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Neuromodulation of subcortical areas of the brain as therapy to reduce Parkinsonian motor symptoms was developed in the
mid-twentieth century and went through many technical and scientific advances that established specific targets and stimulation
parameters. Deep Brain Stimulation (DBS) was approved by the FDA in 2002 as neuromodulation therapy for advanced Parkinson’s
disease, prompting several randomized controlled trials that confirmed its safety and effectiveness. The implantation of tens of
thousands of patients in North America and Europe ignited research into its potential role in early disease stages and the therapeutic
benefit of DBS compared to best medical therapy. In 2013 the EARLY-STIM trial provided Class I evidence for the use of DBS earlier
in Parkinson’s disease. This finding led to the most recent FDA approval in patients with at least 4 years of disease duration and
4 months of motor complications as an adjunct therapy for patients not adequately controlled with medications. This following
review highlights the historical development and advances made overtime in DBS implantation, the current application, and the

challenges that come with it.

1. Introduction

Idiopathic Parkinsons disease (PD) is the second most
prevalent neurodegenerative disorder in the western world.
Dopaminergic neuronal loss begins as early as 10 years before
motor symptoms appear. Diagnosis is still clinical and relies
on the United Kingdom Brain Bank Criteria [1]. Currently
there is no therapy to stop disease progression and manage-
ment is directed primarily at motor symptoms relief. PD has
a substantial economic impact on the healthcare system with
an estimated cost of drug treatment calculated to be between
$1,000 and 6,000 per year and annual healthcare cost between
$2,000 and 20,000 per year [2, 3]. A multitude of dopamine
enhancing agents are available as therapeutic options and
usually employed as the first line of treatment. Although they
are very effective in early disease stages there is an increasing
awareness of refractory symptoms and well described motor
complications related to chronic therapy [4]. These aspects
have helped to establish a window of optimal therapeutic
benefit for pharmacological approaches. As a result, neuro-
modulation by DBS arose as an adjunctive therapy for the

management of dopamine-responsive patients with advanced
disease. Initial use of DBS in advanced disease was heralded
as a safe, cost-effective, and adjustable procedure that can be
programmed to maximize motor benefits while minimizing
side effects [5]. In the past few years the concept of earlier
DBS therapy emerged as a therapeutic tool to prevent the
development of motor complications and prolong quality of
life for PD patients.

2. Historical Review

Before the discovery of dopaminergic agents, ablative surgical
intervention was the main treatment for the motor symptoms
of PD. The origins of the surgical interventions for movement
disorders date back to the early twentieth century when the
basal ganglia was considered a potential target for surgical
intervention. Dr. E. Jefferson Browder at the State Univer-
sity of New York described improvement of Parkinsonian
symptoms with caudate nucleus extirpation; and almost two
decades later in 1947 neuroscientist Ernest A. Speigel and


https://doi.org/10.1155/2017/9358153

(i) FDA approved
VIM-DBS for
tremor
associated with
Parkinson’s
disease.

(i) FDA approved
STN-DBS for
advanced
Parkinson’s
disease.

ISV

Parkinson’s Disease

(i) FDA approved (i) FDA approved

GPi-DBS for Earlier DBS for
advanced Parkinson’s
Parkinson’s

disease.

FIGURE 1: DBS FDA approval timeline.

neurosurgeon Henry T. Wycis at Temple University devel-
oped the first stereotaxic frame for humans. In parallel, the
Neurophysiologist Jose Delgado at Yale University performed
several experiments of deep electrical stimulation in animals
and humans for behavioral control.

In 1953 Dr. Cooper made an accidental ligation of the
anterior choroidal artery that resulted in a reduction of the
contralateral tremor and rigidity in a PD patient [6]. He then
proposed that this was due to an infarction of the globus
pallidus interna (GP1i), and as a consequence pallidotomies
became a surgical treatment for PD [7]. Later, other structural
lesions were studied leading to the identification of specific
thalamic nuclei as a second anatomical target for therapy [8].

The next decade was notable for an expansion of ablative
surgery [9] as a reflection of stereotaxic refinement and surgi-
cal procedures focused on thalamotomies and pallidotomies.
In 1961 W. Watson Alberts at the Institute for the Study of
Human Neurophysiology at Mount Zion Hospital studied
stimulation thresholds in various parts of the globus pallidus
interna and the ventrolateral thalamus. This was followed
by a breakthrough discovery by neuroscientist Albe-fessard
at Pierre and Marie Curie University who reported that
ventralis intermedius (VIM) stimulation between 100 and
200 Hz suppressed tremor in Parkinson’s patients.

The first description of chronic thalamic stimulation was
made in 1965 by Carl Wilhelm Sem-Jacobsen, a Norwegian
neurophysiologist and psychiatrist. However, the introduc-
tion of levodopa in 1967 by Cotzias et al. [10] temporarily
ended the era of ablative surgery and neuromodulation;
dopaminergic agents became the preferred treatment for PD.
Dopaminergic therapy revolutionized PD treatment, but over
time the limitations and side effects of taking levodopa for
more than 5 years emerged. Once the limitations of motor
fluctuations and dyskinesia were recognized as a consequence
of long-term and high dosage levodopa therapy, there was a
renewed interest in surgical therapies.

The idea of using chronic subcortical stimulation as
a permanent therapy was developed in the 1970s by Dr.
Natalia Petrovna Bechtereva at the Institute of Experimental
Medicine and the Academy of Medical Sciences in Leningrad.
Dr. Petrovna implanted electrodes into the ventrolateral and
centromedian thalamic nuclei and administered intermittent

high frequency pulses over several sessions. Unfortunately,
since most of her articles were written in Russian and not
further translated, her work was not widely disseminated.

