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Abstract: Despite being introduced in clinical practice more than 20 years ago, selection criteria for
deep brain stimulation (DBS) in Parkinson’s disease (PD) rely on a document published in 1999
called ‘Core Assessment Program for Surgical Interventional Therapies in Parkinson’s Disease’.
These criteria are useful in supporting the selection of candidates. However, they are both restrictive
and out-of-date, because the knowledge on PD progression and phenotyping has massively evolved.
Advances in understanding the heterogeneity of PD presentation, courses, phenotypes, and genotypes,
render a better identification of good DBS outcome predictors a research priority. Additionally,
DBS invasiveness, cost, and the possibility of serious adverse events make it mandatory to predict as
accurately as possible the clinical outcome when informing the patients about their suitability for
surgery. In this viewpoint, we analyzed the pre-surgical assessment according to the following topics:
early versus delayed DBS; the evolution of the levodopa challenge test; and the relevance of axial
symptoms; patient-centered outcome measures; non-motor symptoms; and genetics. Based on the
literature, we encourage rethinking of the selection process for DBS in PD, which should move toward
a broad clinical and instrumental assessment of non-motor symptoms, quantitative measurement of
gait, posture, and balance, and in-depth genotypic and phenotypic characterization.

Keywords: Parkinson’s disease; deep brain stimulation; selection; levodopa; axial symptoms;
non motor symptoms; genetics

1. Introduction

Despite having being introduced in clinical practice more than 20 years ago, selection criteria
for deep brain stimulation (DBS) as an effective treatment for advanced Parkinson’s disease (PD)
still rely on the ‘Core Assessment Program for Surgical Interventional Therapies in Parkinson’s
Disease’ (CAPSIT-PD) published in 1999 [1]. These criteria were primarily designed to facilitate
clinical research, harmonizing the cohorts of clinical trials. However, most of the indications provided
in the CAPSIT-PD document were introduced as guidance into the clinical practice of DBS centers
worldwide, being extremely useful in supporting the selection of candidates [2]. Twenty years later,
these indications could be considered both restrictive and out-of-date, because the knowledge on
PD progression, phenotyping, and genotyping has strongly evolved over the last 20 years. Indeed,
according to CAPSIT-PD, only 1.6% of PD subjects would be eligible for DBS, rising to 4.5% when
applying more flexible criteria [3].

Moreover, a growing number of studies have reported novel data on the outcome of DBS in the
short- and long-term follow-up and proposed predictors of DBS response [4,5]. However, evidence on
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how to improve and refine the selection process based on these insights for candidates to DBS is still
lacking. Finally, despite the consolidated efficacy of DBS in improving PD cardinal symptoms and
motor complications, the factors predicting a successful outcome on activities of daily living (ADL)
and quality of life (QoL) have been addressed only by a few studies so far [6].

Advances in understanding the heterogeneity of PD presentation, courses, phenotypes,
and genotypes impose a better identification of DBS candidates as a research priority. Additionally;,
DBS invasiveness, cost, and the possibility of serious adverse events make it mandatory to predict
as accurately as possible the clinical outcome when informing the patients about their suitability
for surgery.

Here, we appraised the DBS pre-surgical assessment for PD starting from the original CAPSIT-PD
document and addressed the following topics which may impact on the selection process: early versus
delayed DBS; the evolution of the levodopa challenge test; the relevance of axial symptoms; new focus
on patient-centered outcome measures; the relevance of non-motor symptoms; and a new role for
genetics. Our main aim was to highlight current pitfalls and potentialities in the DBS selection process,
stimulating future randomized control trials (RCT) to address specific needs.

2. Early Versus Delayed DBS: How Early?

2.1. The Standard Rule

The CAPSIT-PD document recommended that a patient considered for interventional surgery
should have a diagnosis of idiopathic PD and a minimum disease duration of five years [1].
These requirements were developed to exclude people with atypical parkinsonism, given the absence
of benefits and the risk to harm patients with no idiopathic PD [7].

2.2. Pros and Cons

The concept of a five-year disease duration has been challenged upon the results of a large RCT
published in 2013 (the EARLY-STIM trial) [8]. In this trial demonstrating the superiority of subthalamic
(STN) DBS compared to medical therapy alone, patients were included when having a PD diagnosis of
>4 years, and fluctuations or dyskinesia present for four years or less [8].

The EARLY-STIM trial endorsed a conceptual change about the use of DBS for PD favoring a
paradigm shift from DBS as the last therapeutic option for advanced disease stages toward an earlier
approach for patients experiencing motor complications. This paradigm change is based on three
relevant points: (1) the confirmation of DBS safety over the years, even in the long term; (2) the great
efficacy of DBS in improving the QoL of patients, even superior to levodopa alone [9]; (3) an earlier
intervention could preserve functional capacity. The evidence of efficacy provided by the EARLY-STIM
trial led the U.S. Food and Drug Administration (FDA) to extend the DBS indication to patients with a
four year PD diagnosis in the presence of at least four months of uncontrolled motor complications [10].

The EARLY-STIM trial has triggered discussion as to whether its findings should be translated into
clinical practice [11]. Firstly, the shorter disease duration at the time of surgery might pose the risks of
including subjects with atypical parkinsonism for which the five-year rule has been developed for
CAPSIT-PD. However, in the EARLY-STIM cohort, the mean disease duration of the surgically-treated
group was 7.3 £ 3.1 years and only three cases (0.8% of the cohort) were re-diagnosed as non-idiopathic
PD eight years after the first randomization and approximately 15 years after diagnosis [12]. However,
it should be noted that the issue of a shorter disease duration at the time of surgery might mirror a
greater and faster burden of disability which is also associated with specific genotypes associated
to PD, such as severe and complex glucocerobrosidase (GBA) gene variants [13], which have been
associated to poor DBS functional outcome [14].

A related matter is the difficulty in predicting the trajectory of disease progression at such an
early stage, either for more benign or rapidly progressing phenotypes [15], with the consequent risk of
referring to surgery patients whose motor fluctuations could remain mild for a long time, or vice-versa,
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those who may develop symptoms non-responsive to DBS and severely impacting ADL and QoL.
However, when looking carefully into the EARLY-STIM cohort, all patients had experienced either
motor or psychiatric disability due to PD. Accordingly, further analyses on this population have
demonstrated that STN-DBS was successful in improving freezing of gait (FoG) in OFF medication
condition [16], which affected 52% of the patients at baseline. Remarkably, behavioral complications
linked to dopaminergic overmedication had a better outcome in the neurostimulation group [17].
How early should DBS be considered in PD? A pilot open label study on 28 patients suggested
to consider DBS even earlier, before motor complications arose [18]. However, despite long term
follow-up data on the same cohort [19], the impact of early surgical intervention in such earlier stages
is still unknown and should be carefully interpreted including the risks we mentioned above but also a
presumptive neuroprotective effect [20]. Finally, it should be taken into account that DBS (STN-DBS
in particular) allows a reduction in dose of dopaminergic therapies in most patients [21]. Although
favoring the improvement of dyskinesia, the reduction in antiparkinsonian drugs could have role in
improving impulsive-compulsive behaviors and obsessive-compulsive and paranoid traits [22,23].

2.3. Recommendations

There is evidence for an earlier use of DBS as a treatment option to improve patients’ QoL and early
levodopa-responsive axial symptoms, while minimizing the psychiatric consequences of overtreatment.
Long-term results from the EARLY-STIM trial would allow the better defining of which PD features
are associated to a long-term successful outcome. However, there is not enough knowledge on how
early into the disease history DBS should be considered, given the paucity of published data and the
current lack of knowledge on how to predict disease progression and DBS response in such early
stages. We recommend considering each case singularly, according to the patient’s phenotype, age,
needs, and expectations in patients whose symptoms significantly impact ADL and QoL despite a
reasonable number of attempts to provide the best medical therapy.

