depression, or emotional instability [9, 21, 83]. Psychiatric disorders are not abso-
lute contraindications to DBS treatment, granted the features of the disorder are not
intrinsically disabling. Though psychiatric disorders and cognitive decline are
among the greatest sources of disability in late-stage Parkinson’s disease, they can
also be influenced by the procedure itself [45]. The neuropsychiatric side effects of
STN-DBS, in particular, include anxiety, apathy, decreased frontal cognitive func-
tion, decreased executive function, impulse control disorders, obsessive-compulsive
disorder, and aggression. A systematic literature review on mood and behavioral
changes after STN-DBS demonstrated that the most consistent side effect was
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decreased verbal fluency. Findings among a handful of studies regarding mood and
affect were inconsistent and seldom clinically significant. Notable trends observed
include: increase in depressive episodes, decrease in severity of depressive symp-
toms, increased apathy, and decreased anxiety [8].

Oftentimes caregivers and social support are the first to recognize changes in a
patient’s behavior; thus, it is appropriate to advise all stakeholders to be cognizant
of behavior consistent with depression, mania, anxiety, apathy, or impulsivity.
While the literature has suggested some associations between DBS target site and
neuropsychiatric diatheses, individual presentations may vary; thus, it is safer to be
alert to the gamut of possible behavioral changes. We recommend frequent follow-
up in the early postoperative period in addition to an open letter of consultation to
the patient’s primary care physician describing what symptoms to be attuned to. The
mental health provider in this multidisciplinary approach should have some experi-
ence with DBS patients and those with neurodegenerative disorders. Upon recogni-
tion of symptoms, the neurosurgeon or neurologist will begin a root-cause analysis
to determine whether the observed behavioral changes are lead-location dependent,
stimulation-related, or patient-related. For instance, Chan and colleagues describe
three patients who presented with acute mania within the early postoperative fol-
low-up. Imaging studies suggested that the lowest contact of the DBS lead was
encroaching upon the substantia nigra. When stimulation was reassigned to a higher
contact, the symptoms of mania gradually resolved over the ensuing weeks [9].

DBS safely improves motor control and quality of life in appropriately selected
patients. The majority of affective changes observed postimplantation are amenable
to reprogramming stimulation thresholds or instituting pharmacotherapy [69, 74,
82]. In vivo studies of STN DBS illustrated impaired serotonergic activity in the
midbrain of rats in conjunction with depression-like behavior; these findings were
accompanied by lower extracellular levels of serotonin per microdialysate analysis.
Both serotonin levels and depression-like behavior were reversible with citalopram,
a common selective serotonin reuptake inhibitor [33]. Thus, efforts to control symp-
toms with medication are reasonable in the absence of severely disabling behavioral
changes. While we have largely limited our discussion to negative behavioral pre-
sentations in DBS patients, it is worth mentioning that many patients often display
improvements in depression scores in long-term postoperative assessments [24].
While permanent long-term neuropsychological changes are uncommon, it is none-
theless important to maintain vigilance of their presentation.

Other Motor Symptoms

The presence of undesirable motor symptoms after DBS is largely a reversible phe-
nomenon; patients, however, may choose to tolerate them for the benefit derived
from DBS. These symptoms are due to propagation of electrical stimuli beyond the
target tissue. Some adverse side effects tend to be idiosyncratic to the intended tar-
get site of stimulation. For instance, dysarthria and hypophonia have been reported
after STN DBS, while dysarthria and ataxia are more common after GPi stimulation
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[23, 26, 69]. The breadth of stimulation-related motor symptoms includes dyskine-
sia, diplopia, dysarthria, dysphagia, and eyelid apraxia [63]. A wide variety of tar-
get-specific, stimulation-related side effects have been well described in prior
reports [23, 69]. For the majority of patients, stimulation-related side effects are
transient and amenable to reprogramming stimulation settings [1, 32]. Symptoms
typically present in the early postoperative period (3—9 months), while both medica-
tion and stimulation settings are being optimized.

Summary for the Clinician

* Neuropsychiatric changes are common with progression of PD.

* Depression, anxiety, apathy, and psychosis rank among the most common
symptoms. However, long-term assessments often depict improvements in
mood and depression rating scales after DBS.

» There is no evidence to suggest a relationship between DBS and long-term
behavioral changes. Permanent neuropsychological changes attributable to
DBS are rare.

* Prior suicide attempt, or a history of impulse control problems, portends a
higher risk for suicide attempt postoperatively.

» Extensive and ongoing neuropsychological evaluation remains a corner-
stone of PD therapy.

Conclusion

DBS is a successful therapy for the treatment of PD and related movement disorders.
Today, the STN and GP1 are the most commonly used targets in PD. Acute and long-
term results after DBS show a dramatic and stable improvement in a patient’s clinical
condition. Despite the array of surgical and hardware complications that have been
reported following the procedure, serious postoperative complications are rare.
Compared with medical therapy alone, DBS has been associated with a greater qual-
ity of life, including improvement in mobility, activities of daily living, and emo-
tional well-being, and has not been shown to produce worse outcomes in those with
greater preoperative disease severity. It is an attractive modality for patients who are
refractory to pharmacologic treatment, and its efficacy depends on careful patient
selection and efforts of a multidisciplinary team to reduce the incidence of complica-
tions and maximize benefit. The expanding use of DBS has necessitated a thorough
understanding of optimal surgical techniques, many of which have been put forth by
Baltuch and colleagues to address complication avoidance [36].

Summary for the Clinician

* DBS not only carries a lower risk of complications than lesional surgery
but is also reversible.

* STN- and GPi-DBS have proven to be effective therapies for Parkinson’s
disease that are associated with a low incidence of serious postoperative
complications and greater quality of life.

* DBS is an evolving surgical intervention that may benefit patients refrac-
tory to medical treatment.
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Closed-Loop Deep Brain Stimulation 1 0
for Parkinson’s Disease

R. Eitan, H. Bergman, and Z. Israel

Introduction

The advent of deep brain stimulation (DBS) as a therapeutic intervention has
revolutionized the management of Parkinson’s disease (PD) and several other
neurological and psychiatric diseases. It is becoming increasingly obvious, how-
ever, that we may not be using this technology in a way that provides for optimal
outcomes and/or maximum efficiency. Achieving such optimization might be
assisted by a clear understanding of the mechanism of DBS action, the exact loca-
tion of the stimulating electrodes, and the volume and structures activated by dif-
ferent stimulation settings, but to date such absolute clarity is still elusive.
Surrogate biomarkers that reflect the clinical state have been sought and for some
conditions have been found and validated. Automatic manipulation of DBS output
in response to changes in these biomarkers may serve to improve clinical
outcomes.
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Rationale

The activity of any individual constantly changes. For the patient with PD, func-
tional status may additionally be influenced by ON-OFF motor fluctuations, dyski-
nesias, pain, dystonia, and emotional state that may or may not be associated with a
drug regimen. However, contemporary DBS devices are “open loop” systems, con-
tinuously active with a constant unchanging output, irrespective of patient status.
The efficiency of these DBS systems has been compared to the experience of driv-
ing a car with the cruise control locked in at high speed irrespective of the road or
weather conditions [1]!

It has been suggested that a “closed-loop” or feedback control system wherein
timing, intensity, and spatial and temporal pattern of stimulation are continuously
titrated may have the potential to optimize outcome by improving efficacy, reducing
side effects, limiting habituation, and decreasing the cost of treatment [2—5].

Feedback Loops

In its most basic form, a feedback system must include a sensor to monitor the status
of the outcome. This information is then “fed back” into the implantable pulse gen-
erator (IPG) to adjust the output of the system to a preprogrammed optimum. Such
endogenous feedback control is ubiquitous within many biological and technologi-
cal systems. Some exogenous closed-loop systems that have been successfully
developed include devices for the management of cardiac arrhythmias, epilepsy [6],
and diabetes (Fig. 10.1).

Indeed, a contemporary view of the basal ganglia (BG) sees them functioning as
a complex intrinsic feedback system, designed to optimize behavior [7]. This has
been described as an “actor/critic” reinforcement or machine learning network [8].
When, however, “critic” function is lost, such as in the dopamine depleted
Parkinsonian state, the BG lose the ability to detect state/action mismatch and to
evaluate error in behavioral policy and the symptoms of PD ensue. Therapy of
Parkinson’s disease can be achieved by either dopamine replacement therapy or by
modulation of the BG main axis “actor,” as with DBS paradigms. DBS modulation
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of the BG ““actor” enables, by mechanisms as yet unknown, the restoration of close
to normal state-to-action coupling.

DBS systems were developed with an “open-loop” design, with the physician
intermittently intervening as both the sensor and feedback to “close the loop” by
programming the implantable pulse generator (IPG) appropriately to the clinical
condition of the patient. Although DBS surgery will often be very beneficial, there
are obvious inherent issues with such a heuristic approach and an open-loop design.
Programming may be extremely time consuming; patients may have to visit the
clinic frequently in attempts to fine-tune their program; functional status between
clinic visits is often suboptimal and the best program may never even be found!

Designing a Closed-Loop System

Crucial to a feedback system is the ability to both observe (sense) and control the
current clinical status or surrogate biomarkers of that status. The surrogate bio-
marker or measurement should closely correlate with the clinical features of the
disease. Interestingly, the ability to impose feedback control does not necessarily
imply an understanding of the mechanisms by which a system works, which in the
case of DBS is just as well, as these mechanisms are incompletely understood.
The distinction has therefore recently been made between phase responsive adap-
tive DBS (aDBS), designed to disrupt causal circuit dynamics, and amplitude
responsive aDBS, wherein the magnitude of a surrogate biomarker signal deter-
mines the output [9]. The former implies knowledge of disease relevant circuit
pathophysiology and how DBS works, and here greater insight may well enable
us to change stimulation parameters to more efficiently manipulate pathological
networks. In the latter, no direct understanding of underlying causal circuit dys-
function is implicit.