The DBS golden era for PD was introduced to neurolo-
gists and neuroscientists by work from Dr. Benabid and his
colleagues in 1987 at the Grenoble University. Their original
paper highlighted the use of the traditional approach of
VIM thalamotomy combined with chronic stimulation of
the contralateral VIM, resulting in similar suppression of
tremor in both affected sides. Afterwards, high frequency
stimulation was used on 26 PD patients demonstrating
improvement in tremor and rigidity, while dopaminergic
medication dosage was reduced by 30% in 10 of these patients
[11]. The same group eventually proved subthalamic nuclei
stimulation (STN) to be not only a superior target but also
the preferred intervention compared to pallidotomy [12] and
thalamotomy for PD [13]. Thereafter, in 1994, the neurosur-
geon Jean Siegfried at the Klinik Im Park in Zurich reported
improvement of multiple symptoms of PD by stimulation of
the globus pallidus interna (GP1i) [14].

In 1997, the FDA approved for the first time the use
of DBS as therapy in movement disorders, establishing the
practice of VIM-DBS to treat essential tremor and tremor
associated with Parkinsons disease (Figure 1; DBS FDA
approval timeline). The first clinical trials of DBS for PD were
done in 1998 by the Grenoble group. They demonstrated sus-
tained improvement of motor fluctuations, dyskinesia, and
a decrease of medication dose requirement in patients with
PD and bilateral STN-DBS [15]. Simultaneously, Anthony
Lang’s group at the University of Toronto reached similar
conclusions after completing a double-blind study [16]. Okun
et al. at the University of Florida reported a retrospective
review showing greater motor improvement with STN-DBS
compared with GPi-DBS [17].

Three years later a large prospective double-blind study
comparing STN versus GPi for PD showed a greater motor
benefit from STN-DBS [18]. Collectively, these findings estab-
lished the basis for how we use DBS therapy today. The
level of evidence prompted eventual support by the FDA
for STN-DBS in PD in 2002 [19]. Thereafter, the first long-
term follow-up study of STN-DBS in PD showed sustained
improvement in motor symptoms and activities of daily living
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[20]. Since then, tens of thousands of patients have undergone
DBS implantation [21], and numerous case reports and
randomized controlled trials (RCT) have confirmed the long-
term efficacy of STN and GPi targeting for the treatment
of PD symptoms [17, 22-27]. The current practice param-
eter guidelines for DBS in PD published by the American
Academy of Neurology in 2006 suggest the use of STN-
DBS for PD, graded as level C evidence for improving motor
function and reducing motor fluctuations, dyskinesia, and
antiparkinsonian medication usage [23].

3. DBS in the Contemporary Era

Several theories have been proposed to explain the neuropro-
tective effect of DBS in PD. Despite the vast surgical experi-
ence with DBS, its mechanism of action and neuroprotective
effects are still poorly understood [28]. DBS has electrical,
chemical, and neural network effects. Computational studies
have shown a possible simultaneous cell body inhibition with
axonal excitation [29]; this decoupling phenomenon resulted
in a network activity modification, influencing multiple
thalamocortical circuits. The electrical stimulation disrupts
pathological basal ganglia activity by changing firing rate
[30] and increasing blood flow to the midbrain [31]. At
the same time DBS triggers astrocytes to release calcium
and neurotransmitters (adenosine and glutamate) and also
stimulates neurogenesis [32, 33].

Class III evidence supports DBS therapy as benefi-
cial for nonmotor symptoms such as improving sleep,
mood/cognition, pain, and urinary and gastrointestinal
symptoms [34-37]. This can be partially explained by
increased mobility after surgery and overall improvement in
quality of life, in addition to decreased medication needs.
The combination of these effects may explain the associated
reduction in anxiety and impulse control disorder [38].
However, there is a widely described detrimental effect on
phonemic and semantic verbal fluency after the procedure
[26].

The paradigm shift for DBS intervention came from two
redefining concepts: (1) DBS in addition to best medical
treatment (BMT) is more effective than BMT alone and (2)
an earlier intervention could preserve functional capacity.
Randomized controlled trials (RCT) have shown that DBS
plus BMT can be superior to BMT alone, not only for
improving motor function during the “off” state measured by
UPDRS-III (motor subscale), but also by increasing quality
of life (PDQ-39 self-reporting survey), maintaining activities
of daily living (ADL), decreasing levodopa requirements, and
expanding time spent in the “on” state without troublesome
dyskinesia. Table 1 summarizes the main studies that proved
this concept. With the exception of Charles et al. [39], all
studies showed significant improvement in DBS patients
when compared with BMT alone, ranging from 41% to 71%
in the UPDRS-IIL. The Charles et al. study was designed
as a safety study and was not powered to generate efficacy
conclusions.

Given the robust response to DBS in PD and the quest
to maintain quality of life, multiple studies have addressed

the issue of functional capacity and symptoms reduction
with the long-term use of DBS. Nonrandomized studies
have shown sustained reduction of motor symptoms and
levodopa induced dyskinesia after a five-year follow-up [20],
motor scores improvement remained present after eight years
[45], and medication reduction was still present at ten years
after implantation. These studies were limited due to their
nonrandomized design. In 2011, Parent et al. published a
retrospective study with a subgroup analysis divided by age
and disease duration, showing that there was an improvement
in rigidity after a one-year follow-up in patients with disease
onset less than 10 years versus. longer than 10 years. Similar
results were seen in other prospective studies [46].

Thereafter, studies by Schuepbach et al. [44] and Charles
et al. [39] explored the innovative concept of off-label early
stage DBS. The pioneer study was done by a group from
Vanderbilt University that published a pilot case of their early
intervention in 2011 [47]. 30 patients between the ages of 35
and 75, Hoehn and Yahr stage II, and dopamine response for
more than 6 months but less than 4 years were randomized
to receive BMT or DBS plus BMT. The primary endpoints
were the time to reach a 4-point change from baseline scores
in the UPDRS-III off therapy and the change on levodopa
equivalent dose from baseline to 24 months. Final results
were published in 2014 [39]: the mean motor scores were
not significantly different for on or off therapy and the DBS
group required less medication than the BMT group at all
time points with a maximal difference seen at 18 months. Two
serious adverse effects occurred in two subjects, one subject
had a perioperative basal ganglia infarct, and another had
a traumatic scalp infection requiring removal of the device.
A posterior post hoc analysis was conducted in 2015 [48]
including all subjects from the pilot and a subset of subjects
taking PD medications 1-4 years at enrollment which showed
that DBS plus optimal drug therapy subjects experienced a
50-80% reduction in the relative risk of worsening after two
years. Total UPDRS, complication of therapy, and PDQ-39
scores significantly worsened in the BMT group (p < 0.003);
finally the DBS + BMT group significantly improved in the
motor score (UPDRS-IIT) compared to the BMT (p = 0.02).
Currently the group is preparing to launch a phase III clinical
trial on early stage PD STN-DBS.