3. The Evolution of the Levodopa Challenge Test

3.1. The Standard Rule

The second recommendation of CAPSIT-PD is dopaminergic responsiveness confirmed by a
levodopa/apomorphine challenge test (LCT). Accordingly, the test has to demonstrate at least a 33%
decrease in the Unified Parkinson’s Disease Rating Scale (UPDRS) part III score in the “defined-on
condition” (best therapeutic effect after medication agreed by patient and physician) compared to the
“defined-off condition” (at least 12 h after receiving the last medication dose).

3.2. Pros and Cons

The threshold of 33% for UPDRS improvement is considered relevant to rule out possible
misdiagnoses (i.e., identifying atypical parkinsonism for which DBS is not recommended). The LCT
is also important to inform the possible outcome of surgery, showing the likely extent of symptom
improvement after surgery, and to establish realistic expectations from DBS [24]. Indeed, it is generally
accepted that symptoms improving with levodopa are likely to respond to DBS [25]. However, there
are some exceptions and caveats to these widely accepted concepts. Firstly, levodopa-resistant tremor
represents one of the indications of DBS, even in the absence of disabling motor fluctuations [26,27],
given its excellent effect in controlling or even suppressing tremors, regardless of the deep nuclei
targeted [28].

Another relevant challenge related to the LCT is the cut-off of 33%. This value has been validated by
a study based on its ability to predict chronic levodopa responsiveness, with a positive predictive value
for the PD diagnosis of 88.6% [29]. Notably, the Movement Disorders Society (MDS)-sponsored UPDRS
scale introduced in 2008 has some differences in the scoring of the part-III (motor part), and a study
analyzing the MDS-UPDRS scores with the old UPDRS [30] ones after an acute LCT found an excellent
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correlation between the two scales, with the 30% UPDRS score variation used for predicting sustained
long-term levodopa response equivalent to 24% in MDS-UPDRS [31]. However, data from STN-DBS
clinical trials seems to indicate that an excellent response to levodopa (i.e., >50% UPDRS part-III
improvement) could be associated with a better DBS motor outcome [32]. A meta-analysis published in
2006 on the STN-DBS outcomes supports this hypothesis, demonstrating that the magnitude of decrease
in both UPDRS part-II and part-III scores exhibits a dose-response relationship with the presurgical
response to the levodopa challenge test [33]. However, it is unknown whether the magnitude of
response at the LCT may predict better ADL and Qol after DBS. Moreover, the relevance of axial
symptoms as a source of disability, their heterogenous response to dopaminergic therapies, and their
influence on the trajectory of the PD course put in light further considerations on the usefulness of the
presurgical LCT simplistically considered as a >30% motor response.

3.3. Recommendations

We recommend using LCT as a key tool to obtain relevant presurgical information on the patient’s
status and the possibility of improvement after DBS. However, the rule of UPDRS part-IIl improvement
>30% should not be strictly applied. Although patients affected by disabling dopa-resistant tremor
could represent an exception to this rule, improvement >50% can be associated with greater overall
benefit in most patients. The LCT response of disabling axial symptoms, such as FoG, is important and
should be weighted independently from the percentage UPDRS part-III total score improvement.

4. The Relevance of Axial Symptoms: How Sensitive Is Current Clinical Assessment?

4.1. The Standard Rule

The term ‘axial symptoms’ is commonly referred to as a group of PD motor features encompassing
gaitimpairment, postural instability, postural abnormalities, and speech disorders, especially dysarthria
and stuttering. These are a major source of disability because they are associated with reduced mobility,
communication difficulties, recurrent falls, and subsequent injuries [34]. Moreover, they are markers of
advanced disease and are often resistant to dopaminergic therapies or exhibit an heterogenous pattern
of response to levodopa [35]. There are no precise indications on how to consider these symptoms and
their pre-surgical response to levodopa in the clinical practice.

4.2. Pros and Cons

The evidence on the effect of DBS on axial symptoms is controversial. A meta-analysis published
in 2004 showed that one year after surgery, STN-DBS or globus pallidus pars interna (GPi) DBS
can improve gait and balance symptoms, with an effect size similar to the preoperative effects of
dopaminergic medication [36]. However, the improvement provided by DBS seems not sustained over
the years. Evidence for axial symptom progression, despite a good control of PD appendicular motor
symptoms, has been shown in open-label, long-term follow-up studies, although some extent of axial
improvement related to stimulation is reported in the first years after surgery [37-40].

The relevance of axial symptoms as a marker of disease progression was disclosed in a cohort
of 143 PD patients treated with STN-DBS [5], in whom axial disability during the follow-up period
was strongly associated with an increased risk of death (hazard ratio of 4.3), proving to be the most
accurate mortality predictor, even superior to the cognitive status.

Axial symptoms track disease progression and disability, therefore an accurate presurgical
evaluation of levodopa-responsiveness would be necessary for estimating the extent of response after
DBS. Indeed, worsening or amelioration after DBS of speech, posture and gait disorders is multifactorial
and depends upon clinical variables such as disease duration [16,41], the type of axial symptom (gait
often improves after DBS, speech may worsen as a stimulus-related side effect), their interplay with
dopaminergic medications [42,43], the brain target employed for DBS, the frequency [44,45] and
distribution of stimulation [46], and placement of active electrode contact [41].
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Levodopa-resistant axial symptoms are considered a relative contraindication for surgery [47];
however, the current pre-surgical clinical examination is unable to detect early axial signs which
may foster worse DBS outcomes. In particular, FoG evaluation poses great challenges, given the
episodic nature of this phenomenon and the complex relationship with dopaminergic medications.
Trunk postural abnormalities also represent a source of difficulty at the time of DBS selection (including
on which target to choose), because camptocormia and Pisa syndrome might be responsive to STN-DBS,
even with poor or no amelioration after LCT [48,49].

These difficulties which impact on the selection process might be overcome by integrating objective
evaluation involving kinematic analysis and wearable sensors to the pre-operative clinical examination.
Specifically, novel technological developments on wearable sensors for home-monitoring have the
potential to provide a measure of axial symptoms and their relation to levodopa intake in a naturalistic
way [50,51]. These technologies should be employed to detect early axial signs which might predict
worsening after DBS and assist the identification of the best candidates. Indeed, a study employing
kinematic assessment of gait demonstrated a correlation between presurgical levodopa response of
stride length and range of motion and FoG outcome after DBS [52].

4.3. Recommendations

The global burden of axial symptoms can be considered a proxy for disease stage because of their
correlation with disability and death. A fine-grained assessment of each axial symptom, the accurate
evaluation of their relationship with dopaminergic therapy, and the integration of technology outcome
measures into the clinical practice should favor a better understanding of candidates to DBS, with the
potential to predict their disease course and the probability to improve after DBS. Pending clinical trials
aiming at the evaluation of the effect of DBS on PD-related axial symptoms, we recommend to accurately
evaluate in clinical practice the presence, severity, and impact on patient’s daily life and independence
of axial symptoms before surgery, and discuss the weight of each symptom with the patient, clarifying
its poor, good, or indeterminate probability of improvement after DBS. Severe FoG and speech
issues, in particular, represent a potential challenge in the management of patients undergoing DBS,
while camptocormia and Pisa syndrome could have good chances of improvement and should not be
considered contraindications for DBS.

5. The Need for Patient-Centered Outcome Measures

5.1. The Standard Rule

From a regulatory point of view, the FDA and European Medicine Agency (EMA) request the
presence of motor fluctuations as a mandatory criterion for DBS indication in PD [10]. Reduction
in severity and frequency of motor fluctuations represents one of the most relevant achievements
obtained by DBS, which translates into the improvement of QoL revealed by randomized controlled
trials [8,53].