We consider that an optimal closed-loop DBS system should be able to sense
and integrate information from multiple different sensitive and specific sources: (1)
neural activity, (2) objective clinical signs (e.g., tremor, rigidity, bradykinesia, and
posture/gait deficits), and (3) subjective clinical state (e.g., quality of life and activ-
ities of daily living). Appropriate integration of data from these various sources
will inevitably rely on individualized algorithms based on population databases
and machine learning predictions. These predictions should take into account a
system of hierarchical control based on the reliability of the data source (1 >2 > 3)
and temporal features (e.g., 1 > 2 > 3 although this order may change) such that it
is the most dependable, relevant, and most immediately available data that deter-
mines the stimulation paradigm with as little delay as possible. Other input to help
fashion an individualized program may include predictive information from a pop-
ulation database, such as the dominant clinical features of disease (i.e., tremor vs.
akinetic/rigid, the age of onset of disease, preoperative medication regimen,
response to medication and genetic analysis, among others). Here we will review
some of the progress that has been made toward developing elements of such a
comprehensive system.



134 R.Eitan et al.

Neural Activity

Parkinson’s disease research has contributed some very interesting clues toward our
understanding of normal and pathological motor control. In the context of closed-
loop or adaptive DBS, synchronous oscillations in the beta and gamma frequency
have attracted most interest.

Desynchronized beta frequency oscillations are observed in many normally
functioning cortico-basal ganglia networks [10, 11] and are thought to represent an
idling rhythm, modulation of which is closely associated with the initiation and
control of movement and behavior [12, 13]. Gamma frequency oscillations may
also be important, normally playing a role at a relatively later stage of motor control,
and encoding information related to limb movement rather than to muscle contrac-
tion initiation [14].

The description of an exaggerated pattern of synchronous beta frequency oscil-
latory firing in the subthalamic nucleus (STN) of the nonhuman primate 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) model [15] prompted the search for
these pathophysiological features in the STN of human subjects with PD undergo-
ing DBS surgery. Although there may be some significant differences between
human PD and the primate MPTP model (notably in the peak frequency of oscilla-
tions in the beta band), the core features of increased neuronal firing rate [16], syn-
chrony [17], and beta frequency oscillation [18] have all now been described in the
dorsal/lateral (presumed somatosensory) part of the human Parkinsonian STN. We
have been able to successfully exploit some of these electrical characteristics to
assist in the automatic intraoperative identification and confirmation of surgical
deep brain targets and their sub-territories [17, 19-23] (Fig. 10.2).

It is thought that this pathological excessive synchronous oscillation observed in
motor networks in PD is normally prevented by active decorrelation of neurons in
the network. However, in the dopamine depleted state the decorrelating mechanism
is weakened or absent, possibly as a result of changes in the connectivity or strength
of connections between or within BG nuclei [11, 24].

It has been proposed that the greatly enhanced beta synchronous oscillations
observed in PD may limit the information coding capacity within the cortico-BG
motor loops; novel processing is thereby impaired, favoring the status quo over new
movement and giving rise to a bradykinetic state. In support of this idea, it has been
observed that beta power is increased in PD patients who have their dopaminergic
medication withdrawn [25]; beta power may correlate with PD symptom severity
such as bradykinesia and rigidity [26-28] and beta power is suppressed by both
levodopa and DBS in proportion to the clinical improvement they bring about [25,
29, 30]. Furthermore, surgically targeting structures that exhibit these pathophysi-
ological hallmarks seem to determine optimal therapeutic outcome of DBS surgery
[18]. In addition, there is accumulating evidence that part of the mechanism by
which DBS works in PD may be by disrupting these pathological oscillations.

Exaggerated synchronous beta activity has been reported in many parts of the
cortico-BG and BG-BG motor loops in PD, including the popular targets for DBS
electrodes, such as the STN and the Globus Pallidus interna (GPi) and therefore
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Fig. 10.2 Automatic microrecording in the STN. In the upper box, the normalized root mean
square value of the MER signal (y-axis) is displayed as a function of the estimated distance to the
target in the STN (x-axis). The green line overlay demonstrates the automatically detected entry
into the STN, the transition from the oscillatory STN (red box overlay) to the nonoscillatory STN
and the exit from the STN. In the lower box, the frequency spectrogram of oscillatory power
(y-axis) is displayed as a function of the estimated distance to the target in the STN (x-axis). Both
boxes show the proposed overlay of the contacts of the implanted permanent DBS electrode

may represent a good electrophysiological biomarker for a closed-loop paradigm in
PD. It has recently been shown in both the primate MPTP model [31] and in human
PD patients [32] that the distinguishing feature of pathological beta oscillations is
most likely the longer duration of the oscillatory epochs. The amplitude of STN beta
activity appears to increase in proportion to the burst duration, consistent with pro-
gressively increasing synchronization [33]. Targeting the longest oscillatory epochs
in amplitude responsive closed-loop/adaptive paradigms has been highly successful
[32, 34, 35]. Pathologically exaggerated synchronous oscillations in a narrow
gamma frequency band have further been associated with the dyskinesias often seen
in PD [36]. Oscillatory power in other frequency bands may also reflect the disease
state/severity in various other diseases, such as theta frequency power in essential
tremor [37] and alpha and theta frequency power in dystonia [26].
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Although tempting, it is important however not to oversimplify, as normal motor
control is far more complex than the simple interplay between oscillations in two
frequency bands; oscillatory activity in one frequency band may not be a homoge-
neous function and rhythms of different frequencies may interact within the same
signal to modulate different aspects of motor and non-motor activities.

Even on the assumption that beta activity is a sufficiently representative and reli-
able biomarker in PD, many questions remain. Which feature or features of the
neural biomarker should we use (firing rate, pattern, other)? How should we be
recording this data? Where is the optimal site to record the biomarker? And where
should we stimulate for optimal results?

Choice of Neural Biomarker Feature

Both sampling algorithms and electrode characteristics will determine the type of
data that can be recorded. In this respect, it is important to distinguish between local
field potentials (LFPs) and spike data. LFPs are thought to represent the summation
of all the extracellular subthreshold (synaptic and dendritic) activity and therefore
reflect the global input into the sampled area. As a feedback signal, the LFP repre-
sents a population-based average metric. In contrast, neural spike data (single or
multiunit activity) represents the cellular output of a structure [38]. Fortunately,
there seems to be a correlative, predictive relationship between LFPs and spike
activity [39-41].

The feature of the neural activity chosen as a biomarker for closed feedback is
also closely related to the hardware that will be used to measure it. Microelectrodes,
while excellent for acute recordings of spiking activity and LFPs (e.g., in the
intraoperative setting), may not be appropriate for chronic recordings. Recording
from single neurons demands a high sampling rate (optimally >10 kHz), is dif-
ficult to maintain over long periods of time and is subject to degradation due to
the development of perielectrode gliosis. Furthermore, microelectrodes are
unsuitable for stimulation due to current/density limitations that might result in
tissue damage.

Macroelectrodes can be used to record LFPs, but not spiking activity, although
we have recently shown that multiunit activity can be reliably recorded even from
macro-contacts [42]. A practical sampling frequency for LFPs would be about
200 Hz, so high-frequency action potentials (300-5000 Hz) are filtered out, leaving
only the slower (0.1-70 Hz) fluctuations. Thus, although the LFP signal is far more
attractive in terms of computing power and memory, LFPs cannot be used to assess
discharge rate. Monopolar LFP signals may be synchronized over long distances
and may reflect volume conductance, such that closely spaced bipolar contacts
within the target nucleus are more appropriate for focal recording [43].

LFPs have been demonstrated to reflect the patient’s clinical state in PD and can
be simultaneously recorded from the same deep brain electrode used for stimula-
tion. LFPs also seem to stand the test of time, remaining consistent even many years
after electrode implantation [44]. However, we still do not know the meaning of the
total power of the LFP signal, which may be a function of electrode characteristics
rather than physiological properties of the tissue or the patient. Despite these
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limitations, LFPs are considered to be an excellent candidate neural biomarker sig-
nal for the control of closed-loop DBS [45, 46].

Many aspects of such a system, using LFPs as a sensing modality and incorporat-
ing real-time automated closed-loop algorithms, have been successfully tested in an
ovine epilepsy model analyzing hippocampal electrophysiology [46]. Similar prom-
ising results of LFP triggered closed-loop DBS have been reported in human PD
patients in acute/short-term clinical experiments [34, 35].

Where Should We Record?

The optimal location to record may not necessarily be the best place to stimulate. A
simple analogy to help understand this comes from the example of the thermostat,
which may be best located at the center of a room, whereas the air conditioner might
be better located on the ceiling or the heating system under the floor.

The primary motor cortex (M1) presents an attractive target for both recording
and stimulation. Surgically, the M1 is easy to identify, very accessible and with rela-
tively minimal and low risk intervention by way of either epidural [47] or subdural
[48] electrodes. The classical box and arrow direct/indirect pathways model of the
BG network suggests the M1 as the final common pathway of basal ganglia motor
commands [49]. The same pathophysiological features of exaggerated synchronous
beta oscillations have also been identified in the motor cortex [13]. However, studies
of the effects of M1 stimulation on the clinical symptoms of PD have so far been
largely disappointing, with no significant long-term improvement [S0-56]. Progress
in identifying the most appropriate cortical location to stimulate may improve this
[57] and these efforts might be improved (or impaired) by cortical plasticity changes
that may occur due to stimulation [58].