In 2012, a German-French group published a paper
theorizing three phases of PD progression [49]. The first
phase, the honeymoon period, is when the disease is well con-
trolled with medications. The second phase, the intermediate
phase, is when patients develop motor complications such
as “on/oft” fluctuations as a result of chronic dopaminergic
therapy; this phase is variable in duration and is determined
by individual biological/physiological factors. The third one is
the levodopa resistant phase, when physicians struggle to find
a trade-off between maximizing motor symptoms control and
minimizing the presence of motor complications as a side
effect.

The concept of PD phases prompted the initial hypothesis
that the use of DBS as an adjunctive therapy in the early
stage second-phase disease could maintain quality of life and
social adjustment in PD patients, leading to the EARLY-
STIM trial [44], an early interventional study in PD. Patients
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included in this trial were 60 years of age or younger and
had onset of PD for 4 years or more, but less than 3 years
of motor complications. The initial sample size included 251
patients, who were then randomized to either receive BMT
or STN-DBS. The authors of the EARLY-STIM study [44]
chose quality of life as their primary outcome measured by
the 39 items of Parkinson’s disease questionnaire for quality
of life (PDQ-39), mainly because it evaluates the influence on
quality of life by both motor and nonmotor symptoms of PD.
After two years of follow-up the final results were published
in the New England Journal of Medicine in 2013: a total of
226 of the 251 patients recruited were analyzed; the others
were excluded due to deviation from the protocol or adverse
events. Results showed that the PDQ-39 score improved by
26% in the neurostimulation plus BMT group but worsened
in the BMT group. UPDRS-III scores improved by 53% in
the neurostimulation group versus 4% in the BMT group.
Medication dose was reduced 39% in the neurostimulation
group but increased 21% in the BMT group. No significant
cognitive changes were found between groups. Importantly,
depression was more frequent in the neurostimulation group.
In addition the study showed decreased progression of motor
complications in a selected population between ages 19 and 60
with less than 4 years of disease duration as well as no more
than 3 years of motor complications. Summarily, this pivotal
study demonstrated additional Class I evidence of sustained
motor and quality of life improvement after two years of DBS
compared to BMT alone.

These two studies are the backbone of earlier intervention
in PD; furthermore there were two Japanese prospective
publications that reported significant improvement in ADLs
and UPDRS-III with early STN-DBS implantation after 3-
and 6-month follow-up [50, 51].

Moreover a base-case analysis showed that the incremen-
tal cost-utility ratio for STN-DBS versus BMT was 22.700
euros per quality adjusted life year gained, showing that STN-
DBS at earlier stages of the disease is cost-effective in patients
below the age of 61 [52]. Likewise a decision analysis model
of early versus. delayed bilateral DBS implantation showed
that early intervention results in superior cost-effectiveness
due to a greater quality adjusted life expectancy by reduction
in pharmaceutical cost, therapy, and specialist consultations
[53]. Similarly, DBS offered earlier provided substantial long-
term reduction in medication cost by maintaining a simpli-
fied, low dose medication regimen [54].

The above findings led to the recent FDA approval of DBS
in PD levodopa-responsive patients with at least 4 years of
disease duration and 4 months of motor complications not
adequately controlled with medications [55].

The implementation of this new criterion of early inter-
vention based on the EARLY-STIM criteria requires a com-
plete evaluation of the limitations of this study and has been
the subject of extensive ethical discussion [56, 57]. Despite
a strong design, the inclusion criteria excluded patients
older than 60 years, an age group that has a high risk
of rapid development of motor complications. Therefore,
clinical decisions in this age group are limited. In addition,
long-term expectations for the procedure effect are difficult to
predict due to the short follow-up period of only 2 years. This

time frame could be considered insufficient when observing a
progressive chronic illness such as PD [58]. Future follow-up
data from the EARLY-STIM study will help to answer these
concerns.

The lack of a double-blinded design with sham surgery
raised the concern for placebo effect in this trial. Some
authors state that the placebo effect in PD trials can be as high
as 39% [59]. However, this number has been extrapolated
from PD trials that do not have a DBS surgery therapy com-
ponent. Motor and quality of life improvement was sustained
for two years and the motor assessment was performed with
on/off stimulation and rated blindly by a movement disorder
specialist. The two-year follow-up reduces the probability of
a placebo effect that would prevail for such a long time given
the natural history of disease progression [60].

The rate of progression in PD is variable [61-63] but
an important concept in order to determine when to offer
DBS. PD progression is influenced by many aspects including
but not limited to age at diagnosis, gender, genetics, motor
subtype, presence of certain symptoms at diagnosis [64],
life style, and treatment. There is evidence from two 5-
year follow-up studies suggesting that motor complications
derived from therapy remain relatively mild in the early
years after their onset in dopamine naive patients [65, 66].
Angeli et al. [67] found in a retrospective review of patients
who underwent DBS that Parkin mutation carriers reached
motor complications earlier but had a less prolonged course;
likewise glucocerebrosidase mutation carriers reached the
threshold for DBS earlier and had more cognitive impairment
after the procedure. Deciding when to undergo an elective
surgical procedure requires a careful consideration of motor
complications, rate of progression, and additional therapeutic
options and it should be done on a case-by-case basis includ-
ing a risk versus benefit evaluation by a multidisciplinary
team [68].

The motor and nonmotor benefit obtained in the earlier
intervention studies is at least as good as or even better
than what RCTs have shown in advanced Parkinson’s disease.
Earlier DBS extends the possibility of maintaining functional
capacity and improving the patient’s quality of life earlier in
the disease course.