5.2. Pros and Cons

In CAPSIT-PD, it is recommended that the patients perform the self-reporting diary one week per
month during the three preoperative months, indicating the presence of four conditions: complete
OFF, partial OFF, complete ON, and ON with dyskinesias [1]. However, these measures are highly
subjective, and wrong or missed entries may occur in about one third of cases—also when using
electronic motor diaries [54]. That is, objective home-based quantification by wearable sensors of PD
motor symptoms [55], including FoG [56], should be explored carefully in patients considered for DBS,
also with respect to the predictive value of these measures. Indeed, when it comes to predicting the
outcome of DBS in PD and patient-centered outcome measures are employed, some discrepancies arise.
Patient-centered outcome measures are represented by QoL, evaluated by the validated Parkinson’s
Disease Questionnaire 39 (PDQ-39) [57] or by its short form (PDQ-8) [58], and ADL functioning or
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independence, typically measured by UPDRS part-1I and the Schwab and England (S&E) scale [59].
The importance of measuring patient-centered outcomes relates to the discrepancy between the
judgment made in-clinic by the neurologist and the degree of satisfaction [60] and independence
obtained by the patient during daily life [54]. Two key factors may account for this discrepancy:
(1) motor symptoms observed by clinicians explain only a small part of the complex picture of PD,
which encompasses several non-motor symptoms; (2) the standardized tasks assessed during in-clinic
visits and the non-quantitative, non-continuous, non-ecologic in-clinic examinations may not represent
a comprehensive measure of the patient situation and condition during daily life. This last aspect is
true even when limiting the evaluation to motor symptoms, in particular episodic motor symptoms
such as FoG [61], which are not adequately captured during in-clinic standard assessments [54].

When it comes to analyzing determinants of improvement in QoL after STN DBS, a post-hoc
analysis of the EARLY-STIM trial found smaller QoL improvement at 24-months follow-up in patients
with better pre-surgical PDQ-39 scores [6]. Interestingly, patients with pre-surgical PDQ-39 scores < 15
had no significant change in QoL following surgery. This finding is not meant to be caused by a
ceiling effect of STN-DBS to improve motor symptoms in the EARLY-STIM cohort, because the change
in QoL over the two years was independent of the severity of parkinsonian motor signs assessed
by UPDRS-III [8]. Accordingly, in another study analyzing a cohort of 85 PD patients treated with
DBS, the magnitude of motor symptom improvement with a pre-surgical LCT was only borderline
associated with improvement of QoL after DBS (p = 0.053) [62].

A systematic review [63] demonstrated that higher baseline QoL predicted larger QoL changes
after surgery in three out of four studies. The analysis of the 18 studies included in this review
yielded mixed results with respect to the predictive value of other clinical and demographical features.
There are two main explanations for such discrepant findings: (1) most of these studies were not
primarily designed to detect predictors of QoL change after DBS and results are influenced by the
main a priori hypothesis tested in each study; (2) factors contributing to QoL in PD include not only
motor disability but also non-motor symptoms [64], and the interplay between these domains might
be individualized and have a different weight in each subject. Moreover, among motor symptoms,
axial disability (and its response to therapies) might have a high impact, which has not been yet
explored carefully in regard to QoL or ADL outcome after DBS.

5.3. Recommendations

Future studies should be designed to capture predictors of QoL and ADL improvements after
DBS, taking into account the heterogeneity of the disease, the contribution of non-motor symptoms,
and the impact of axial symptoms. We recommend evaluating both the ADL and QoL of candidates
for DBS by means of validated scales (e.g., UPDRS part-II and PDQ-39 or PDQ-8) and carefully discuss
with patients the disease burden and their determinants. After surgery, these scales can inform more
than the in-clinic motor assessment about the clinical status of the patient and the impact of stimulation
on their functioning in daily life, guiding possible changes in stimulation parameters, medical therapy
or non-medical interventions, such as psychological support, physiotherapy, and emotional and
social stimulation.

6. The Complexity of PD Spectrum Integrated into the Selection Process: Relevance of
Non-Motor Symptoms

6.1. The Standard Rule

Despite the fact that DBS was developed to treat motor symptoms, the growing relevance given
to non-motor symptoms (NMS) in the last 15 years fostered investigations into the effect of DBS for
these features as well [65,66]. There are no indications nor clues so far on how to consider the presence
and burden of non-motor symptoms in PD candidates for DBS.
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6.2. Pros and Cons

A few studies have demonstrated the improvement of different NMS (cardiovascular, sleep/fatigue,
perceptual problems/hallucinations, gastrointestinal, urinary, and miscellaneous domains) six months
after surgery [65], which were maintained at 24 months for the sleep/fatigue, urinary and miscellaneous
domains [66], and at 36 months for the sleep domain [67]. These findings were confirmed in a small
cohort of young onset PD patients, for whom STN-DBS provided sustained improvement of the sleep
domain of the Non-Motor Symptoms Scale and Parkinson’s disease sleep scale-2 up to 24 months and
correlated to the decrease in dopamine-agonist medication [68].

Remarkably, change in NMS frequency and severity after STN-DBS is strongly correlated to the
improvement in QoL both in uncontrolled [66] and controlled studies [67,69] performed in the same
STN-treated cohort at different follow-up.

In the attempt to define profiles for the best DBS candidates which may encompass the complexity
of PD clinical spectrum and its heterogeneity, a new data-driven approach to PD, supported by
biomarkers and neuropathology, disclosed three different PD subtypes: mild-motor predominant,
intermediate, and diffuse malignant [70,71]. These three groups, defined based on the progression
of disability and mortality, differ in the presentation of motor and non-motor symptoms at onset,
in particular for the contribution of three types of NMS: cognitive impairment, rapid eye movement
sleep behavior disorder, and dysautonomia. When the same subtyping criteria were applied to a cohort
of STN-DBS patients at the time of the surgical selection, the mild phenotype seem to perform better
on ADL independence at the short and long-term follow-up compared to the malignant phenotype,
despite similar efficacy of stimulation on motor symptoms, fluctuations, and ambulatory capacity [72].

6.3. Recommendations

More efforts are needed to understand which NMS are predictors of good or poor outcome,
how different targets of DBS (STN or GPi) should be indicated to treat different NMS based on the
ability to decrease total LEDD and dopamine-agonists LEDD [17], or directly treat particular symptoms
by means of the stimulation of specific networks involved in pain or mood, apathy and attention [73].
We recommend to carefully assess the presence and severity of non-motor symptoms before surgery
and explain to the patients that when the disease burden is mainly driven by non-motor symptom:s,
DBS might not be the best therapeutic option to consider.

7. A New Role for Genetics

7.1. The Standard Rule

One of the most remarkable advances in our understanding of PD pathogenesis in the last 20 years
is represented by genetics. The increasing power of genetic analyses led to the identification of several
chromosomal loci that cause or modulate the risk for PD [74]. Moreover, specific genetic mutations
have been associated to specific clinical features and different disease courses, which could have an
impact on the selection for DBS.

That is, only some evidence on the differential DBS response in different forms of monogenic PD
has been put forward, suggesting some differences in the magnitude of response [14,75-77]. However,
in this case there are no specific recommendations on the use of genetics in the clinical practice of
DBS centers.

7.2. Pros and Cons

The main advantage of knowing the genotype of a PD patient appraised for DBS is related to the
knowledge of disease evolution associated to a particular gene variant. However, despite the effort of
systematic reviews [76,77] and one meta-analysis [14], the small size of the cohorts reported and the
paucity of data on different gene variants and brain targets other than STN, do not allow researchers to
reach firm conclusions. For example, LRRK2-G2019S variant carriers, described in 44 out of 50 LRRK2
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subjects with DBS reported in the literature, show an excellent response to STN DBS, which is also
the most reported target [76]. G2019S is the most frequent LRRK?2 variant and produces a phenotype
overlapping to late-onset, non-mutated PD with frequent presence of tremor and good response to
dopaminergic medications [78]. However, in three out of four reported cases with LRRK2-R1441G
variant, a mutation variant rarely found outside northern Spain, poor response to STN-DBS was
reported [76]. The paucity of data characterizing the phenotype of LRRK2-R1441G variant makes it
impossible to assume that the poor DBS outcome was due to more severe disease progression and
development of DBS resistant features. A similar issue applies to carriers of glucocerebrosidase (GBA)
gene variants which have a high prevalence of neuropsychiatric symptoms, especially impulsive
compulsive behavior and hallucinations, and a higher risk to develop early over disease course
cognitive disturbances [13]. Indeed, GBA-associated PD showed worse cognitive and functional
performances and lower reductions in dopaminergic medication after surgery [14]. However, it is
unknown which variants mostly contribute to this result. Remarkably, the risk of hallucinations and
cognitive impairment, as well as survival, differs across GBA subjects, being higher in subjects carrying
complex and severe variants [13,79].