Recording from M1 on the other hand may provide very useful information
for a closed-loop DBS paradigm. In our primate MPTP investigation, for exam-
ple, M1 activity was successfully used to trigger GPi stimulation [59]. Several
closed-loop paradigms were empirically explored, the most successful of which
proved to be significantly more effective and more efficient than “standard” GPi
stimulation. The empiric evolution of the optimal 80 ms delay (between cortical
trigger and GPi stimulation) was most likely successful due to the 9-15 Hz fre-
quency band of the primate MPTP model oscillations. Boraud viewed our
approach as an attempt to restore cortical-BG connectivity, lost as part of the PD
degenerative process [60].

This use of more than one implanted lead as a research tool has revealed aspects
of the functional connectivity between structures and other useful disease relevant
biomarkers. However, this is inherently more invasive, as it requires both a record-
ing subdural cortical electrode and also a stimulating deep brain electrode.
Individually, these both have an excellent safety profile [48].

The possibility of chronic cortical LFP recording with a subdural lead was
demonstrated in a nonhuman primate [61] and the same group subsequently
showed that not only was this also feasible and safe in human PD patients under-
going DBS surgery, but that the recorded electrocorticography (ECoG) signal
could also be used for neurofeedback [36, 62].
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Nevertheless, in order to minimize surgical intervention, most interest to date has
been focused on recording from the same electrode that is surgically implanted for
stimulation [34, 35, 63—65]. Data recorded from a stimulating lead, however, might
be corrupted by stimulus artifacts, especially when high-frequency stimulation is
used. The technology to enable simultaneous recording and stimulation has been a
very challenging process of evolution [66—72], and in the setting of closed-loop
DBS is probably best achieved by symmetric differential recording from contacts
on the two adjacent sides of the stimulating contact [43, 70].

Where Should We Stimulate?

The debate concerning which of the two targets commonly implanted for PD (STN
or GPi) might be clinically more beneficial is ongoing and unresolved despite sev-
eral randomized prospective trials and multiple meta-analyses that have also
included smaller nonrandomized trials [73—77]. One crucial issue often overlooked
in these studies was validation of the location of the implanted electrode, which may
have confounded outcome comparisons, but this debate is well beyond the scope of
this chapter. There are, however, issues aside from those of clinical efficacy and
potential side effects of trajectory and stimulation. The STN is both smaller and
more cell dense than the GPi, thus a lead implanted in the STN may enable easier
and more representative sampling of activity of the entire nucleus than a lead
implanted in the GPi. By the same reasoning, stimulation of the STN might require
less energy, and this is already borne out in clinical practice, with battery changes
being more frequently necessary in patients implanted in the GPi. Furthermore, if
indeed the stimulating electrode is to be used for recording too, LFP beta oscilla-
tions have been far better characterized for the Parkinsonian STN than for the GPi,
at least in human PD patients, and caution should be exercised in extrapolating
conclusions concerning STN beta to GPi beta. Finally, an electrode implanted in the
STN could theoretically be extended, at least for recording, into the other BG output
structure, the substantia nigra (SNr).

DBS of the Vim thalamic nucleus has been very successfully used for the ame-
lioration of various forms of tremor, including PD tremor. Single unit recording has
revealed very strong tremor-related activity in the Vim, the so-called tremor cells
that seem to fire in bursts in tandem with the observed limb tremor. Early work
showed that Vim cells exhibiting a large amount of power at tremor frequency were
those best correlated with electromyography (EMG) activity during tremor, sug-
gesting that some of these cells may have a causal role in the generation of tremor
[37]. Alternatively, such tremor-related activity in the basal ganglia might be caused
by proprioceptive feedback from the tremulous periphery. This dichotomy has not
been resolved and has led us and others to assume that tremor may result from cou-
pling of oscillators in different sites, both in the peripheral and central nervous
systems [78, 79]. The optimal target for tremor control has also been debated for
years and remains unresolved. Even highly successful initial control of tremor with
well-positioned Vim DBS electrodes may be later compromised by accommodation
and/or stimulation-induced complications, such as dysarthria and ataxia. Other tar-
gets that have been used with success include the caudal zona incerta and the
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posterior subthalamic area. The pioneering work of Coenen et al. in using diffusion-
weighted magnetic resonance imaging to construct tractograms to assist DBS tar-
geting [80] has highlighted the importance of including the dentato-rubro-thalamic
tract in the stimulation volume for the control of tremor. This work represents a
change of concept for DBS, away from targeting (and stimulating) nuclei and
toward targeting and stimulating white matter tracts. This has important implica-
tions for closing the loop for tremor, as if the stimulating electrode is to be implanted
in a tract rather than a nucleus, an alternative sensing solution must be contem-
plated, such as an appendicular subcutaneously implanted wireless tremor sensor.

Experience to Date

Attempts at clinical application of closed-loop DBS in humans have been concen-
trated within very few centers around the world. These are extremely challenging
experiments to conduct and have therefore only been undertaken by groups who
have a combined wealth of experience with DBS surgery and an established research
track record in the pathophysiology of PD. Furthermore, most of the experience
accumulated in humans has been in the acute postoperative phase with externalized
electrode extensions and therefore have been time-limited to about 1 week for fear
of infection and concern for patient comfort. The development of an implantable
prototype DBS record/stimulate generator, the Activa PC + S by Medtronic may
well change this.

1. Amplitude responsive adaptive DBS

In two landmark studies, amplitude responsive aDBS was tested acutely in eight
PD patients unilaterally [35] and subsequently bilaterally in four PD patients [34].
High-frequency DBS was activated only when the amplitude of beta in the STN
exceeded a set threshold. The unilateral aDBS study demonstrated for the first time
that not only was aDBS significantly more effective than continuous DBS (cDBS),
but that stimulation on-time was also dramatically reduced. Random patterns of
stimulation were ineffective. The bilateral study confirmed the significant reduction
in stimulation on-time, but the effect on the motor Unified Parkinsons Disease
Rating Scale (UPDRS) score (a reduction of 43%) was not compared with the clini-
cal effect of cDBS. Amplitude responsive aDBS has also been tested in the nonhu-
man primate MPTP model with similar findings of at least equivalent clinical effect
as ¢cDBS and a 50% reduction in stimulation on-time [81].

Reduced stimulation on-time has implications beyond saving battery energy.
Less transfer of energy may also translate into fewer side effects, and this may
explain the reduced dyskinesias [64, 65] and reduced speech side effects [63]
observed with aDBS.

2. Coordinated reset stimulation

DBS in its classical format may achieve desynchronization in the vicinity of the
active electrode, but synchronization reappears within seconds of turning DBS off
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[82]. On the premise that excessive pathological neuronal synchrony is a character-
istic hallmark of PD [17], Tass et al. predicted that specifically counteracting abnor-
mal neuronal synchrony with novel stimulation patterns might be clinically
beneficial [83, 84] and might even obviate the necessity of time consuming indi-
vidual programming. They coined the term “coordinated reset” (CR) to describe
short “resetting” high-frequency pulse trains, directed through different electrode
contacts at different times. In both primate models [85, 86] and in human PD studies
[87] this technique has demonstrated not just acute improvement of motor function
in response to stimulation, but also persistent effects even after cessation of
stimulation.

This concept can also be harnessed in a closed-loop fashion, where synchrony is
measured, preprocessed, and used as a feedback for the stimulation signal [88].
Stimulation could then be reduced or even stopped as soon as desynchronization is
achieved. In practice, such a feedback signal is slow and might result in unsafe
charge accumulation, although a technique to resolve this has recently been
described [89, 90].

3. Temporally nonregular stimulation

Contemporary DBS systems utilize a regular temporal pattern of stimulation
(i.e., the interval between each pulse does not vary as a function of time). Random
patterns of stimulation, however, are ineffective [59]. Various patterns of tempo-
rally nonregular DBS have been found to be more effective at reducing bradykine-
sia (in a finger tapping task) than regular DBS [91]. These stimulation patterns
were also more effective at suppressing beta band oscillatory activity in computa-
tional models. The same group has more recently used model-based computational
evolution techniques to optimize the stimulation pattern [92]. This has not yet been
utilized in a closed-loop format, although interestingly, the results of our own pri-
mate study had also shown that using cortical firing as a trigger resulted in a non-
regular pattern of stimulation, which was also more effective than either standard
or random DBS [59].

4. Phase amplitude decoupling

In humans, recording from the primary motor cortex during DBS surgery for PD
using a subdural grid introduced via the same burr hole has revealed that in PD,
STN spiking is phase synchronized with M1 LFPs in both lower frequency bands
(4-30 Hz) and also with high-frequency activity over a broad spectral range (50—
200 Hz) [93]. Furthermore, the amplitude of synchronized M1 gamma activity is
itself rhythmically modulated by the phase of a lower-frequency rhythm, so-called
phase-amplitude coupling (PAC), with the highest amplitude occurring at the pre-
ferred coupling phase such that “waves” of phase-synchronized cortical gamma
activity precede the occurrence of STN spikes. In PD there is exaggerated PAC
between STN f oscillations (measured with LFPs) and M1 vy oscillations (measured
with ECoG) [94]. STN DBS has been shown to decrease PAC in the M1 [95], and
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therefore M1 PAC has been proposed as a potential feedback signal for closed-loop
DBS [95, 96].