4, Earlier DBS Intervention Challenges

Within the movement disorders field, the concept of earlier
DBS intervention has been a matter of debate among neurol-
ogists and there have been multiple challenges to implement
it in the clinical scenario.

4.1. Patient Selection. For patients to be considered for early
DBS implantation, they require a diagnosis of at least 4 years
of disease duration and after 4 months of motor complica-
tions, which are not adequately controlled with medication.
This 4-year time window has been established to avoid DBS
implantation in patients with Parkinson’s plus syndromes.
This is supported by the literature which shows that most
Parkinson’s plus syndromes receive correct diagnoses within
4-5 years [69]. In this regard, it is important to keep in mind
that diagnostic accuracy performed by MD experts range



from 79.6% after the initial assessment to 83.9% after the
follow-up [70]. Using the MDS 2015 task force diagnostic
criteria for PD, the specificity reaches 90% [71]. This explains
why the UK Brain Bank criteria and an on/off trial assessment
administered by experienced MD specialist is still the most
important outcome predictor for DBS success [72] and avoids
implantation of patients with atypical Parkinsonism.

4.2. Predictors of Outcomes after DBS. Preoperative indica-
tors for good outcomes in DBS for PD include younger age,
short disease duration, robust levodopa-response, few axial
motor symptoms, absence of dementia, and stable psychiatric
conditions [23]. The EARLY-STIM trial showed motor and
quality of life improvement greater than BMT sustained for 2
years.

Patients who will most likely benefit from early DBS
intervention according to the EARLY-STIM trial subgroup
analysis [73] are patients with baseline poor Hoehn and Yahr
scores (stages 4-5) and fluctuating disease (even if only mild)
and patients who report poor mobility during a large part of
the day.

4.3. Adverse Events. 'The benefit to risk ratio is an important
consideration; the use of earlier DBS should be considered
in specific patients if the benefits of the surgical therapy are
weighed against the procedure risks and the lifelong need for
specialized care [73]. DBS complications have been widely
reported in advanced Parkinson’s patients [40, 74]; these
can be categorized as surgery related, hardware related, and
stimulation dependent. The most common ones are cerebral
hematoma (0-5%), infection (0-15%), skin erosion (1-2.5%),
and mental status/behavioral changes (9-18%).

To the best of our knowledge there is no data available
regarding a difference in the incidence of these adverse
events with an earlier intervention. However, a recent report
of the Implantable Systems Performance Registry (ISPR),
a prospective, long-term multicenter registry supported by
Medtronic® compared adverse events in the overall DBS
cohort versus early PD-DBS patients (<75 years disease
duration) showing no significant differences of the adverse
event profile between the Earlier PD Subset and the Overall
Cohort [75]. Adverse event rates in the two aforementioned
RCT studies were similar to what has been reported in the
literature for advanced PD with the exception of a substantial
increase in suicidal ideation, attempts, and complete sui-
cides. Evidence from retrospective studies has shown the
safety of DBS [76], and RCT of advanced Parkinson disease
interventions revealed no elevated suicide behaviors in the
6-month period after DBS surgery [24, 77]. A multicenter
retrospective survey of fifty-five movement disorder centers
around the world revealed 0.45% suicides and 0.90% suicidal
attempts in the following 4 years after STN-DBS [78]. These
findings raised the need for psychiatric assessment and close
follow-up that may only be successfully performed by an
interdisciplinary highly experienced center [79].

4.4. Prognosis. Little has been described of the impact of
DBS on survival, and it is still a topic of debate that requires
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further studies. Schupbach et al. published a retrospective
study on a historical comparison of 118 operated patients
with 39 nonoperated patients from a different population;
survival among operated patients was not different compared
to 118 nonoperated patients with overlapping ages at PD onset
(HR =1.2;95% CI = 0.7-2.1) [41]. In addition, Lilleeng et al.
compared mortality over time in two matched groups of PD
patients with and without DBS and found that survival was
similar in the two groups during long-term follow-up (HR =
1.76, CI = 0.91-3.40, p = 0.091) [80]. In contrast, Ngoga et al.
conducted a controlled trial and concluded that age matched
patients that underwent STN-DBS had significantly longer
survival and were significantly less likely to be admitted to
a residential care home than those managed purely by a
medical regimen (survival: p = 0.002, HR 0.29 [95% CI: 0.13
to 0.64]) [81].

4.5. Neuroprotection. Several animal models have raised the
possibility of DBS as a neuroprotective therapy. Multiple
studies of STN-DBS on 6-OHDA lesioned rodents showed
that rats with DBS had less dopaminergic cell loss com-
pared with controls [82-85]. Another study in a MPTP
primate model reported that up to 24% of dopaminergic cells
were preserved following STN-DBS compared with controls
[86]. On the other hand clinical studies have not been
able to prove the same concept; a multicenter international
DOPA-PET-study did not show any reduction in the loss
of dopaminergic terminals [87] and multiple clinical trials
reported an increase in motor symptoms over time with DBS.
Nonetheless, the animal studies best represented a moderate
stage of disease and not the extreme nigral cell loss seen in a
dvanced PD [88].

5. Conclusion

Deep Brain Stimulation for Parkinson’s disease was developed
based on findings from ablative surgical procedures. Research
into its use decreased with the advent of levodopa but
resumed in the early 1990s due to frequent motor compli-
cations and symptoms refractory to dopaminergic therapy.
In 2002, DBS was approved for late stage PD with motor
complications. Even more recently in 2016 Class I evidence
led to the approval for earlier intervention in patients who
were diagnosed for at least 4 years and exhibited at least 4
months of motor complications. Early interventions require
the assessment and follow-up of an interdisciplinary and
highly experienced team. Due to the recent approval of
earlier intervention, we are missing knowledge regarding
the patient progression and the long-term outcomes of the
early DBS patients. Nonetheless, extensive education of the
healthcare community, especially neurologists, is crucial in
order to provide the intervention for appropriately selected
candidates. Earlier DBS intervention offers the opportunity
to impact PD patients’ quality of life and functional ability,
providing potential significant symptomatic relief over a
longer period of time.