7.3. Recommendations

Genetic testing is becoming accessible and affordable in clinical practice in many countries and
may be used to inform PD candidates for their suitability for DBS. Evidence is still weak to opt for
either endorsing DBS or not for a certain patient only relying on the genetic background, but in the
future it is probable that certain genotypes will be considered not suitable for DBS on the basis of their
improbability to benefit from the effects. To date, genetic testing of patients undergoing DBS might
be proposed in those manifesting specific phenotype features (e.g., rapid development of disability,
susceptibility to behavioral complications and hallucinations) consistent with particular gene variants,
such as severe GBA mutations, which may determine possible issues presented in the post-operative
follow-up (Figure 1).

CAPSIT-PD CRITERIA NEW CHALLENGES

Cut-off for Levodopa
challenge test
(including axial signs)

Early DBS
Patient-centered
outcome measures Levodopa
challenge test
imaging CAPSIT-PD clinical rating
criteria scales
Axial cognitive Non-motor
motor criteria symptoms
signs
Genetics Behavioral
symptoms

Figure 1. Core Assessment Program for Surgical Interventional Therapies in Parkinson’s Disease
(CAPSIT-PD) and recommendations on challenging areas related to the deep brain stimulation
(DBS) selection.
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8. Conclusions

Advances in understanding both the complexity of PD and the effect of DBS in PD patients
have provided new evidence for a better stratification of patients and a more conscious use of this
therapeutic option.

It is critical to take into account that the multifaceted symptomatology of PD, encompassing motor,
non-motor, and behavioral issues, makes a candidate’s selection for advanced therapies a process
difficult to fit in fixed and precise borders. Additionally, the probability of improving or worsening
certain symptoms according to clinical trials (or to post-hoc analysis of trials) cannot capture the full
clinical complexity and heterogeneity of the PD clinical spectrum and should be used cautiously for
making a decision at a single level. To date, in addition to studies supporting a better comprehension
of pre-surgical predictors of DBS outcomes, we also need a shift in the statistical approach to improve
the decision-making from a group to an individual level.

In conclusion, the improvement in the stratification of PD patients according to their clinical
features and genetic background can inform the disease course, and more-in-depth knowledge on
patients most probable to benefit from DBS. A redefinition of CAPSIT-PD criteria for DBS should be
pursued based on the new knowledge gained on PD clinical spectrum and DBS long term follow-up
studies. This would allow surgical centers to be more accurate in predicting the outcome after functional
neurosurgery and choosing the best target for stimulation. We can now estimate the probability to
improve specific disabling symptoms and choose integrated approaches, combining stimulation of
specific targets according to patients’ issues (e.g., ventral STN for high non-motor burden [73]) with
other therapeutic options (e.g., rehabilitation), with the ultimate goal of improving ADL, mental
wellbeing, and eventually the QoL of PD patients. This viewpoint provided updated recommendations
for a more accurate and fine-grained assessment of PD patients considered as potential candidates
for DBS and highlighted the need for further studies to strengthen the evidence on predictors of
DBS outcomes at an individual level, encompassing the complex and multifaceted syndromic picture
of the disease and the new possibilities offered by validated clinical scales, technological devices,
and genetic analysis.

Author Contributions: C.A.A.: conception, design and organization of the study, literature search, writing of the
first draft; L.L.: data interpretation, review and critique; EM.: conception, design and organization of the study,
literature search, review and critique. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Conflicts of Interest: The authors declare no conflict of interest.

Financial Disclosures: Carlo Alberto Artusi: received travel grants from Zambon and Abbvie, and educational
grants from Ralpharma and Neuraxpharm. Leonardo Lopiano: speaking honoraria from UCB Pharma, AbbVie,
DOC, Zambon and Bial. Francesca Morgante: speaking honoraria from Abbvie, Medtronic, Zambon, Bial, Merz;
Travel grants from the International Parkinson’s disease and Movement Disorder Society; advisory board fees
from Merz; consultancy fees from Boston Scientific, Merz and Bial; research support from Boston Scientific, Merz
and Global Kynetic; royalties for the book “Disorders of Movement” from Springer; member of the editorial board
of Movement Disorders, Movement Disorders Clinical Practice, European Journal of Neurology.

References

1. Defer, G.L.; Widner, H.; Marie, RM.; Remy, P; Levivier, M. Core assessment program for surgical
interventional therapies in Parkinson’s disease (CAPSIT-PD). Mov. Disord. 1999, 14, 572-584. [CrossRef]

2. Munhoz, R.P; Picillo, M.; Fox, S.H.; Bruno, V.; Panisset, M.; Honey, C.R.; Fasano, A. Eligibility Criteria for
Deep Brain Stimulation in Parkinson’s Disease, Tremor, and Dystonia. Can. J. Neurol. Sci. 2016, 43, 462-471.
[CrossRef]

3. Morgante, L.; Morgante, F.; Moro, E.; Epifanio, A.; Girlanda, P.; Ragonese, P.; Antonini, A.; Barone, P;
Bonuccelli, U.; Contarino, M.E; et al. How many parkinsonian patients are suitable candidates for deep
brain stimulation of subthalamic nucleus? Results of a questionnaire. Parkinsonism Relat. Disord. 2007, 13,
528-531. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/1531-8257(199907)14:4&lt;572::AID-MDS1005&gt;3.0.CO;2-C
http://dx.doi.org/10.1017/cjn.2016.35
http://dx.doi.org/10.1016/j.parkreldis.2006.12.013
http://www.ncbi.nlm.nih.gov/pubmed/17347021

J. Clin. Med. 2020, 9, 3931 10 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Abboud, H.; Genc, G.; Thompson, N.R.; Oravivattanakul, S.; Alsallom, E,; Reyes, D.; Wilson, K.; Cerejo, R.;
Yu, X.X.; Floden, D.; et al. Predictors of Functional and Quality of Life Outcomes following Deep Brain
Stimulation Surgery in Parkinson’s Disease Patients: Disease, Patient, and Surgical Factors. Parkinsons Dis.
2017, 2017, 5609163. [CrossRef] [PubMed]

Lau, B.; Meier, N.; Serra, G.; Czernecki, V.; Schuepbach, M.; Navarro, S.; Cornu, P,; Grabli, D.; Agid, Y.;
Vidailhet, M.; et al. Axial symptoms predict mortality in patients with Parkinson disease and subthalamic
stimulation. Neurology 2019, 92, €2559-e2570. [CrossRef] [PubMed]

Schuepbach, WM.M.; Tonder, L.; Schnitzler, A.; Krack, P.; Rau, J.; Hartmann, A.; Halbig, T.D.; Pineau, F.;
Falk, A.; Paschen, L.; et al. Quality of life predicts outcome of deep brain stimulation in early Parkinson
disease. Neurology 2019, 92, €1109-e1120. [CrossRef] [PubMed]

Lopez-Cuina, M.; Fernagut, P.O.; Canron, M.H.; Vital, A.; Lannes, B.; De Paula, A.M.; Streichenberger, N.;
Guehl, D.; Damier, P.; Eusebio, A.; et al. Deep brain stimulation does not enhance neuroinflammation in
multiple system atrophy. Neurobiol. Dis. 2018, 118, 155-160. [CrossRef]

Schuepbach, W.M.; Rau, J.; Knudsen, K.; Volkmann, J.; Krack, P.; Timmermann, L.; Halbig, T.D.; Hesekamp, H.;
Navarro, S.M.; Meier, N.; et al. Neurostimulation for Parkinson’s disease with early motor complications.
N. Engl. ]. Med. 2013, 368, 610-622. [CrossRef]