Beside the additional necessity for a cortical electrode in a system such as this,
analyzing amplitude-phase coupling dynamics is computationally demanding. This
same group has recently shown, in 3 PD patients, that a totally implanted system can
use cortical signals for neurofeedback in real time [62]. The initial studies were
performed in the acute perioperative phase, but more recently the same group has
published their longer-term experience in 5 PD patients [97].

5. Fast Scan Cycling Voltammetry (FSCV)

Subsequent to their demonstration that STN DBS may involve the release of
neurotransmitters [98, 99], the Mayo group led by Kendall Lee has developed
implantable systems to measure parenchymal neurotransmitter concentrations,
with the aim of using these as a closed feedback signal for DBS. In an evolving
sequence of technological developments [100-102] with attractive acronyms
(WINCS—Wireless Instantaneous Neurotransmitter Concentration Sensing [103],
MINCS—Mayo Investigational Neuromodulation Control Systems [104]) they
have shown proof-of-principle in the rodent [104, 105] and are working with larger
animal models [106] and in humans [100] to demonstrate the utility of this
approach.

6. Adaptive control using EMG and accelerometry

Two groups have tried to utilize tremor as a feedback symptom. Data from non-
invasive surface electromyography [107] and accelerometry [108, 109] can be
effectively integrated to both detect and even predict tremor. These algorithms have
been successfully used in an adaptive ON-OFF DBS system to control tremor [109,
110]. Obvious limitations concern the subgroup of PD patients who have no or little
tremor and that the onset of tremor may not be predictive of other features of PD.

Technological Advances
The field of DBS has witnessed some very significant technological advances, some
of which may have direct relevance for the application of closed-loop paradigms.
Recently introduced into clinical use is the “segmented” electrode. Instead of
continuously circumferential cylindrical contacts at the tip of the electrode, the
contact can be “split” into several (three) parts, each of which can be programmed
individually. Another prototype arranged up to 32 small contacts around the sur-
face of the electrode. The conceptual purpose of these designs is to enable cur-
rent steering and shaping of the stimulated volume in the event of a slightly
malpositioned electrode. Current steering can be further augmented by combin-
ing an IPG with multiple independent current sources. Initial clinical experience
has shown that even with “well positioned” electrodes, current steering can fur-
ther improve the clinical benefit of DBS [111, 112]. This implies that there may
be a particular sub-territory of the implanted nucleus that should be
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preferentially stimulated (and recorded from). Other studies recording LFPs
from these contacts seem to support this idea [113, 114].

The advent of implantable rechargeable stimulators is significant inasmuch as
closed-loop stimulation will inevitably be more power-hungry than classical stimu-
lators, although there is still much to be desired in respect to battery size and
technology.

The first closed-loop prototype sanctioned for clinical use is the Medtronic
Activa PC + S which allows for LFP recording while simultaneously stimulat-
ing. This has recently been in groundbreaking clinical trials for various indica-
tions [97, 115] in several centers around the world. Although closed-loop
technology is engineered into this device, it has not yet been authorized for
routine clinical use.

Objective Clinical Signs

In terms of external input to a feedback system, elements of a smart environment
could be utilized. The concept of an automated or smart home was first popularized
in 1984 by the French journalist Bruno de Latour and possibly one of the first such
homes to be built was described by the modern day visionary, Bill Gates around
1995 [116]. Smart homes have also become of increasing interest to the healthcare,
communications, and security industries, among others. Healthcare elements that
have already been realized include the ability to automatically detect if an elderly
patient has fallen [117, 118], frailty status in the elderly [119], if a baby has stopped
breathing, or if a cardiac patient has suddenly developed an arrhythmia. The concept
of a smart city [120] has also now been added to our modern day technological lexi-
con even though it is not yet well defined. It is likely that next-generation high-
speed broadband wireless networks (5G) may be configured to enable the inclusion
of secured healthcare data.

What might be envisaged for the PD patient would be an individualized wireless
home environment that can continuously monitor, for example, the patients” mobil-
ity [121], voice, and even facial expression. The patients’ living space could be
embedded with the necessary sensors including microphones, video cameras, and
movement detectors [122]. Additional information, while outside the home environ-
ment, might come from accelerometers, gyroscopes, and magnetometers in a smart-
phone [123-125], or better still from a smartwatch [126, 127], other wearable
sensors [128—-133], or even miniaturized implanted sensors.

Many sensors have been tested and validated for the assessment of tremor [130],
bradykinesia [134, 135], gait [128, 135, 136], dysarthria, and dysphonia. Sensor-
based programming for tremor and bradykinesia has been shown to be at least as
good as clinician-based programming, or maybe even superior [137]. Rigidity
assessment is more problematic as quantification is inherently subjective, however,
one primate study did find good correlation using a system incorporating electro-
myographic recordings that detect and differentiate between active and actual resis-
tance [138]. Two human studies have also addressed the issue of rigidity [139, 140].
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To date, most research on implantable motion sensors has been performed on ani-
mals [141]; however, it is only a matter of time until such sensors can code for
multiple measures [142] and be miniaturized sufficiently to justify subcutaneous
implantation in humans. There may however be ethical issues to debate, as the type
of information that continuous surveillance of this kind can provide is potentially
open to abuse.

The PERFORM system is one such algorithm that has been validated to be able
to fuse multiple parameters to remotely monitor the overall status of PD patients
[143]. Such systems might even be utilized prior to a decision to operate [144], in
order to assess and triage optimal patients for surgery and also intraoperatively
[145]. Stored data might then be useful for programming the system subsequent to
implantation.

Subjective Factors

When focusing on technology, we can sometimes get carried away and forget that
our patients’ subjective well-being should be at the center of our concern. Consider
the occasional scenario of the neurologist, happy that his patient no longer has any
objective signs of PD, but the patient simply does not feel right. A complete closed-
loop system will have to provide for input of subjective information from the patient
or his/her main supporter/caregiver. This might include data from questionnaires
assessing activities of daily living (ADL), quality of life (QOL), or data from facial
or voice recognition sensitive (and validated) for emotional and psychological state.
This data could additionally be transferred and assessed telemetrically from long
distance such that subjective patient status is continually monitored between visits.
Most research to date exploring web-based telemetry or so-called eHealth programs
has been in the field of cardiac failure, cardiac arrhythmias, hypertension, and dia-
betes. One study is exploring this modality to develop guidelines to help manage PD
patients from afar [146].

The Future

Both the advocate and the skeptic would be well advised to take a deep breath;
although we are not quite ready for full-scale implementation of closed-loop deep
brain stimulation, most of the necessary technological elements are in advanced
stages of development. This will happen, watch this space!
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Is There a Role for MRI-Guided Focused
Ultrasound Lesioning for PD?

Carter S. Gerard and Ryder Gwinn

Summary of Key Points

Surgical intervention has had a role in the treatment of Parkinson’s disease
during the last 80 years.

Focused ultrasound was first developed in the 1950s, but has had a renais-
sance in the last decade due to improved technology such as phased array
transducers and MR-thermography.

Focused ultrasound allows for accurate lesioning with real-time lesion
quantification and constant neurological monitoring.

Multiple reports have described the use of focused ultrasound in neuro-
oncology, movement disorders, psychiatric disorders, and pain
syndromes.

Focused ultrasound was recently approved in the United States for unilat-
eral thalamotomy for essential tremor.

Multiple trials are currently underway for use of focused ultrasound for the
treatment of Parkinson’s disease.

11

Introduction

Transcranial magnetic resonance imaging (MRI)-guided focused ultrasound
(MRgFUS) is a potent technology for the treatment of intracranial pathologies. The
use of focused ultrasound for the treatment of Parkinson’s disease (PD) was first
described over 70 years ago. However, long treatment times and the need for a

C. S. Gerard - R. Gwinn (<)
Department of Neurosurgery, Swedish Neuroscience Institute, Seattle, WA, USA
e-mail: Ryder.gwinn@Swedish.org

© Springer Nature Switzerland AG 2019
R. R. Goodman (ed.), Surgery for Parkinson’s Disease,
https://doi.org/10.1007/978-3-319-23693-3_11

151


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-23693-3_11&domain=pdf
mailto:Ryder.gwinn@Swedish.org

152 C.S. Gerard and R. Gwinn

craniotomy resulted in limited clinical use in favor of other forms of stereotactic
lesioning. The development of additional technologies during the last two decades
has produced a renaissance for focused ultrasound in the treatment of intracranial
pathologies. Advances in MRI now allow for real-time quantification of the lesion
and improved targeting. Improvements in ultrasound phased array technologies are
now able to negotiate varying skull thicknesses obviating the need for a craniotomy.
MRgFUS currently grants the ability to create accurate lesions, without an incision,
with immediate effect and real-time neurologic monitoring, qualities that have spe-
cial appeal to the functional neurosurgeon. Ongoing clinical trials for MRgFUS
include treatment of stroke, tumor, pain, psychiatric disorders, and movement disor-
ders. In this chapter, we will discuss the current literature, technical considerations,
and clinical trials of MRgFUS in the treatment of Parkinson’s disease.

History

The study of acoustics was first described over 4000 years with the first application
in medicine only occurring in the last century [1]. In the 1930s, Karl Theadore
Dussik, a neurologist at the University of Vienna, would be the first to use ultra-
sound in the field of medicine in an unsuccessful attempt to visualize brain tumors.
In the 1940s, the surgeon John Julian reported the use of ultrasound to diagnose
abdominal disease such as ileus and bowel obstruction. He went on to describe the
use of ultrasound to diagnose breast cancer and the intraoperative localization of a
brain tumor after a craniotomy was performed. The 1950s would see further appli-
cations including the use of ultrasound for detection of ovarian lesions and for the
documentation of fetal growth as reported by Dr. Ian Donald at the University of
Glasgow [2]. Around the same time, Hertz and Elder described the use of ultrasound
to evaluate mitral valve disease and thereby introduced echocardiography to the
world [3].