Parkinson’s Disease

Conflicts of Interest

Drs. Suarez-Cedeno and Suescun have no conflicts of interest
to be reported. Dr. Mya Schiess is a consultant for Medtronic.

References

[1] A.J. Hughes, S. E. Daniel, L. Kilford, and A. J. Lees, “Accuracy
of clinical diagnosis of idiopathic parkinson’s disease: a clinico-
pathological study of 100 cases,” Journal of Neurology Neuro-
surgery and Psychiatry, vol. 55, no. 3, pp. 181-184, 1992.

[2] R. C. Dodel, K. M. Eggert, M. S. Singer, T. E. Eichhorn,
O. Pogarell, and W. H. Oertel, “Costs of drug treatment in
parkinson’s disease,” Movement Disorders, vol. 13, no. 2, pp. 249-
254, 1998.

[3] L.Findley, M. Aujla, P. G. Bain et al., “Direct economic impact of
parkinson’s disease: a research survey in the United Kingdom,”
Movement Disorders, vol. 18, no. 10, pp. 1139-1145, 2003.

[4] J. G. Nutt, “Motor fluctuations and dyskinesia in parkinson’s
disease,” Parkinsonism and Related Disorders, vol. 8, no. 2, pp.
101-108, 2001.

[5] A.L.Benabid, P. Pollak, A. Louveau, S. Henry, and J. De Rouge-
mont, “Combined (thalamotomy and stimulation) stereotactic
surgery of the vim thalamic nucleus for bilateral parkinson
disease,” Stereotactic and Functional Neurosurgery, vol. 50, no.
1-6, pp. 344-346, 1987.

[6] LS. Cooper, “Ligation of the anterior choroidal artery for invol-
untary movements-parkinsonism,” The Psychiatric Quarterly,
vol. 27, no. 1-4, pp. 317-319, 1953.

[7] R. W. Rand, W. E. Stern, and J. K. Orr, “Parkinsonism; early
results of occlusion of the anterior choroidal artery,” California
Medicine, vol. 81, pp. 276-278, 1956.

[8] 1. S. Cooper, “Chemopallidectomy and Chemothalamectomy
for Parkinsonism and Dystonia,” Journal of the Royal Society of
Medicine, vol. 52, no. 1, pp. 47-60, 1959.

[9] E. Svennilson, A. Torvik, R. Lowe, and L. Leksell, “Treatment
of parkinsonism by stereotatic thermolesions in the pallidal
region. A clinical evaluation of 81 cases,” Acta psychiatrica
Scandinavica, vol. 35, pp. 358-377, 1960.

[10] G. C. Cotzias, M. H. Van Woert, and L. M. Schiffer, “Aromatic
amino acids and modification of parkinsonism,” New England
Journal of Medicine, vol. 276, no. 7, pp. 374-379, 1967.

[11] A. L. Benabid, P. Pollak, D. Hoffmann et al, “Long-term
suppression of tremor by chronic stimulation of the ventral
intermediate thalamic nucleus,” The Lancet, vol. 337, no. 8738,
pp. 403-406, 1991.

[12] P. Limousin, P. Pollak, A. Benazzouz et al., “Effect on parkin-
sonian signs and symptoms of bilateral subthalamic nucleus
stimulation,” The Lancet, vol. 345, no. 8942, pp. 91-95, 1995.

[13] R. R. Tasker, “Deep brain stimulation is preferable to thalamo-
tomy for tremor suppression,” Surgical Neurology, vol. 49, no. 2,
pp. 145-154, 1998.

[14] J. Siegfried and B. Lippitz, “Chronic electric stimulation of the
VL-VPL complex and of the pallidum in the treatment of move-
ment disorders: Personal experience since 1982, Stereotactic
and Functional Neurosurgery, vol. 62, no. 1-4, pp. 71-75, 1994.

[15] P. Limousin, P. Krack, P. Pollak et al., “Electrical stimulation
of the subthalamic nucleus in advanced parkinsonian’s disease,”
New England Journal of Medicine, vol. 339, no. 16, pp. 1105-1111,
1998.

[16] R. Kumar, A. M. Lozano, Y. J. Kim et al, “Double-blind
evaluation of subthalamic nucleus deep brain stimulation in
advanced parkinson’s disease,” Neurology, vol. 51, no. 3, pp. 850-
855, 1998.

[17] M. S. Okun, H. H. Fernandez, S. S. Wu et al., “Cognition
and mood in Parkinson’s disease in subthalamic nucleus versus
globus pallidus interna deep brain stimulation: the COMPARE
trial,” Annals of Neurology, vol. 65, no. 5, pp. 586-595, 2009.

[18] Group D-BSfPsDS, “Deep-brain stimulation of the subthalamic
nucleus or the pars interna of the globus pallidus in Parkinson’s
disease,” The New England Journal of Medicine, vol. 345, pp. 356—
963, 2001.

[19] Administration USFD, “Summary of safety and effectiveness
data for a supplemental premarket approval application,” https://
www.accessdata.fda.gov/cdrh_docs/pdf/P960009S007b.pdf.

[20] P. Krack, A. Batir, N. van Blercom et al., “Five-year follow-up
of bilateral stimulation of the subthalamic nucleus in advanced
Parkinson’s disease,” The New England Journal of Medicine, vol.
349, no. 20, pp. 1925-1934, 2003.

[21] B. E. Youngerman, A. K. Chan, C. B. Mikell, G. M. McKhann,
and S. A. Sheth, “A decade of emerging indications: deep brain
stimulation in the United States,” Journal of Neurosurgery, vol.
125, no. 2, pp. 461-471, 2016.

[22] V. C. Anderson, K. J. Burchiel, P. Hogarth, J. Favre, and J.
P. Hammerstad, “Pallidal vs subthalamic nucleus deep brain
stimulation in Parkinson disease,” Archives of Neurology, vol. 62,
no. 4, pp. 554-560, 2005.

[23] J. M. Bronstein, M. Tagliati, R. L. Alterman et al., “Deep brain
stimulation for Parkinson disease an expert consensus and
review of key issues,” Archives of Neurology, vol. 68, no. 2, pp.
165-171, 2011.