Vizcarra, J.A.; Situ-Kcomt, M.; Artusi, C.A.; Duker, A.P.; Lopiano, L.; Okun, M.S.; Espay, A.].; Merola, A.
Subthalamic deep brain stimulation and levodopa in Parkinson’s disease: A meta-analysis of combined
effects. J. Neurol. 2019, 266, 289-297. [CrossRef]

Cabrera, L.Y.; Goudreau, J.; Sidiropoulos, C. Critical appraisal of the recent US FDA approval for earlier DBS
intervention. Neurology 2018, 91, 133-136. [CrossRef]

Mestre, T.A.; Espay, A.J.; Marras, C.; Eckman, M.H; Pollak, P; Lang, A E. Subthalamic nucleus-deep brain
stimulation for early motor complications in Parkinson’s disease-the EARLYSTIM trial: Early is not always
better. Mov. Disord. 2014, 29, 1751-1756. [CrossRef] [PubMed]

Schupbach, WM.; Rau, J.; Houeto, J.L.; Krack, P.; Schnitzler, A.; Schade-Brittinger, C.; Timmermann, L.;
Deuschl, G. Myths and facts about the EARLYSTIM study. Mov. Disord. 2014, 29, 1742-1750. [CrossRef]
[PubMed]

Petrucci, S.; Ginevrino, M.; Trezzi, I.; Monfrini, E.; Ricciardi, L.; Albanese, A.; Avenali, M.; Barone, P,;
Bentivoglio, A.R.; Bonifati, V.; et al. GBA-Related Parkinson’s Disease: Dissection of Genotype-Phenotype
Correlates in a Large Italian Cohort. Mov. Disord. 2020. [CrossRef] [PubMed]

Artusi, C.A.; Dwivedi, A.K.; Romagnolo, A.; Pal, G.; Kauffman, M.; Mata, L; Patel, D.; Vizcarra, J.A,;
Duker, A.; Marsili, L.; et al. Association of Subthalamic Deep Brain Stimulation With Motor, Functional,
and Pharmacologic Outcomes in Patients With Monogenic Parkinson Disease: A Systematic Review and
Meta-analysis. JAMA Netw. Open 2019, 2, €187800. [CrossRef] [PubMed]

Merola, A.; Romagnolo, A.; Dwivedi, A.K,; Padovani, A.; Berg, D.; Garcia-Ruiz, PJ.; Fabbri, M.; Artusi, C.A;
Zibetti, M.; Lopiano, L.; et al. Benign versus malignant Parkinson disease: The unexpected silver lining of
motor complications. J. Neurol. 2020. [CrossRef]

Barbe, M.T.; Tonder, L.; Krack, P.; Debu, B.; Schupbach, M.; Paschen, S.; Dembek, T.A.; Kuhn, A.A.; Fraix, V.;
Brefel-Courbon, C.; et al. Deep Brain Stimulation for Freezing of Gait in Parkinson’s Disease With Early
Motor Complications. Mov. Disord. 2020, 35, 82-90. [CrossRef]

Lhommee, E.; Wojtecki, L.; Czernecki, V.; Witt, K.; Maier, F; Tonder, L.; Timmermann, L.; Halbig, T.D.;
Pineau, F; Durif, E; et al. Behavioural outcomes of subthalamic stimulation and medical therapy versus
medical therapy alone for Parkinson’s disease with early motor complications (EARLYSTIM trial): Secondary
analysis of an open-label randomised trial. Lancet Neurol. 2018, 17, 223-231. [CrossRef]

Charles, D.; Konrad, PE.; Neimat, ].S.; Molinari, A.L.; Tramontana, M.G.; Finder, S.G.; Gill, C.E.; Bliton, M.].;
Kao, C.; Phibbs, ET.; et al. Subthalamic nucleus deep brain stimulation in early stage Parkinson’s disease.
Parkinsonism Relat. Disord. 2014, 20, 731-737. [CrossRef]

Hacker, M.L.; Turchan, M.; Heusinkveld, L.E.; Currie, A.D.; Millan, S.H.; Molinari, A.L.; Konrad, P.E.;
Davis, T.L.; Phibbs, ET.; Hedera, P; et al. Deep brain stimulation in early-stage Parkinson disease: Five-year
outcomes. Neurology 2020, 95, €393-e401. [CrossRef]

Fasano, A.; Merello, M. Fading of Deep Brain Stimulation Efficacy Versus Disease Progression: Untangling a
Gordian Knot. Mov. Disord. Clin. Pract. 2020, 7, 747-749. [CrossRef]


http://dx.doi.org/10.1155/2017/5609163
http://www.ncbi.nlm.nih.gov/pubmed/28852579
http://dx.doi.org/10.1212/WNL.0000000000007562
http://www.ncbi.nlm.nih.gov/pubmed/31043471
http://dx.doi.org/10.1212/WNL.0000000000007037
http://www.ncbi.nlm.nih.gov/pubmed/30737338
http://dx.doi.org/10.1016/j.nbd.2018.07.016
http://dx.doi.org/10.1056/NEJMoa1205158
http://dx.doi.org/10.1007/s00415-018-8936-2
http://dx.doi.org/10.1212/WNL.0000000000005829
http://dx.doi.org/10.1002/mds.26024
http://www.ncbi.nlm.nih.gov/pubmed/25227325
http://dx.doi.org/10.1002/mds.26080
http://www.ncbi.nlm.nih.gov/pubmed/25399678
http://dx.doi.org/10.1002/mds.28195
http://www.ncbi.nlm.nih.gov/pubmed/32658388
http://dx.doi.org/10.1001/jamanetworkopen.2018.7800
http://www.ncbi.nlm.nih.gov/pubmed/30707228
http://dx.doi.org/10.1007/s00415-020-09954-6
http://dx.doi.org/10.1002/mds.27892
http://dx.doi.org/10.1016/S1474-4422(18)30035-8
http://dx.doi.org/10.1016/j.parkreldis.2014.03.019
http://dx.doi.org/10.1212/WNL.0000000000009946
http://dx.doi.org/10.1002/mdc3.13041

J. Clin. Med. 2020, 9, 3931 11 0f 14

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Zibetti, M.; Pesare, M.; Cinquepalmi, A.; Rosso, M.; Bergamasco, B.; Ducati, A.; Lanotte, M.; Lopiano, L.
Antiparkinsonian therapy modifications in PD patients after STN DBS: A retrospective observational analysis.
Parkinsonism Relat. Disord. 2008, 14, 608-612. [CrossRef] [PubMed]

Castelli, L.; Perozzo, P; Zibetti, M.; Crivelli, B.; Morabito, U.; Lanotte, M.; Cossa, F.; Bergamasco, B.;
Lopiano, L. Chronic deep brain stimulation of the subthalamic nucleus for Parkinson'’s disease: Effects on
cognition, mood, anxiety and personality traits. Eur. Neurol. 2006, 55, 136-144. [CrossRef] [PubMed]
Merola, A.; Romagnolo, A.; Rizzi, L.; Rizzone, M.G.; Zibetti, M.; Lanotte, M.; Mandybur, G.; Duker, A.P;
Espay, A].; Lopiano, L. Impulse control behaviors and subthalamic deep brain stimulation in Parkinson
disease. J. Neurol. 2017, 264, 40-48. [CrossRef] [PubMed]

Saranza, G.; Lang, A.E. Levodopa challenge test: Indications, protocol, and guide. J. Neurol. 2020. [CrossRef]
Machado, A.G.; Deogaonkar, M.; Cooper, S. Deep brain stimulation for movement disorders: Patient selection
and technical options. Clevel. Clin. ]. Med. 2012, 79 (Suppl. S2), S19-524. [CrossRef]

Bronstein, ].M.; Tagliati, M.; Alterman, R.L.; Lozano, A.M.; Volkmann, J.; Stefani, A.; Horak, F.B.; Okun, M.S.;
Foote, K.D.; Krack, P; et al. Deep brain stimulation for Parkinson disease: An expert consensus and review
of key issues. Arch. Neurol. 2011, 68, 165. [CrossRef]