The destructive potential of ultrasonography had been recognized in 1915
while developing SONAR, yet further investigation to develop a lesioning tool for
medical treatment would not be published for another 40 years [4]. While working
at Columbia University in 1944, John G Lynn and Tracy J. Putnam published their
findings on the effects of high-intensity focused ultrasound (HIFU) on the brain.
They described limited parenchymal lesions and inadvertently causing skin necro-
sis. Histological evaluation of the lesions showed ganglion cells to be most sensi-
tive to damage, followed by glial cells, and very little effect on blood vessels [2].
In the early 1950s, Dr. Thomas Ballentine, a neurosurgeon, and Padmaker Lele, a
neurophysiologist, working at Massachusetts General Hospital were able to use
focused ultrasound to target the Edinger—Westphal nucleus and cause reversible
pupillary dilatation in cats. The group also commented on the wide threshold
which made it difficult to predict when a permanent lesion would occur [1].
During this same period, William and Francis Fry, physicists at the University of
Illinois, were studying the ability to cause discreet lesions in the CNS with HIFU
(Fig. 11.1a) [5, 6]. The Fry brothers would later partner with a neurosurgeon,
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Fig. 11.1 The first human trial of high-intensity focused ultrasound (HIFU) was performed with
a device with four sound transducers developed by William Fry at the University of Illinois (a).
The patient’s head was immobilized (b) and ventriculography was then performed to facilitate
targeting (c¢). Treatments were time consuming and could last up to 14 h

Russell Myers, at the University of lowa for clinical trials. In 1958, they published
a series of 54 patients with Parkinson’s disease who were treated with focused
ultrasound to lesion the substantia nigra and ansa lenticularis. The principal steps
of the procedure were numerous and included ventriculography, target acquisi-
tion, craniotomy, dural opening, and ablation (Fig. 11.1b, c). Treatments were
time consuming lasting greater than 10 h [7]. During the following decades, mul-
tiple notable neurosurgeons, including Lars Leksell, Peter Lindstrom, and John
Jane Sr., continued to study the properties and investigate the use of HIFU in the
field of neurosurgery.

The technology was aggressively trialed in the 1980s in ophthalmology and
gynecology. However, HIFU failed to gain significant clinical application in the
field of neurosurgery due to lack of real-time imaging during ablations and the need
for craniotomy due to beam distortion from bone. These limitations would finally be
overcome in the 1990s with the development of phased arrays of ultrasound trans-
ducers [8] and the incorporation of MRI with MR thermography [9]. By incorporat-
ing multiple phased array transducer elements, a computed tomography (CT) scan
could be used to calculate the amount of energy required at each array to overcome
the irregularities of the skull. The incorporation of MRI, with MRI thermography,
allowed for accurate targeting and real-time quantification of the lesions [8]. MRI-
guided focused ultrasound has become an expanding area of basic and clinical
research. MRI-guided focused ultrasound has been involved in multiple human
clinical trials including obsessive-compulsive disorder [10], essential tremor [11-
13], neuropathic pain [4, 14], and Parkinson’s disease [15-17].
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Fig. 11.2 Modern focused
ultrasound (FUS) systems
(Exblate 4000 by
InSightec) now consist of
up to 1024 element phased
array transducers arranged
within a hemispheric
helmet (Fig. 11.2)

Core Concepts of MRI-Guided Focused Ultrasound

Modern FUS systems (Exblate 4000 by InSightec) now consist of up to 1024 ele-
ment phased array transducers arranged within a hemispheric helmet (Fig. 11.2).
Phase correction now allows for each transducer to be modified in order to mitigate
interference from the skull [18]. Similar to the multibeam arrangement used in ste-
reotactic radiosurgery, the sound waves then intersect at the center of the hemi-
sphere and reach a high intensity capable of creating a distinct lesion [19].
Thermal lesions are caused by absorption of ultrasonic energy by the target tis-
sue. This allows for temperature elevation in tissue sufficient to cause tissue dena-
turing and coagulation in seconds [20]. Nonthermal damage is thought to be caused
by cavitation. Cavitation occurs when sounds waves cause liquids to become a gas.
If the acoustic waves continue, the bubbles can cause damage to surrounding tissues
and should therefore be avoided when a precise lesion is required [20].
Confirmation of the focal site of maximal beam intensity is critical due to the
importance of anatomic accuracy. MRI thermography is able to detect the tempera-
ture at target and throughout the brain. Real-time temperature measurement ensures
sufficient energy is absorbed for ablation and that remote sites are unaffected.

Treatment Protocol for Functional Procedure with MRI-Guided
Focused Ultrasound

In addition to the appropriate disease-specific work-up and counseling, all patients
must undergo an MRI and CT scan of the brain in order to be considered for treat-
ment. Clinical trials have shown that a small subset of patients with thick craniums
showed poor outcomes due to insufficient ultrasonic penetration of the skill.
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Therefore, the CT scan of the skull is now reviewed prior to the day of treatment to
determine if the patient is a candidate for MRI-guided FUS.

After informed consent is obtained, the patient presents to the preoperative area
where a single peripheral IV is placed. The patient’s head is shaved and a stereotac-
tic frame is placed with local anesthetic. A rubber skirt with a central aperture is
then fitted around the patient’s head, ensuring that it is as low as possible. This is
typically worn in a “head band” position. The patient is then placed supine on the
MRI table while the stereotactic frame is fixed to the base plate of the MRI trans-
ducer (Fig. 11.3a). The transducer helmet is then positioned so that the center of the
hemisphere is at the target zone. The elastic membrane allows for a water tight seal
and the area above the skirt is later filled with water. This ensures that the scalp is
cooled throughout the procedure.

MR images are then obtained, in addition to a tracking scan that registers the
transducer location to the MRI. The transducer helmets can then be readjusted to
ensure that the target is at the center of the hemispheric helmet. The CT images are
then fused to the MRI. The information from the CT allows the system to adjust the
output of each transducer in relation to the shape and thickness of the skull, intra-
cranial calcification, and areas of air (such as the paranasal sinuses). Markers are
placed on the images at the border of the ventricles to assist in movement
detection.

Once the target is determined, the treatment plan is assessed to ensure that at
least 700 of the 1024 elements of the transducer are active and that the skull area
involved is at least 250 cm?. These requirements ensure that the energy is suffi-
ciently disseminated over the skull. The target is initially treated with
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Fig. 11.3 After the patient is placed in a stereotactic frame, he or she is fixed into the transducer
array on the magnetic resonance imaging (MRI) table (a). Once planning is complete, the target
is treated with subtherapeutic sonications. This produces heating from 40 to 45 °C. The test
allows for confirmation that the area of temperature increase is at the intended target. Any target-
ing errors are corrected and the sonications are slowly lengthened to increase the target tempera-
ture. A target temperature of 51-55 °C may produce reversible clinical effects. A lesion is then
created by delivering sonications that reach temperatures of 55-60 °C. MRI thermography allows
for real-time monitoring of target temperatures (b). Post-operative MRI Flair sequence shows a
left VIM lesion (c¢)
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subtherapeutic sonications. This produces heating from 40 to 45 °C. This test allows
for confirmation that the area of temperature increase is at the intended target. Any
targeting errors are corrected and the sonications are slowly lengthened to increase
the target temperature. A target temperature of 51-55 °C will produce reversible
clinical effects. A lesion is then created by delivering sonications that reach tem-
peratures of 55-60 °C (Fig. 11.3b, c). Patients are assessed after each sonication for
both efficacy and side effects. When the treatment is completed, the frame is
removed and the patient is taken to recovery. A unilateral thalamotomy typically
lasts 3—4 h [18]. Patients are monitored in the hospital overnight and discharged
home the following day.

Is There a Role for MRI-Guided Focused Ultrasound Lesioning
for PD?

Prior to the use of dopamine, lesioning of the GPi and thalamus were mainstays for
the treatment of Parkinson’s disease [21, 22]. While lesioning continued for refrac-
tory cases of PD, the success of subthalamic nucleus (STN) and globus pallidus
internus (GPI) deep brain stimulation (DBS) even further decreased the practice.
The development of MRI-guided FUS and the appeal of incisionless surgery have
renewed interest in lesioning for PD.