[24] F. M. Weaver, K. A. Follett, M. Stern et al., “Randomized trial of
deep brain stimulation for Parkinson disease: thirty-six-month
outcomes,” Neurology, vol. 79, no. 1, pp. 55-65, 2012.

[25] K. A. Follett, E. M. Weaver, M. Stern et al., “Pallidal versus
subthalamic deep-brain stimulation for Parkinson’s disease;’
New England Journal of Medicine, vol. 362, no. 22, pp. 2077-
2091, 2010.

[26] M. S. Okun, B. V. Gallo, G. Mandybur et al., “Subthalamic deep
brain stimulation with a constant-current device in Parkinson’s
disease: an open-label randomised controlled trial,” The Lancet
Neurology, vol. 11, no. 2, pp. 140-149, 2012.

[27] V.. ]. Odekerken, T. van Laar, M. J. Staal et al., “Subthalamic
nucleus versus globus pallidus bilateral deep brain stimu-
lation for advanced Parkinson’s disease (NSTAPS study): a
randomised controlled trial,” The Lancet Neurology, vol. 12, no.
1, pp. 37-44, 2013,

[28] T. M. Herrington, J. J. Cheng, and E. N. Eskandar, “Mechanisms
of deep brain stimulation,” Journal of Neurophysiology, vol. 115,
pp. 19-38, 2016.

[29] C. C. McIntyre, W. M. Grill, D. L. Sherman, and N. V. Thakor,
“Cellular effects of deep brain stimulation: model-based analy-
sis of activation and inhibition,” Journal of Neurophysiology, vol.
91, no. 4, pp. 1457-1469, 2004.

[30] A. A. Kuhn, E Kempf, C. Briicke et al, “High-frequency
stimulation of the subthalamic nucleus suppresses oscillatory
B activity in patients with Parkinson’s disease in parallel with
improvement in motor performance,” The Journal of Neuro-
science, vol. 28, no. 24, pp. 6165-6173, 2008.

[31] J. S. Perlmutter, J. W. Mink, A. J. Bastian et al., “Blood flow
responses to deep brain stimulation of thalamus,” Neurology,
vol. 58, no. 9, pp. 1388-1394, 2002.


https://www.accessdata.fda.gov/cdrh_docs/pdf/P960009S007b.pdf
https://www.accessdata.fda.gov/cdrh_docs/pdf/P960009S007b.pdf

[32] V. Vedam-Mai, E. Y. Van Battum, W. Kamphuis et al., “Deep

brain stimulation and the role of astrocytes,” Molecular Psychi-
atry, vol. 17, no. 2, pp. 124-131, 2012.

V. Vedam-Mai, B. Gardner, M. S. Okun et al., “Increased
precursor cell proliferation after deep brain stimulation for
Parkinson’s disease: a human study,” PLoS ONE, vol. 9, no. 3,
Article ID e88770, 2014.

M. M. Kurtis, T. Rajah, L. E. Delgado, and H. S. Dafsari, “The
effect of deep brain stimulation on the non-motor symptoms of
Parkinson’s disease: a critical review of the current evidence,”
npj Parkinson’s Disease, vol. 3, no. 1, 2017.

J. M. Nazzaro, R. Pahwa, and K. E. Lyons, “The impact of
bilateral subthalamic stimulation on non-motor symptoms of
Parkinson’s disease,” Parkinsonism ¢ Related Disorders, vol. 17,
no. 8, pp. 606-609, 2011.

A. Fasano, A. Daniele, and A. Albanese, “Treatment of motor
and non-motor features of Parkinson’s disease with deep brain
stimulation,” The Lancet Neurology, vol. 11, no. 5, pp. 429-442,
2012.

R. Borgohain, R. M. Kandadai, A. Jabeen, and M. A. Kan-
nikannan, “Nonmotor outcomes in Parkinson’s disease: is deep
brain stimulation better than dopamine replacement therapy?”
Therapeutic Advances in Neurological Disorders, vol. 5, no. 1, pp.
23-41, 2012.

P. Demetriades, H. Rickards, and A. E. Cavanna, “Impulse
control disorders following deep brain stimulation of the
subthalamic nucleus in parkinson’s disease: Clinical aspects,”
Parkinson’s Disease, Article ID 658415, 2011.

D. Charles, P. E. Konrad, J. S. Neimat et al., “Subthalamic nucleus
deep brain stimulation in early stage Parkinsons disease,
Parkinsonism and Related Disorders, vol. 20, no. 7, pp. 731-737,
2014.

G. Deuschl, C. Schade-Brittinger, P. Krack et al., “A randomized
trial of deep-brain stimulation for Parkinson’s disease,” The New
England Journal of Medicine, vol. 355, no. 9, pp. 896-908, 2006.

M. W. M. Schiipbach, M. L. Welter, A. M. Bonnet et al., “Mor-
tality in patients with Parkinson’s disease treated by stimulation
of the subthalamic nucleus,” Movement Disorders, vol. 22, no. 2,
pp. 257-261, 2007,

E M. Weaver, K. Follett, M. Stern et al., “Bilateral deep
brain stimulation vs best medical therapy for patients with
advanced parkinson disease: a randomized controlled trial,
JAMA-Journal of the American Medical Association, vol. 301, no.
1, pp. 63-73, 2009.

A. Williams, S. Gill, T. Varma et al., “Deep brain stimulation
plus best medical therapy versus best medical therapy alone for
advanced Parkinson’s disease (PD SURG trial): a randomised,
open-label trial,” The Lancet Neurology, vol. 9, no. 6, pp. 581-591,
2010.

W. M. Schuepbach, J. Rau, K. Knudsen, and et al, “Neurostim-
ulation for Parkinson’s disease with early motor complications,”
The New England Journal of Medicine, vol. 368, pp. 610-622,
2013.

A. Fasano, L. M. Romito, A. Daniele et al., “Motor and cognitive
outcome in patients with Parkinsons disease 8 years after
subthalamic implants,” Brain, vol. 133, no. 9, pp. 2664-2676,
2010.