Armstrong, M.J.; Okun, M.S. Choosing a Parkinson Disease Treatment. JAMA 2020, 323, 1420. [CrossRef]
Benabid, A.L.; Benazzouz, A.; Hoffmann, D.; Limousin, P.; Krack, P; Pollak, P. Long-term electrical inhibition
of deep brain targets in movement disorders. Mov. Disord. 1998, 13 (Suppl. S3), 119-125. [CrossRef]
Merello, M.; Nouzeilles, M.I.; Arce, G.P,; Leiguarda, R. Accuracy of acute levodopa challenge for clinical
prediction of sustained long-term levodopa response as a major criterion for idiopathic Parkinson’s disease
diagnosis. Mov. Disord. 2002, 17, 795-798. [CrossRef]

Fahn, S.; Elton, R.; Members of the UPDRS Development Committee. The Unified Parkison’s Disease Rating
Scale. In Recent Developments in Parkinson’s Disease; Fahn, S., Marsden, C.D., Calne, D.B., Goldstein, M., Eds.;
Macmillan Health Care Information: Florham Park, NJ, USA, 1987; Volume 2, pp. 153-163, 293-304.
Merello, M.; Gerschcovich, E.R.; Ballesteros, D.; Cerquetti, D. Correlation between the Movement Disorders
Society Unified Parkinson’s Disease rating scale (MDS-UPDRS) and the Unified Parkinson’s Disease rating
scale (UPDRS) during L-dopa acute challenge. Parkinsonism Relat. Disord. 2011, 17, 705-707. [CrossRef]
Deuschl, G.; Follett, K.A.; Luo, P,; Rau, J.; Weaver, EM.; Paschen, S.; Steigerwald, F.; Tonder, L.; Stoker, V.;
Reda, D.J. Comparing two randomized deep brain stimulation trials for Parkinson’s disease. J. Neurosurg.
2019, 1-9. [CrossRef] [PubMed]

Kleiner-Fisman, G.; Herzog, J.; Fisman, D.N.; Tamma, F,; Lyons, K.E.; Pahwa, R.; Lang, A.E.; Deuschl, G.
Subthalamic nucleus deep brain stimulation: Summary and meta-analysis of outcomes. Mov. Disord. 2006,
21 (Suppl. S14), S290-S304. [CrossRef]

Fasano, A.; Aquino, C.C.; Krauss, J.K.; Honey, C.R.; Bloem, B.R. Axial disability and deep brain stimulation
in patients with Parkinson disease. Nat. Rev. Neurol. 2015, 11, 98-110. [CrossRef] [PubMed]

Fasano, A.; Bloem, B.R. Gait disorders. Contin. Lifelong Learn. Neurol. 2013, 19, 1344-1382. [CrossRef]
[PubMed]

Bakker, M.; Esselink, R.A.; Munneke, M.; Limousin-Dowsey, P.; Speelman, H.D.; Bloem, B.R. Effects of
stereotactic neurosurgery on postural instability and gait in Parkinson’s disease. Mov. Disord. 2004, 19,
1092-1099. [CrossRef] [PubMed]

Zibetti, M.; Merola, A.; Rizzi, L.; Ricchi, V.; Angrisano, S.; Azzaro, C.; Artusi, C.A.; Arduino, N.; Marchisio, A.;
Lanotte, M.; et al. Beyond nine years of continuous subthalamic nucleus deep brain stimulation in Parkinson’s
disease. Mov. Disord. 2011, 26, 2327-2334. [CrossRef] [PubMed]

Rizzone, M.G.; Fasano, A.; Daniele, A.; Zibetti, M.; Merola, A.; Rizzi, L.; Piano, C.; Piccininni, C.; Romito, L.M.;
Lopiano, L,; et al. Long-term outcome of subthalamic nucleus DBS in Parkinson’s disease: From the advanced
phase towards the late stage of the disease? Parkinsonism Relat. Disord. 2014, 20, 376-381. [CrossRef]
Castrioto, A.; Lozano, A.M.; Poon, Y.Y.; Lang, A.E.; Fallis, M.; Moro, E. Ten-year outcome of subthalamic
stimulation in Parkinson disease: A blinded evaluation. Arch. Neurol. 2011, 68, 1550-1556. [CrossRef]
[PubMed]

Fasano, A.; Romito, L.M.; Daniele, A.; Piano, C.; Zinno, M.; Bentivoglio, A.R.; Albanese, A. Motor and
cognitive outcome in patients with Parkinson’s disease 8 years after subthalamic implants. Brain 2010, 133,
2664-2676. [CrossRef]


http://dx.doi.org/10.1016/j.parkreldis.2007.12.009
http://www.ncbi.nlm.nih.gov/pubmed/18328768
http://dx.doi.org/10.1159/000093213
http://www.ncbi.nlm.nih.gov/pubmed/16682797
http://dx.doi.org/10.1007/s00415-016-8314-x
http://www.ncbi.nlm.nih.gov/pubmed/27761641
http://dx.doi.org/10.1007/s00415-020-09810-7
http://dx.doi.org/10.3949/ccjm.79.s2a.04
http://dx.doi.org/10.1001/archneurol.2010.260
http://dx.doi.org/10.1001/jama.2020.1224
http://dx.doi.org/10.1002/mds.870131321
http://dx.doi.org/10.1002/mds.10123
http://dx.doi.org/10.1016/j.parkreldis.2011.07.002
http://dx.doi.org/10.3171/2018.12.JNS182042
http://www.ncbi.nlm.nih.gov/pubmed/30952118
http://dx.doi.org/10.1002/mds.20962
http://dx.doi.org/10.1038/nrneurol.2014.252
http://www.ncbi.nlm.nih.gov/pubmed/25582445
http://dx.doi.org/10.1212/01.CON.0000436159.33447.69
http://www.ncbi.nlm.nih.gov/pubmed/24092293
http://dx.doi.org/10.1002/mds.20116
http://www.ncbi.nlm.nih.gov/pubmed/15372604
http://dx.doi.org/10.1002/mds.23903
http://www.ncbi.nlm.nih.gov/pubmed/22012750
http://dx.doi.org/10.1016/j.parkreldis.2014.01.012
http://dx.doi.org/10.1001/archneurol.2011.182
http://www.ncbi.nlm.nih.gov/pubmed/21825213
http://dx.doi.org/10.1093/brain/awq221

J. Clin. Med. 2020, 9, 3931 12 of 14

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Tripoliti, E.; Limousin, P.; Foltynie, T.; Candelario, J.; Aviles-Olmos, I.; Hariz, M.L; Zrinzo, L. Predictive
factors of speech intelligibility following subthalamic nucleus stimulation in consecutive patients with
Parkinson’s disease. Mov. Disord. 2014, 29, 532-538. [CrossRef]

Mei, S.; Li, ].; Middlebrooks, E.H.; Almeida, L.; Hu, W.; Zhang, Y.; Ramirez-Zamora, A.; Chan, P. New
Onset On-Medication Freezing of Gait After STN-DBS in Parkinson’s Disease. Front. Neurol. 2019, 10, 659.
[CrossRef] [PubMed]

Vercruysse, S.; Vandenberghe, W.; Munks, L.; Nuttin, B.; Devos, H.; Nieuwboer, A. Effects of deep brain
stimulation of the subthalamic nucleus on freezing of gait in Parkinson’s disease: A prospective controlled
study. J. Neurol. Neurosurg. Psychiatry 2014, 85, 871-877. [CrossRef] [PubMed]

Moreau, C.; Pennel-Ployart, O.; Pinto, S.; Plachez, A.; Annic, A ; Viallet, F,; Destee, A.; Defebvre, L. Modulation
of dysarthropneumophonia by low-frequency STN DBS in advanced Parkinson’s disease. Mov. Disord. 2011,
26, 659-663. [CrossRef] [PubMed]

Zibetti, M.; Moro, E.; Krishna, V.; Sammartino, F.; Picillo, M.; Munhoz, R.P.,; Lozano, A.M.; Fasano, A.
Low-frequency Subthalamic Stimulation in Parkinson’s Disease: Long-term Outcome and Predictors.
Brain Stimul. 2016, 9, 774-779. [CrossRef] [PubMed]