Magara et al. [16] published the first clinical series for the treatment of PD with
MRI-guided FUS in 2014. The authors reported a series of medically refractory
patients who had a pallidothalamic tractotomy performed. The ExAblate Neuro
device (InSightec, Tirat Carmel, Isracl) was used at the following coordinates:
x7.5 mm lateral to mid-commissural point, y at the mid-commissural point, and z at
the mid-commissural point. The initial four patients received a single sonication on
target with an average temperature of 56.2 °C. Postoperative day 2 MRI revealed an
83 mm’® lesion. Three-month follow-up revealed return of symptoms and absence of
lesions on MRI. The following nine patients were treated at the same coordinates,
but received 4-5 sonications at peak energy. Postoperative day 2 MRI revealed a
172 mm? lesion. At 3-month follow-up the group of nine patients showed a decrease
in total UPDRS score of 60.9% and Global Symptom Relief of 56.7%. The authors
reported no adverse events. In 2015, Schlesinger et al. [17] reported the results from
MR-guided FUS of seven patients with tremor predominant PD. Patients underwent
unilateral MR-guided FUS at standard ventralis intermedius (VIM) coordinates,
25% distance of the AC-PC anterior to the PC and 14 mm lateral to AC-PC. The
thalamotomy was performed contralateral to the most disabling side. During the
treatments, sonications were continued until tremors were controlled with tempera-
ture maintained below 59 °C. The authors report tremor control in all patients with
a mild return of symptoms in 3 of 7 at 6 months. UPDRS at 1 week had a 50%
reduction. Long-term follow-up was not reported. Several adverse events were
reported, including hypogeusia, disequilibrium, and vertigo; only hypogeusia per-
sisted past 2 months. Na et al. [23] were the first to report MRgFUS pallidotomy for
PD. The patient had a 12-year history of PD and now suffered from significant
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L-Dopa dyskinesias. Six months after treatment, the patient continued to have dura-
ble benefit with a 60% reduction in UPDRS Part Il on medication and a 55% reduc-
tion off medication, without changes in L-Dopa equivalent daily dose. Bond et al.
[15] published the first randomized controlled trial for the treatment of PD with
MRgFUS. The study enrolled tremor-dominant PD patients who were randomized
to two centers to receive sham vs unilateral thalamotomy. Twenty-seven patients
were enrolled and six patients were assigned to the sham procedure. At 3-month
follow-up mean improvement in hand tremor scores in the treatment group was 50%
and 22% (P = 0.088) in the sham group. At 1 year, follow-up showed a tremor
improvement of 40.6% (P = 0.0154) and mean reduction in medicated UPRDS
motor scores of 3.7 (32%, P = 0.033). The trial showed a trend toward improvement
in hand tremor and a significant reduction (improvement) of mean UPRDS scores
[15].

The initial results from the use of MRgFUS for the treatment of tremor pre-
dominant PD are promising. However, it is unclear if MRgFus will fare better than
DBS or established stereotactic lesioning for other types of PD. Nevertheless, the
possibility of an incisionless, precise, safe treatment for medically refractory PD is
compelling. Current clinical trials are underway to investigate the use of MRgFUS
for traditional targets in the treatment of PD; STN, GPI, and VIM. In order to
advance the use of MRgFUS in the treatment of PD, and other movement disor-
ders, the questions that must be answered now are the same that haunted neurolo-
gists and neurosurgeons 30 years ago. What is the optimal target? What is the
optimal lesion size? How do lesions compare to stimulation? Is it ever safe to
perform bilateral lesions? While MRgFUS will undoubtedly have a role in the
treatment of patients with PD, further trials are required to fully understand its
capabilities and limitations.
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Introduction

Since the reported use of ventral intermediate thalamus stimulation to achieve long-
term suppression of tremor by Benabid in 1991 [1] and FDA approval of deep brain
stimulation (DBS) for the treatment of Parkinson’s disease (PD) in 2002 [2],
advances in DBS technology have opened the door to innovations in stimulation
treatment. Further, as DBS technology is tested for new indications, new stimula-
tion targets have expanded the possibilities for the future of this field. As time pro-
gresses, combinations of stimulation hardware, programming methods, novel
indications, and stimulation locations can be tested to explore how DBS may be
used to treat many neurological and psychiatric disorders and to determine the opti-
mal parameters to improve patient outcomes for each of these conditions.

The primary aim of DBS innovations is to improve patient outcomes. While
motor outcomes in well-selected patients are excellent, there remains a subset of
motor symptoms such as gait, balance, and sleep disturbances that are not well
treated [3]. Further, cognitive and psychiatric side effects may develop [4]. DBS,
however, may relieve symptoms caused by medication, such as the development of
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impulse control disorders (ICD) in as many as 15% of patients [5, 6]. Further, reduc-
ing medication usage improves medication-related side effects and improves quality
of life [7]. Future innovations in DBS strive to reduce the burden of disease symp-
toms and the severity of side effects. In this chapter, we will focus on innovations in
target selection, stimulator technology, and stimulator design that may become
available for clinical use within the next 5 years.

Innovations in Targets

To date, DBS use in PD has primarily focused on the stimulation of the subthalamic
nucleus (STN), the globus pallidus interna (GP1i), and/or the ventralis intermedius
(VIM) nucleus of the thalamus. While VIM DBS has been long shown to adequately
control tremor in PD [8], it does not treat the other cardinal motor symptoms of PD
or significantly ameliorate motor fluctuations. Thus, GPi and STN are the main two
targets used, while VIM is utilized for the small percentage of tremor predominant
patients at our center. It has been found that both STN and GPi DBS positively
affect tremor, rigidity, bradykinesia, and freezing of gait [9-11]. While dopaminer-
gic medications may be reduced to a greater extent after STN DBS as compared to
GPi DBS, the psychiatric side effects with STN DBS may be greater [12]. Further,
in patients who are exquisitely sensitive to carbidopa/levodopa, stimulation-induced
dyskinesias may occur [13]. Thus, targeting depends on the individual patient [12,
14]. In our center, our default target is STN, with GPi DBS used in cases of mood/
cognitive concerns, a predominant complaint of dystonia, and/or in cases of extreme
sensitivity to carbidopa/levodopa.

The zona incerta (ZI), prelemniscal radiation, and subthalamic white matter
fibers involved in modulating motor input, including the ansa lenticularis, thalamic
fasciculus, lenticular fasciculus, and subthalamic fasciculus, have emerged as viable
stimulation targets in PD. Stimulation of these targets has produced outcomes
equivalent to STN and GPi stimulation in a small number of reported cases [15-17].
Further, DBS of the caudal zona incerta (cZI) was shown to better alleviate tremor
in the axial musculature and limbs than stimulation of the VIM nucleus [18]. In
addition to improving motor function, stimulation of the ZI was shown to enhance
limbic function and alleviate depression [19].

The pedunculopontine nucleus (PPN) was reported to reduce postural instability
and gait disturbances that accompany PD, in open label preliminary studies. Results
of subsequent studies have been disappointing with a variety of methodological
issues, including concerns with defining the appropriate patient population, appro-
priate outcome measures for these trials, defining the actual region stimulated, and
the need of associated unilateral or bilateral STN DBS [20]. However, despite these
concerns, PPN remains a potential target for treatment of PD.

Research on the stimulation of the central median-parafascicular (CM-Pf) com-
plex, a main input and output station of the basal ganglia, shows improvement in
tremor and dyskinesia [21, 22]. Although these studies recruited a small number of
patients, they demonstrated that CM-Pf DBS did not cause prominent cognitive or
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psychiatric adverse effects. Future large-scale studies will provide a better insight
into the clinical effectiveness of this new target.

Recently, stimulation of the substantia nigra reticulata (SNr) has been explored
as a potential target for the alleviation of refractory postural instability and impaired
locomotion in PD. In animal models, high frequency stimulation (HFS) of the SNr
improves forelimb akinesia, postulated to be through the attenuation of SNr neuro-
nal activity, increase in VM thalamic neuron activity, and decrease of SNr beta
oscillations, suggesting that the SNr may be a plausible DBS target for treatment of
motor symptoms in PD [23]. Bilateral stimulation of the SNr pars reticulate
improved axial Parkinsonian motor symptoms (specifically, gait and balance disor-
ders) with an increase in braking capacity but had no effect on distal Parkinsonian
motor symptoms [24]. It is believed that overactive GABAergic inhibitory inputs
cause excessive inhibition of the midbrain locomotion region in PD, leading to sub-
sequent gait failure. SNr-HFS may reduce this excess inhibition by downregulating
SNr neuronal activity. In a double-blind, randomized, cross-over, controlled clinical
trial, 12 patients with PD received either simultaneous stimulation of the STN and
SNr (programmed with interleaved pulses) or standard STN-DBS [25]. The global,
broad primary endpoint revealed no significant improvement of axial motor func-
tioning with combined STN and SNr stimulation, but investigators observed
improved freezing of gait with combined stimulation. Further studies evaluating
concomitant STN and SNr stimulation for intractable freezing of gait are needed.

While the stimulation of specific neural targets can lead to the improvement of
certain characteristics of PD, simultaneous stimulation of multiple targets may pro-
duce better effects than single-target stimulation. Stefani et al. have shown that
simultaneous stimulation of the PPN and STN allows for improved alleviation of
the motor, gait, and postural symptoms of PD as compared to stimulation of either
the PPN or STN alone [20]. Furthermore, studies have demonstrated that synchro-
nous DBS stimulation of multiple areas allows for cross-talk, the formation of a
circuit between these regions. Neural circuitry developed as a result of cross-talk
has been shown to be frequency-dependent [26].

The relative advantages, adverse effects, and interactions with medications
observed with stimulation of emerging PD DBS targets will dictate the future imple-
mentation of these targets. As research continues to unveil benefits and drawbacks
of targets that make certain stimulation areas best suited for specific patient prefer-
ences, the feasibility of routinely employing these stimulation targets can be further
explored.