A. Merola, A. Romagnolo, A. Bernardini et al., “Earlier versus
later subthalamic deep brain stimulation in Parkinson’s disease;’
Parkinsonism and Related Disorders, vol. 21, no. 8, pp. 972-975,
2015.

Parkinson’s Disease

[47] C. E. Gill, L. A. Allen, P. E. Konrad et al, “Deep brain
stimulation for early-stage Parkinsons disease: an illustrative
case,” Neuromodulation, vol. 14, no. 6, pp. 515-521, 2011.

[48] M. L. Hacker, J. Tonascia, M. Turchan et al., “Deep brain
stimulation may reduce the relative risk of clinically important
worsening in early stage Parkinson’ disease,” Parkinsonism and
Related Disorders, vol. 21, no. 10, article no. 2731, pp. 1177-1183,
2015.

[49] G. Deuschl, M. Schiipbach, K. Knudsen et al., “Stimulation of
the subthalamic nucleus at an earlier disease stage of Parkinson’s
disease: concept and standards of the EARLYSTIM-study,
Parkinsonism and Related Disorders, vol. 19, no. 1, pp. 56-61,
2013.

[50] T. Shichi, R. Okiyama, F. Yokochi, M. Taniguchi, H. Takahashi,
and I. Hamada, “Unilateral subthalamic stimulation for early-
stage Parkinson’s disease,” Brain and Nerve, vol. 57, no. 6, pp.
495-498, 2005.

[51] K. Yamada, T. Hamasaki, and J.-I. Kuratsu, “Subthalamic
nucleus stimulation applied in the earlier vs. advanced stage of
Parkinson’s disease - retrospective evaluation of postoperative
independence in pursuing daily activities,” Parkinsonism and
Related Disorders, vol. 15, no. 10, pp. 746-751, 2009.

[52] J. Dams, M. Balzer-Geldsetzer, U. Siebert et al, “Cost-
effectiveness of neurostimulation in Parkinson’s disease with
early motor complications,” Movement Disorders, vol. 31, no. 8,
pp. 1183-1191, 2016.

[53] A. J. Espay, J. E. Vaughan, C. Marras, R. Fowler, and M.
H. Eckman, “Early versus delayed bilateral subthalamic deep
brain stimulation for Parkinson’s disease: a decision analysis,”
Movement Disorders, vol. 25, no. 10, pp. 1456-1463, 2010.

[54] M. L. Hacker, A. D. Currie, A. L. Molinari et al., “Subthalamic
nucleus deep brain stimulation may reduce medication costs in
early stage parkinson’s disease;” Journal of Parkinson’s Disease,
vol. 6, no. 1, pp. 125-131, 2016.

Medtronic, “Approves medtronic deep brain stimulation for

people with parkinson’s disease with recent onset of motor

complications,” http://newsroom.medtronic.com/phoenix.zhtml

?2c=251324&p=RssLanding&cat=news&id=2139957.

B. Esplin, A. G. Machado, P. J. Ford, and K. Beasley, “Applying

guidelines to individual patients: deep brain stimulation for

early-stage Parkinson disease,” The virtual mentor : VM, vol. 17,

no. 1, pp. 13-22, 2015.

[57] The Medical Letter on Drugs and Therapeutics, “Deep brain
stimulation for Parkinson’s disease with early motor complica-
tions,” Jama, vol. 311, pp. 1686-1687, 2014.

[58] M. Hariz, “Early surgery for Parkinson’s disease? Maybe, but not
just yet;” The Lancet Neurology, vol. 12, no. 10, pp. 938-939, 2013.

[59] R. De La Fuente-Fernandez, “Uncovering the hidden placebo
effect in deep-brain stimulation for Parkinson’s disease,” Parkin-
sonism and Related Disorders, vol. 10, no. 3, pp. 125-127, 2004.

[60] W.M. M. Schiipbach, J. Rau, J.-L. Houeto et al., “Myths and facts
about the EARLYSTIM study;” Movement Disorders, vol. 29, no.
14, pp. 1742-1750, 2014.

[61] S. A. Parashos, S. Luo, K. M. Biglan et al., “Measuring disease
progression in early parkinson disease the national institutes
of health exploratory trials in parkinson disease (NET-PD)
experience,” JAMA Neurology, vol. 71, no. 6, pp. 710-716, 2014.

[62] A.Schrag, R. Dodel, A. Spottke, B. Bornschein, U. Siebert, and
N. P. Quinn, “Rate of clinical progression in Parkinson’s disease.
A prospective study, Movement Disorders, vol. 22, no. 7, pp.
938-945, 2007.

(55

[56


http://newsroom.medtronic.com/phoenix.zhtml?c=251324&p=RssLanding&cat=news&id=2139957
http://newsroom.medtronic.com/phoenix.zhtml?c=251324&p=RssLanding&cat=news&id=2139957

Parkinson’s Disease

[63]

(67]

(72]

(73]

(74]

[75]

(76]

(78]

A. Schrag, C. Sampaio, N. Counsell, and W. Poewe, “Minimal
clinically important change on the unified Parkinson’s disease
rating scale,” Movement Disorders, vol. 21, no. 8, pp. 1200-1207,
2006.

S.-M. Fereshtehnejad, S. R. Romenets, J. B. M. Anang, V.
Latreille, J.-F. Gagnon, and R. B. Postuma, “New clinical sub-
types of Parkinson disease and their longitudinal progression a
prospective cohort comparison with other phenotypes,” JAMA
Neurology, vol. 72, no. 8, pp. 863-873, 2015.

A. Bjornestad, E. B. Forsaa, K. E Pedersen, O.-B. Tysnes, J. P.
Larsen, and G. Alves, “Risk and course of motor complications
in a population-based incident Parkinson’s disease cohort,’
Parkinsonism and Related Disorders, vol. 22, pp. 48-53, 2016.
N. W. Scott, A. D. Macleod, and C. E. Counsell, “Motor com-
plications in an incident Parkinson’s disease cohort,” European
Journal of Neurology, vol. 23, no. 2, pp. 304-312, 2016.