Golfre Andreasi, N.; Rispoli, V.; Contaldi, E.; Colucci, F.; Mongardi, L.; Cavallo, M.A.; Sensi, M. Deep
brain stimulation and refractory freezing of gait in Parkinson’s disease: Improvement with high-frequency
current steering co-stimulation of subthalamic nucleus and substantia Nigra. Brain Stimul. 2020, 13, 280-283.
[CrossRef]

Antonini, A.; Stoessl, A ].; Kleinman, L.S.; Skalicky, A.M.; Marshall, T.S.; Sail, K.R.; Onuk, K.; Odin, PL.A.
Developing consensus among movement disorder specialists on clinical indicators for identification and
management of advanced Parkinson’s disease: A multi-country Delphi-panel approach. Curr. Med. Res. Opin.
2018, 34, 2063-2073. [CrossRef]

Artusi, C.A.; Zibetti, M.; Romagnolo, A.; Rizzone, M.G.; Merola, A.; Lopiano, L. Subthalamic deep brain
stimulation and trunk posture in Parkinson’s disease. Acta Neurol. Scand. 2018, 137, 481-487. [CrossRef]
Roediger, J.; Artusi, C.A.; Romagnolo, A.; Boyne, P,; Zibetti, M.; Lopiano, L.; Espay, A.].; Fasano, A.; Merola, A.
Effect of subthalamic deep brain stimulation on posture in Parkinson’s disease: A blind computerized
analysis. Parkinsonism Relat. Disord. 2019, 62, 122-127. [CrossRef]

Silva de Lima, A.L.; Evers, L.J.W.; Hahn, T.; Bataille, L.; Hamilton, J.L.; Little, M.A.; Okuma, Y.; Bloem, B.R.;
Faber, M.]. Freezing of gait and fall detection in Parkinson’s disease using wearable sensors: A systematic
review. J. Neurol. 2017, 264, 1642-1654. [CrossRef]

Silva de Lima, A.L.; Smits, T.; Darweesh, S.K.L.; Valenti, G.; Milosevic, M.; Pijl, M.; Baldus, H.; de Vries, N.M.;
Meinders, M.].; Bloem, B.R. Home-based monitoring of falls using wearable sensors in Parkinson’s disease.
Mov. Disord. 2020, 35, 109-115. [CrossRef]

Cebi, I; Scholten, M.; Gharabaghi, A.; Weiss, D. Clinical and Kinematic Correlates of Favorable Gait Outcomes
From Subthalamic Stimulation. Front. Neurol. 2020, 11, 212. [CrossRef] [PubMed]

Deuschl, G.; Schade-Brittinger, C.; Krack, P.; Volkmann, J.; Schafer, H.; Botzel, K.; Daniels, C.; Deutschlander, A.;
Dillmann, U.; Eisner, W.; et al. A randomized trial of deep-brain stimulation for Parkinson’s disease. N. Engl.
J. Med. 2006, 355, 896-908. [CrossRef] [PubMed]

Erb, M.K.; Karlin, D.R.; Ho, B.K.; Thomas, K.C.; Parisi, F.; Vergara-Diaz, G.P.; Daneault, J.F.; Wacnik, PW.;
Zhang, H.; Kangarloo, T.; et al. mHealth and wearable technology should replace motor diaries to track
motor fluctuations in Parkinson’s disease. NPJ Digit. Med. 2020, 3, 6. [CrossRef] [PubMed]

Espay, A]J.; Hausdorff, ]. M.; Sanchez-Ferro, A.; Klucken, J.; Merola, A.; Bonato, P.; Paul, S.S.; Horak, EB.;
Vizcarra, J.A.; Mestre, T.A.; et al. A roadmap for implementation of patient-centered digital outcome
measures in Parkinson’s disease obtained using mobile health technologies. Mov. Disord. 2019, 34, 657-663.
[CrossRef]

Capecci, M.; Pepa, L.; Verdini, E; Ceravolo, M.G. A smartphone-based architecture to detect and quantify
freezing of gait in Parkinson’s disease. Gait Posture 2016, 50, 28-33. [CrossRef]

Jenkinson, C.; Fitzpatrick, R.; Peto, V.; Greenhall, R.; Hyman, N. The Parkinson’s Disease Questionnaire
(PDQ-39): Development and validation of a Parkinson’s disease summary index score. Age Ageing 1997, 26,
353-357. [CrossRef]


http://dx.doi.org/10.1002/mds.25816
http://dx.doi.org/10.3389/fneur.2019.00659
http://www.ncbi.nlm.nih.gov/pubmed/31275238
http://dx.doi.org/10.1136/jnnp-2013-306336
http://www.ncbi.nlm.nih.gov/pubmed/24396010
http://dx.doi.org/10.1002/mds.23538
http://www.ncbi.nlm.nih.gov/pubmed/21506146
http://dx.doi.org/10.1016/j.brs.2016.04.017
http://www.ncbi.nlm.nih.gov/pubmed/27198578
http://dx.doi.org/10.1016/j.brs.2019.10.010
http://dx.doi.org/10.1080/03007995.2018.1502165
http://dx.doi.org/10.1111/ane.12889
http://dx.doi.org/10.1016/j.parkreldis.2019.01.003
http://dx.doi.org/10.1007/s00415-017-8424-0
http://dx.doi.org/10.1002/mds.27830
http://dx.doi.org/10.3389/fneur.2020.00212
http://www.ncbi.nlm.nih.gov/pubmed/32431656
http://dx.doi.org/10.1056/NEJMoa060281
http://www.ncbi.nlm.nih.gov/pubmed/16943402
http://dx.doi.org/10.1038/s41746-019-0214-x
http://www.ncbi.nlm.nih.gov/pubmed/31970291
http://dx.doi.org/10.1002/mds.27671
http://dx.doi.org/10.1016/j.gaitpost.2016.08.018
http://dx.doi.org/10.1093/ageing/26.5.353

J. Clin. Med. 2020, 9, 3931 13 of 14

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Jenkinson, C.; Fitzpatrick, R. Cross-cultural evaluation of the short form 8-item Parkinson’s Disease
Questionnaire (PDQ-8): Results from America, Canada, Japan, Italy and Spain. Parkinsonism Relat. Disord.
2007, 13, 22-28. [CrossRef]

Schwab, R.S.; England, A.C. Projection techniques for evaluating surgery in Parkinson’s Disease.
In Proceedings of the Third Symposium on Parkinson’s Disease, Royal College of Surgeons in Edinburgh,
Edinburgh, UK, 20-22 May 1968.

Karl, J.A.; Ouyang, B.; Colletta, K.; Verhagen Metman, L. Long-Term Satisfaction and Patient-Centered
Outcomes of Deep Brain Stimulation in Parkinson’s Disease. Brain Sci. 2018, 8, 60. [CrossRef]

Barthel, C.; Mallia, E.; Debu, B.; Bloem, B.R.; Ferraye, M.U. The Practicalities of Assessing Freezing of Gait.
J. Parkinsons Dis. 2016, 6, 667-674. [CrossRef]

Floden, D.; Cooper, S.E.; Griffith, S.D.; Machado, A.G. Predicting quality of life outcomes after subthalamic
nucleus deep brain stimulation. Neurology 2014, 83, 1627-1633. [CrossRef]

Geraedts, V.J.; Feleus, S.; Marinus, J.; van Hilten, J.J.; Contarino, M.F. What predicts quality of life after
subthalamic deep brain stimulation in Parkinson’s disease? A systematic review. Eur. J. Neurol. 2020, 27,
419-428. [CrossRef]