Innovations in Technology

Innovation and enhancement of DBS technology can allow for adverse effects of
stimulation to be minimized. In particular, advances in electrode design and implant-
able device hardware will allow for increased stimulation resolution or “directional
stimulation,” preventing “stimulation spillage” into adjacent areas and decreasing
the incidence of side effects from unintended stimulation.
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Regardless, accurate placement of the stimulation electrode is essential to DBS
efficacy [27]. However, preoperative stereotactic imaging for electrode guidance
often is not sufficient for the accurate placement of electrodes [28]. For this rea-
son, most surgeons supplement stereotactic imaging with microelectrode record-
ing [27] and other methods of target localization. Magnetic resonance imaging
(MRI)-guided electrode placement was shown to improve motor symptoms [29]
without inducing some of the side effects seen with MER-guided electrode place-
ment [29-32]. Use of MRI-guided DBS has drawn attention to the use of different
sequences, which may allow for better target visualization, such as Fast Gray
Matter Acquisition T1 Inversion Recovery (FGATIR) [28]. In addition, diffusion
tensor imaging (DTI), traditionally used for the localization of white matter, has
emerged as a way of predicting the efficacy of stimulation by determining the
proximity of the DBS electrode to efferent white matter tracts [33]. Effective
stimulation of white matter tracts has been recognized to have growing impor-
tance in targeting [34]. Further, it has allowed an improved understanding of con-
nections between regions [35, 36].

Innovations in Electrode Design

In order to achieve optimal stimulation, DBS electrodes must be designed spe-
cific to two important factors: (1) the disease and (2) the characteristics of the
target tissue. The electric field pattern (EFP) and the volume of tissue activated
(VTA) are variables that can be manipulated to best address these two factors.
In order to identify the ideal EFP and VTA for certain targets of stimulation,
computer models can be generated to test a wide array of electrode shapes and
dimensions [37].

The concept of computer-assisted shape-optimization has recently been applied
to develop an electrode ideally suited for VIM DBS. A cylindrical contact with
length 2.54 mm and diameter of 0.75 mm produces a VTA that activates 54% of the
VIM nucleus, as opposed to the standard electrode VTA that activates 26% of the
VIM nucleus [37]. Future applications of this technology involve modeling other
stimulation targets, such as the STN and GPi, as well as electrode design optimiza-
tion to achieve maximal activation of the target area. The generation of computer
models prior to implantation of the DBS system may allow for more patient-centric,
personalized treatment.

Regulation of EFP and VTA can be achieved through the specification of elec-
trode directionality, which is shaping the pattern of current flow around the lead.
While traditional leads have EFPs that emanate in a ring shape from the elec-
trode, it is possible to engineer electrodes with a skewed EFP, designed such that
stimulation is not symmetrical with respect to the electrode’s central axis [38].
This technique will allow for tissue activation to be more specific, maximizing
the beneficial effects of accurate target stimulation and minimizing the adverse
effects of undesired stimulation of nearby tissue (see Fig. 12.1). Traditional ring-
EFP electrodes and altered EFP electrodes are differentiated by electrode
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Fig.12.1 The use of current steering (b) allows for controlled stimulation of the STN, as opposed
to the unspecific stimulation of neighboring tissue in traditional stimulation (a). ZI, zona incerta;
1dSTN, latero-dorsal subthalmic nucleus; SNR, recticular substantia nigra; IvSTN, latero-ventral
subthalmic nucleus; mSTN, medial subthalmic nucleus

resolution. Greater electrode resolution can be achieved through advances in
nanotechnology and microfabrication [39, 40] to produce electrodes with more
specific areas of activation. The implementation of DBS arrays (the arrangement
of DBS electrodes in various patterns) allows the combined EFP to assume a
noncircular shape [38]. Directionality of individual electrodes may be used to
further shape the field.

Further directionality may be achieved with each electrode being indepen-
dently powered [41]. It has been hypothesized that this advance may allow for
better adaptation to impedance changes as well. Whether constant current
devices or spatial steering properties offer further advantages has yet to be vali-
dated [38, 42].

Closed-Loop Systems

The future of DBS holds great promise in technology that can adapt to the patient.
Traditional stimulation parameters are programmed to an unchanging intensity,
unresponsive to fluctuating activity in the brain. Stimulation-induced side effects,
such as alterations in motor and cognitive function, can be reduced through the
adjustment of stimulation parameters in response to feedback from neural targets
[43]. Methods of generating feedback for responsive stimulators include the detec-
tion of neurotransmitter concentrations, the measurement of target firing (local field
potentials), and the detection of limb movement through external devices. Response
to electrical signals is likely the first step [44].

A goal of a closed-loop system would be to deliver stimulation at the appropriate
time, to avoid supra- or sub-therapeutic stimulation, by responding to patterns or
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rates of activity, ideally in the same area where the DBS electrode is in place [45].
Thus, appropriate stimulation could be delivered during different tasks or at rest
[46]. For instance, while GPi-DBS can facilitate transition from the akinetic state
toward movement initiation, it may unnecessarily stimulate non-motor circuits that
control key cognitive functions and behavior. Responsive technology could allow
for “on demand” stimulation. These technologies may also be beneficial due to the
progressive nature of PD, so the device would ideally be able to adapt to changing
neuronal activity. An added benefit of “on demand” systems would be preservation
of battery life [47]. Devices to treat epilepsy in this fashion are available and
Tourette’s syndrome is a likely next target [48, 49].

In PD, local field potentials (LFPs), a measure of electrical activity, have been
shown to be altered [50, 51]. Specifically, there is greater oscillatory neuronal firing
and beta activity [50]. The use of closed-loop monitoring to compare LFPs in
patients with PD to normal LFP data may allow for stimulation parameters to adapt
to changes in the activity of neuronal populations. Figure 12.2 shows sample STN
LFP data for a patient between the eyes closed (2A) and eyes open (2B) states,
demonstrating the feasibility of LFP recording.

The Wireless Instantaneous Neurotransmitter Concentration System (WINCS) is
a tool used for real-time monitoring of dopamine concentrations [52]. The integra-
tion of WINCS with DBS hardware will allow for the adaptation of stimulation
intensity in response to fluctuations in local dopamine levels. Implanting the WINCS
monitoring device at the site of projections of target neurons might ensure dopa-
mine concentrations are maintained at proper physiological levels, eliminating the
adverse effects of over- and under-stimulation.

Another option is the use of external sensors that measure muscle activity, either
through surface-electromyography (sSEMG) or through sensors that track and ana-
lyze limb movement [53]. sSEMG quantifies limb movement though the detection of
muscle contractions. This has potential use in movement disorders. Before external
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Fig. 12.2 Spectograms of a single patient’s subthalmic nucleus LFP complete recordings. The
lower segment highlights the alpha range (8 Hz—12 Hz); the middle segment the low beta range
(13-20 Hz); and the upper segment the high beta range (21-29 Hz). (a) represents eyes closed, (b)
represents eyes open
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sensors can be implemented, they must be designed such that they are small enough
to wear and can wirelessly transmit information to the implantable pulse generator
(IPG). Accelerometers small enough to wear on the wrist are widely used as pedom-
eters. The commonplace nature of wearable accelerometers suggests that these
devices have potential applications in monitoring tremor activity, as has been
attempted in patients with epilepsy [54]. Wireless transmission of signals from the
sEMG/accelerometer to the pulse generator, while feasible, must use a radio-
frequency receiver small enough to fit within the implanted device. Although exter-
nal sensors have not yet been implemented, their noninvasive properties make them
a promising solution for closed-loop systems.

Optogenetics

Despite the well-documented benefits of DBS, the mechanism of DBS action
remains unclear [55]. Recent developments in the field of optogenetics have led to
the elucidation of DBS mechanisms [56, 57]. Optogenetics involves the use of
genetic modification and viral transduction to induce the expression of light-
sensitive proteins in specific neuronal populations, allowing for these neurons to be
activated in response to light [58]. Thus, the illumination of a certain brain area will
only activate neurons that express light-sensitive proteins, leading to more specific
activation than can be achieved with stimulation from electric current [57].

Optogenetics has catalyzed the identification of pathways that are essential to
alleviation of PD symptoms by STN-DBS [56, 58]. Multiple studies in transgenic
mouse models have demonstrated that the reduction of PD symptoms is not caused
by activation of STN cell bodies, but instead the activation of STN afferents [56,
58], such as tracts connecting the M1 motor region to the STN [56]. These results
indicate that the therapeutic benefits derived from DBS are likely caused by DBS-
induced changes in the M1-STN pathway [57]. Whether optogenetics will be used
clinically remains dependent on progress with cell-specific targeting and viral trans-
duction [57].

Summary

* The impetus behind advances in DBS technology is to increase DBS effi-
cacy and minimize adverse effects associated with DBS.

* Advances in imaging are useful in predicting efficacy of stimulation and
understanding connections between relevant regions.

* Advances in electrode design allow for optimization of the electric field
pattern (EFP) and volume of tissue activated (VTA), improving intended
stimulation while decreasing spillage.

* Closed-loop stimulation and responsive technology can reduce periods of
supra- and sub-therapeutic stimulation without manual adjustment of stim-
ulation parameters.
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Innovations in Programming

DBS programming parameters consist of cathode selection, anode selection, and
amplitude, pulse width (PW), and frequency settings. The quantity and quality of
stimulation is dictated by the combination in which these variables are applied and
are individualized for the patient. Although recommended programming algorithms
have been published [59], differences in patients’ individual regional anatomy, lead
location, clinical phenotype, and propensity to experience side effects mandate
individualized programming assessments. While previous research has primar-
ily focused on altering amplitude to produce maximal effects from DBS, similar
manipulations to PW and frequency are now being investigated [60]. Effects on
battery life and development of adverse effects should be considered [60].

Optimal stimulation requires the use of pulse widths that are specific to the proper-
ties of target tissue, as different stimulation targets have varying levels of excitability.
This property of neural tissue is measured by the chronaxie, defined as the minimum
amount of time a target must be stimulated for it to be activated. Thus, a tissue with a
larger chronaxie is less excitable. For example, DBS chronaxie was shown to be 75 ps
for stimulation of the GPi and 65 ps for stimulation of the thalamus [61, 62]. The
larger chronaxie of the GPi indicates that a greater pulse width must be used to achieve
optimal target excitation. On the other hand, increases in frequency up to 130 Hz have
shown to be beneficial to patient outcomes in VIM DBS [59].