A. Angeli, N. E. Mencacci, R. Duran et al,, “Genotype and
phenotype in Parkinson’s disease: Lessons in heterogeneity from
deep brain stimulation,” Movement Disorders, vol. 28, no. 10, pp.
1370-1375, 2013.

M. Eijkholt, L. Y. Cabrera, A. Ramirez-Zamora, and J. G.
Pilitsis, “Shaking Up the Debate: Ensuring the Ethical Use of
DBS Intervention Criteria for Mid-Stage Parkinson’s Patients,”
Neuromodulation: Technology at the Neural Interface, vol. 20, no.
5, pp. 411-416, 2017.

A. H. Rajput, B. Rozdilsky, and A. Rajput, “Accuracy of Clinical
Diagnosis in Parkinsonism — A Prospective Study,” Canadian
Journal of Neurological Sciences/Journal Canadien des Sciences
Neurologiques, vol. 18, no. 3, pp. 275-278, 1991.

G. Rizzo, M. Copetti, S. Arcuti, D. Martino, A. Fontana, and
G. Logroscino, “Accuracy of clinical diagnosis of Parkinson
disease,” Neurology, vol. 86, no. 6, pp. 566576, 2016.

R. B. Postuma, D. Berg, M. Stern et al., “MDS clinical diagnostic
criteria for Parkinson’s disease,” Movement Disorders, vol. 30,
no. 12, pp. 1591-1601, 2015.

P. D. Charles, N. Van Blercom, P. Krack et al., “Predictors
of effective bilateral subthalamic nucleus stimulation for PD,”
Neurology, vol. 59, no. 6, pp. 932-934, 2002.

G. Deuschl and Y. Agid, “Subthalamic neurostimulation for
Parkinson’s disease with early fluctuations: balancing the risks
and benefits,” The Lancet Neurology, vol. 12, no. 10, pp. 1025-
1034, 2013.

A. Videnovic and L. V. Metman, “Deep brain stimulation for
Parkinson’s disease: prevalence of adverse events and need for
standardized reporting,” Movement Disorders, vol. 23, no. 3, pp.
343-349, 2008.

M. C. T. L. Schiess, M. Wells, T. Weaver, and V. Stoker, “Real-
world safety of deep brain stimulation in patients with =7.5 years
between disease onset and device implant,” Mov Disord31, vol.
31, 2016.

A. Merola, L. Rizzi, C. A. Artusi et al., “Subthalamic deep brain
stimulation: clinical and neuropsychological outcomes in mild
cognitive impaired parkinsonian patients,” Journal of Neurology,
vol. 261, no. 9, pp. 1745-1751, 2014.

D. Weintraub, J. E. Duda, K. Carlson et al., “Suicide ideation
and behaviours after STN and GPi DBS surgery for Parkinson’s
disease: results from a randomised, controlled trial,” Journal of
Neurology, Neurosurgery and Psychiatry, vol. 84, no. 10, pp. 1113—
1118, 2013.

V. Voon, P. Krack, A. E. Lang et al., “A multicentre study
on suicide outcomes following subthalamic stimulation for
Parkinson’s disease,” Brain, vol. 131, no. 10, pp. 2720-2728, 2008.

(79]

(81]

(87]

(88]

E Schneider, M. Reske, A. Finkelmeyer et al., “Predicting acute
affective symptoms after deep brain stimulation surgery in
Parkinson’s disease,” Stereotactic and Functional Neurosurgery,
vol. 88, no. 6, pp. 367-373, 2010.

B. Lilleeng, K. Bronnick, M. Toft, E. Dietrichs, and J. P. Larsen,
“Progression and survival in Parkinson’s disease with subtha-
lamic nucleus stimulation,” Acta Neurologica Scandinavica, vol.
130, no. 5, pp. 292-298, 2014.

D. Ngoga, R. Mitchell, ]. Kausar, . Hodson, A. Harries, and
H. Pall, “Deep brain stimulation improves survival in severe
Parkinson’s disease,” Journal of Neurology, Neurosurgery and
Psychiatry, vol. 85, no. 1, pp. 17-22, 2014.

S. Maesawa, Y. Kaneoke, Y. Kajita et al., “Long-term stimulation
of the subthalamic nucleus in hemiparkinsonian rats: Neuro-
protection of dopaminergic neurons,” Journal of Neurosurgery,
vol. 100, no. 4, pp. 679-687, 2004.

D. Harnack, W. Meissner, J. A. Jira, C. Winter, R. Morgenstern,
and A. Kupsch, “Placebo-controlled chronic high-frequency
stimulation of the subthalamic nucleus preserves dopaminergic
nigral neurons in a rat model of progressive Parkinsonism,’
Experimental Neurology, vol. 210, no. 1, pp. 257-260, 2008.

Y. Temel, V. Visser-Vandewalle, S. Kaplan et al., “Protection of
nigral cell death by bilateral subthalamic nucleus stimulation,”
Brain Research, vol. 1120, no. 1, pp. 100-105, 2006.

S. T. Wu, Y. Ma, K. Zhang, and J. G. Zhang, “Effect of deep
brain stimulation on substantia nigra neurons in a rat model of
Parkinson’s disease,” Chinese Medical Journal, vol. 125, pp. 4072
4075, 2012.

B. A. Wallace, K. Ashkan, C. E. Heise et al., “Survival of mid-
brain dopaminergic cells after lesion or deep brain stimulation
of the subthalamic nucleus in MPTP-treated monkeys,” Brain,
vol. 130, no. 8, pp. 2129-2145, 2007.

R. Hilker, “Disease progression continues in patients with
advanced Parkinson’s disease and effective subthalamic nucleus
stimulation,” Journal of Neurology, Neurosurgery ¢ Psychiatry,
pp. 1217-1221, 2005.

R.-M. Desouza, E. Moro, A. E. Lang, and A. H. V. Schapira,
“Timing of deep brain stimulation in Parkinson disease: a need
for reappraisal?” Annals of Neurology, vol. 73, no. 5, pp. 565-575,
2013.