Barone, P.; Antonini, A.; Colosimo, C.; Marconi, R.; Morgante, L.; Avarello, T.P,; Bottacchi, E.; Cannas, A.;
Ceravolo, G.; Ceravolo, R.; et al. The PRIAMO study: A multicenter assessment of nonmotor symptoms and
their impact on quality of life in Parkinson’s disease. Mov. Disord. 2009, 24, 1641-1649. [CrossRef] [PubMed]
Dafsari, H.S.; Reddy, P.; Herchenbach, C.; Wawro, S.; Petry-Schmelzer, ].N.; Visser-Vandewalle, V.; Rizos, A.;
Silverdale, M.; Ashkan, K.; Samuel, M.; et al. Beneficial Effects of Bilateral Subthalamic Stimulation on
Non-Motor Symptoms in Parkinson’s Disease. Brain Stimul. 2016, 9, 78-85. [CrossRef] [PubMed]

Dafsari, H.S.; Silverdale, M.; Strack, M.; Rizos, A.; Ashkan, K.; Mahlstedt, P.; Sachse, L.; Steffen, J.;
Dembek, T.A.; Visser-Vandewalle, V.; et al. Nonmotor symptoms evolution during 24 months of bilateral
subthalamic stimulation in Parkinson’s disease. Mov. Disord. 2018, 33, 421-430. [CrossRef] [PubMed]

Jost, ST.; Ray Chaudhuri, K.; Ashkan, K.; Loehrer, PA.; Silverdale, M.; Rizos, A.; Evans, J;
Petry-Schmelzer, J.N.; Barbe, M.T.; Sauerbier, A.; et al. Subthalamic Stimulation Improves Quality of
Sleep in Parkinson Disease: A 36-Month Controlled Study. J. Parkinsons Dis. 2020, 1-13. [CrossRef]
Ricciardi, L.; Sorbera, C.; Barbuto, M.; Morgante, F. Sleep disturbances are mainly improved by deep brain
stimulation of the subthalamic nucleus. Mov. Disord. 2019, 34, 154-155. [CrossRef]

Jost, S.T.; Sauerbier, A.; Visser-Vandewalle, V.; Ashkan, K,; Silverdale, M.; Evans, J.; Loehrer, P.A.; Rizos, A.;
Petry-Schmelzer, ].N.; Reker, P; et al. A prospective, controlled study of non-motor effects of subthalamic
stimulation in Parkinson’s disease: Results at the 36-month follow-up. J. Neurol. Neurosurg. Psychiatry 2020,
91, 687-694. [CrossRef]

Fereshtehnejad, S.M.; Zeighami, Y.; Dagher, A.; Postuma, R.B. Clinical criteria for subtyping Parkinson’s
disease: Biomarkers and longitudinal progression. Brain 2017, 140, 1959-1976. [CrossRef]

De Pablo-Fernandez, E.; Lees, A.J.; Holton, J.L.; Warner, T.T. Prognosis and Neuropathologic Correlation of
Clinical Subtypes of Parkinson Disease. JAMA Neurol. 2019, 76, 470-479. [CrossRef]

Parkinson Disease Phenotype Classification Predicts the Outcome of Deep Brain Stimulation. Available
online: https://www.mdsabstracts.org/abstract/parkinson-disease-phenotype-classification-predicts-the-
outcome-of-deep-brain-stimulation/ (accessed on 3 December 2020).

Petry-Schmelzer, ].N.; Krause, M.; Dembek, T.A.; Horn, A ; Evans, J.; Ashkan, K.; Rizos, A ; Silverdale, M.;
Schumacher, W.; Sack, C.; et al. Non-motor outcomes depend on location of neurostimulation in Parkinson’s
disease. Brain 2019, 142, 3592-3604. [CrossRef]

Bandres-Ciga, S.; Diez-Fairen, M.; Kim, J.].; Singleton, A.B. Genetics of Parkinson’s disease: An introspection
of its journey towards precision medicine. Neurobiol. Dis. 2020, 137, 104782. [CrossRef] [PubMed]
Rizzone, M.G.; Martone, T.; Balestrino, R.; Lopiano, L. Genetic background and outcome of Deep Brain
Stimulation in Parkinson’s disease. Parkinsonism Relat. Disord. 2019, 64, 8-19. [CrossRef] [PubMed]

De Oliveira, L.M.; Barbosa, E.R.; Aquino, C.C.; Munhoz, R.P; Fasano, A.; Cury, R.G. Deep Brain Stimulation
in Patients With Mutations in Parkinson’s Disease-Related Genes: A Systematic Review. Mov. Disord.
Clin. Pract. 2019, 6, 359-368. [CrossRef] [PubMed]

Kuusimaki, T.; Korpela, J.; Pekkonen, E.; Martikainen, M.H.; Antonini, A.; Kaasinen, V. Deep brain stimulation
for monogenic Parkinson’s disease: A systematic review. J. Neurol. 2020, 267, 883-897. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.parkreldis.2006.06.006
http://dx.doi.org/10.3390/brainsci8040060
http://dx.doi.org/10.3233/JPD-160927
http://dx.doi.org/10.1212/WNL.0000000000000943
http://dx.doi.org/10.1111/ene.14147
http://dx.doi.org/10.1002/mds.22643
http://www.ncbi.nlm.nih.gov/pubmed/19514014
http://dx.doi.org/10.1016/j.brs.2015.08.005
http://www.ncbi.nlm.nih.gov/pubmed/26385442
http://dx.doi.org/10.1002/mds.27283
http://www.ncbi.nlm.nih.gov/pubmed/29465787
http://dx.doi.org/10.3233/JPD-202278
http://dx.doi.org/10.1002/mds.27588
http://dx.doi.org/10.1136/jnnp-2019-322614
http://dx.doi.org/10.1093/brain/awx118
http://dx.doi.org/10.1001/jamaneurol.2018.4377
https://www.mdsabstracts.org/abstract/parkinson-disease-phenotype-classification-predicts-the-outcome-of-deep-brain-stimulation/
https://www.mdsabstracts.org/abstract/parkinson-disease-phenotype-classification-predicts-the-outcome-of-deep-brain-stimulation/
http://dx.doi.org/10.1093/brain/awz285
http://dx.doi.org/10.1016/j.nbd.2020.104782
http://www.ncbi.nlm.nih.gov/pubmed/31991247
http://dx.doi.org/10.1016/j.parkreldis.2018.08.006
http://www.ncbi.nlm.nih.gov/pubmed/30121162
http://dx.doi.org/10.1002/mdc3.12795
http://www.ncbi.nlm.nih.gov/pubmed/31286005
http://dx.doi.org/10.1007/s00415-019-09181-8
http://www.ncbi.nlm.nih.gov/pubmed/30659355

J. Clin. Med. 2020, 9, 3931 14 of 14

78. Marras, C.; Schule, B.; Munhoz, R.P; Rogaeva, E.; Langston, ] W.; Kasten, M.; Meaney, C.; Klein, C.;
Wadia, PM.; Lim, S.Y,; et al. Phenotype in parkinsonian and nonparkinsonian LRRK2 G2019S mutation
carriers. Neurology 2011, 77, 325-333. [CrossRef]

79. Cilia, R.; Tunesi, S.; Marotta, G.; Cereda, E.; Siri, C.; Tesei, S.; Zecchinelli, A.L.; Canesi, M.; Mariani, C.B.;
Meucci, N.; et al. Survival and dementia in GBA-associated Parkinson’s disease: The mutation matters.
Ann. Neurol. 2016, 80, 662—-673. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1212/WNL.0b013e318227042d
http://dx.doi.org/10.1002/ana.24777
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Early Versus Delayed DBS: How Early? 
	The Standard Rule 
	Pros and Cons 
	Recommendations 

	The Evolution of the Levodopa Challenge Test 
	The Standard Rule 
	Pros and Cons 
	Recommendations 

	The Relevance of Axial Symptoms: How Sensitive Is Current Clinical Assessment? 
	The Standard Rule 
	Pros and Cons 
	Recommendations 

	The Need for Patient-Centered Outcome Measures 
	The Standard Rule 
	Pros and Cons 
	Recommendations 

	The Complexity of PD Spectrum Integrated into the Selection Process: Relevance of Non-Motor Symptoms 
	The Standard Rule 
	Pros and Cons 
	Recommendations 

	A New Role for Genetics 
	The Standard Rule 
	Pros and Cons 
	Recommendations 

	Conclusions 
	References