The utility of conventional programming techniques might be limited by the
occurrence of common side effects, including dysarthria, dyskinesia, and other
motor symptoms, as previously demonstrated [63]. Interleaved stimulation (ILS) is
a novel approach of optimizing the stimulation field to provide maximal symptom
alleviation, while minimizing the adverse effects of stimulation. ILS allows for two
programs to be interleaved in an alternating fashion on the same lead, with each
program driving its own combination of active electrodes, pulse width, and ampli-
tude [64]. Interleaved stimulation can provide adequate control of PD symptoms
while mitigating the negative effects of stimulation. Recent studies have demon-
strated the benefits of interleaved stimulation in the management of refractory dys-
arthria, Parkinsonism, and dyskinesias while avoiding side effects with a step-by-step
algorithm approach [65]. Battery life is a concern with interleaved stimulation, as
specific settings might increase battery drain. Long-term efficacy and battery life
studies are needed to establish the effectiveness of ILS.

Another potential option is burst stimulation, where a brief high frequency train
of pulses is integrated into traditional programming parameters [66] (see Fig. 12.3).
Although burst stimulation has not been incorporated into routine DBS, preliminary
evidence from its use in spinal cord stimulation (SCS) has demonstrated its effec-
tiveness [66, 67].

Gene Therapy

The applications of gene therapy in the treatment of PD have rapidly been
explored since 2010 with mixed results, with novel regulation of molecular tar-
gets in animal models showing promise in restoring dopaminergic transmission
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Fig. 12.3 Waveforms of (a) traditional stimulation and (b) burst stimulation. Burst stimulation,
while maintaining the sample amplitude and pulse width, features electrical impulses delivered at
periods of high frequency

[68]. Transition of gene therapy techniques to human patients is relatively
recent, with the first human clinical trials conducted having been conducted in
2014 [69] and newer studies suggesting logistic advantages of combining the
invasive nature of gene therapy administration with simultaneous DBS lead
implantation [70].

Local restoration of dopamine production in the striatum is one avenue of
approach in the use of gene therapy in alleviation of PD. A 15-patient trial was con-
ducted to assess the efficacy of administering a lentiviral vector designed to reestab-
lish striatal dopamine production [69]. The viral vector was administered into the
putamen bilaterally, and PD outcomes and adverse effects were monitored. While
UPDRS III motor scores off medication were shown to significantly improve at
6 months and 12 months compared to baseline, on-medication dyskinesias (11
patients) and on-off phenomena (9 patients) were reported [69]. Long-term patient
follow-up showed evidence of clinical benefit and tolerability up to 4 years follow-
ing treatment. While the results of this first-in-human clinical trial carry a tone of
initial optimism, the authors caution that the increase in UPDRS III motor scores
seen in this investigation are within the placebo range reported in other clinical trials
[69, 71, 72].

The role of neurotrophic factors in normal neural physiology and the treatment
of PD continue to be explored. Various neurotrophic factors, including glial derived
neurotrophic factor (GDNF), neurturin, cerebral dopamine neurotrophic factor, and
mesencephalic astrocyte-derived neurotrophic factor, have shown both protective
and restorative potential in preserving and enhancing dopamine transmission [73].
In a rodent model, upregulated expression of GDNF was shown to have both neuro-
protective and neurorestorative effects on dopaminergic circuitry in a 6-hydroxydo-
pamine model (6-OHDA) of PD [68].

Although in its infancy, the application of gene therapy in the treatment of PD is
a developing therapeutic option with its efficacy soon to be evaluated in forthcom-
ing clinical trials. The combination of gene therapy with DBS and medical manage-
ment affords a greater number of therapeutic options for the management of PD in
the future.
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Conclusion

The future of deep brain stimulation and its applications in Parkinson’s disease will
stem from combined innovations in electrode technology, pulse generator technol-
ogy, stimulation parameters, and targeting. These improvements may improve the
efficacy of DBS for all patients with Parkinson’s disease as well as allow for cus-
tomization of technologies and techniques toward specific symptoms profiles.
Additionally, this experience will further the use of DBS in other diseases and for
other symptoms. It is an exciting time to be in neuromodulation as we explore the
potential of these technologies.
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hardware complications, (see also
Hardware complications), 105
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initial programming, 84, 88
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skin complications, 115-116
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motor score, 83
motor symptoms, 16, 83
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relevant to, 59
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rescue lead, addition of, 101-102
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target selection, 15
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target level, 87
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Dementia, 24
Dementia Rating Scale (DRS), 118
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Direct targeting, 48
Direct trauma, 106
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Disease progression, 4
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Implantable motion sensors, 143
Implantable pulse generator (IPG),
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outcomes, 78
patient selection, 68, 69
post-operative management, 78
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procedure
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Medical therapy, 5-6
Medtronic Nexframe™, 39
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Microelectrode recording (MER), 24, 42, 48,
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advantages, 57-58
closed-loop systems, 64
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globus pallidus interna, 50, 62-63
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history, 56-57
light general anesthesia, 64
neurophysiological signals, DBS, 59
pedunculopontine nucleus, 63
personnel needed, 60
subthalamic nucleus, 30, 32, 64
bursting and nonbursting cells, 61
identification, 60-61
kinesthetic responses, 61

neurophysiology of ideal tract, 61
stimulation testing, 62
suboptimal recordings, 62
zona incerta, 61
tungsten-coated electrodes, 59
ventral intermediate
nucleus nucleus, 63
Microlesion effect, 84
Microstimulation, 50, 61-63
MicroTargeting™ platform, 40, 43
advantages, 44
bone marker placement, 40
disadvantages, 44
frame creation, 40
lead placement, 42
patient selection, 39
preoperative concerns, 39
MicroTargeting system, 39
Midcommissural point (MCP), 26
Mini-Mental Status Examination (MMSE)
score, 24
Modern focused ultrasound (FUS)
systems, 154
Motor score, 83
Motor symptoms, 5, 10, 16
Movement Disorder Society-United
Parkinson’s Disease Rating Scale
(MDS-UPDRS), 83
Multiunit activity (MUA), 57, 59
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Nationwide Inpatient Sample (NIS), 14
Near bipolar, 88

Neuro Omega™, 60
Neuromodulation community, 118
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Nonmotor symptoms, 4, 10, 16
Nonthermal damage, 154
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Open loop systems, 132, 133
Optogenetics, 165
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Pallidothalamic tractotomy, 156
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Palpable subgaleal dummy connector, 97
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Parkinson Disease Questionnaire
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Parkinsonism, 5

Parkinson’s disease (PD), 4-5

“Parkinson’s Plus” syndromes, 12

Pedunculopontine nucleus (PPN), 63, 160

Pedunculotomy, 22

PERFORM system, 143

Peri-electrode edema, 108, 110

Phase-amplitude coupling (PAC), 140

Phase amplitude decoupling, 140

Phase responsive adaptive DBS (aDBS), 133
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Posterior commissure (PC), 48, 68
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Propofol, 29

Psychiatric comorbidity, 14

Pulse generator implantation, 33

Pulse width (PW), 85, 166
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Rasagiline, 6

Regional cerebral blood flow (rCBF), 107
Reprogramming, 94, 122

Ropinirole, 6

Rotational fasciocutaneous scalp flap, 116
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Seizures, 109, 110

Selegiline, 6

Sensor-based programming, 142
Sequential compression devices, 29
Serotonin, 121

Short circuit, 93
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Smart environment, 142
Smartframe®, 73, 77

SONAR, 152

Sonications, 155, 156

Specific absorption rate (SAR), 77
Spectograms, 164

Spinal cord stimulation (SCS), 166
STarFix, 28

Stealth Station s7, 28

Stealth® system, 39

Stereotactic frame, 22, 27-28, 38, 67, 68, 155
Stereotactic targeting, 57

Stim-Loc Anchoring device, 30
Stimloc cap, 95-97, 100

Stim-Loc device, 32

Stimloc®, 73, 77

StimPilot system, 49

STN, see Subthalamic nucleus (STN)
Stroop test (ST), 118
Stylet, 74, 76
Suboptimal burr hole placement, 110
Suboptimal lead location, 97
Substantia nigra (SN), 5, 27
Substantia nigra pars reticulata (SNpr), 61
Substantia nigra reticulata (SNr), 161
Subthalamic nucleus (STN), 5, 7, 47, 56, 57,
64,107, 160
automatic microrecording, 135
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bursting and nonbursting cells, 61
closure and postoperative care, 33
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FHCR microTargeting™ frame, 39
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imaging, 26
inclusion and exclusion criteria for, 25
kinesthetic responses, 61
medication reduction, 16
Medtronic Nexframe™, 39
microelectrode recording, 30-32
microTargeting system, 39
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procedure for
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patient selection, 39-40
preoperative concerns, 39
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preoperative surgical testing and
evaluation, 25
pulse generator implantation, 33
side effects, 38
Stealth® system, 39
stereotactic frame, 27, 38
stimulation testing, 62
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Waypoint™ planning software, 44, 45
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Surface-electromyography (sEMG), 164
Surgical adverse events (SAE), 109
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Temporally nonregular stimulation, 140
7 Tesla magnetic resonance imaging, 23, 26
Thalamotomy, 7, 22
Thermal lesions, 154
Trail Making Test Part A and B
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