MD Mickael Aubignat 
email: aubignat.mickael@chu-amiens.fr
  
MD-PhD Michel Lefranc 
  
MD Melissa Tir 
  
MD-PhD Pierre Krystkowiak 
  
  
Deep brain stimulation programming in Parkinson's disease: introduction of current issues and perspectives

Keywords: deep brain stimulation, Parkinson's disease, programmation, subthalamic nucleus, globus pallidus

Deep brain stimulation (DBS) is a well-established treatment for Parkinson's disease (PD) leading to a significant reduction in motor and non-motor symptoms. Numerous factors contribute to positive outcomes for DBS including careful patient selection, lead placement and effective programming. Only DBS programming can be modified after patient implantation, therefore DBS programming plays a crucial role in improving clinical outcomes. In this paper, we review the literature to present current issues and perspectives for DBS programming in PD. Only a few algorithms proposed by experts for the initial programming and management of some adverse effects are available. No guidelines are available for programming sessions and medical treatment management during DBS follow-up. Moreover, emergence of increasingly complex lead designs makes programming more and more complex.

Fortunately, in the last few years numerous techniques have emerged for optimization of DBS programming in PD.

Introduction

Deep brain stimulation (DBS) is a well-established treatment for Parkinson's disease (PD) leading to a significant reduction in motor [START_REF] Fox | International Parkinson and movement disorder society evidence-based medicine review: Update on treatments for the motor symptoms of Parkinson's disease[END_REF] and non-motor [START_REF] Kurtis | The effect of deep brain stimulation on the non-motor symptoms of Parkinson's disease: a critical review of the current evidence[END_REF][START_REF] Dafsari | Nonmotor symptoms evolution during 24 months of bilateral subthalamic stimulation in Parkinson's disease[END_REF] symptoms in the majority of patients. DBS delivers continuous electrical stimulation in the cerebral target through chronically implanted electrodes [START_REF] Benabid | Combined (thalamotomy and stimulation) stereotactic surgery of the VIM thalamic nucleus for bilateral Parkinson disease[END_REF]. Common DBS targets for PD are the globus pallidus pars interna (GPi), the subthalamic nucleus (STN) and less often the ventral intermediate nucleus (VIM) of the thalamus. A recent review concluded that GPi and STN DBS provide similar and consistent benefits with subtle target differences [START_REF] Ramirez-Zamora | Globus Pallidus Interna or Subthalamic Nucleus Deep Brain Stimulation for Parkinson Disease: A Review[END_REF]. Target selection should be tailored to each patient's clinical presentation. Numerous factors contribute to positive outcomes for DBS including careful patient selection, lead placement and effective programming [START_REF] Okun | Management of referred deep brain stimulation failures: a retrospective analysis from 2 movement disorders centers[END_REF]. Only DBS programming can be modified after patient implantation, therefore DBS programming plays a crucial role in the improvement of clinical outcome [START_REF] Moro | Subthalamic nucleus stimulation: improvements in outcome with reprogramming[END_REF]. Nevertheless, for three decades now, programming remains a manual and time-consuming process that requires highly trained and experienced clinicians to achieve maximal therapeutic benefit in each patient [START_REF] Hunka | Nursing time to program and assess deep brain stimulators in movement disorder patients[END_REF][START_REF] Koeglsperger | Deep Brain Stimulation Programming for Movement Disorders: Current Concepts and Evidence-Based Strategies[END_REF]. In this paper, we review the literature to present current issues and perspectives for DBS programming in PD.

Materials and methods

We performed a structured research on PubMed, EMBASE and Cochrane Library from January 2000 to December 2019 with search terms "Deep Brain Stimulation", "Parkinson's Disease", "programming", "management", "parameters" and "innovations". We reviewed case reports, observational studies, controlled trials and literature reviews that examined clinical effect of DBS programming and innovations in DBS technologies. Only articles in English were included. Additional articles were recovered from reference lists of relevant publications. In total, 107 papers were taken into account for this review after excluding those not focused on PD.

Current programming methods

DBS programming is usually performed by highly trained and experienced clinicians over a period of three to six months because no programming guidelines have been published yet. Only a few algorithms proposed by experts for initial programming and management of some adverse effects are available [START_REF] Volkmann | Basic algorithms for the programming of deep brain stimulation in Parkinson's disease[END_REF][START_REF] Volkmann | Introduction to the programming of deep brain stimulators[END_REF][START_REF] Kumar | Methods for programming and patient management with deep brain stimulation of the globus pallidus for the treatment of advanced Parkinson's disease and dystonia[END_REF][START_REF] Bronstein | Deep brain stimulation for Parkinson disease: an expert consensus and review of key issues[END_REF][START_REF] Picillo | Programming Deep Brain Stimulation for Parkinson's Disease: The Toronto Western Hospital Algorithms[END_REF]. In the vast majority of clinical trials on DBS in PD, programming methods have not been well described by authors. Moreover, no guidelines are available for programming sessions and medical treatment management during DBS follow-up.

Initiation of DBS

Programming is usually not initiated immediately after intervention but two to four weeks after, when the initial microlesion benefits fade away [START_REF] Kleiner-Fisman | Long-term follow up of bilateral deep brain stimulation of the subthalamic nucleus in patients with advanced Parkinson disease[END_REF][START_REF] Maltête | Microsubthalamotomy: an immediate predictor of long-term subthalamic stimulation efficacy in Parkinson disease[END_REF][START_REF] Singh | Movement kinematic after deep brain stimulation associated microlesions[END_REF]. But there is debate on the timing of the first programming visit and practices vary among centers [START_REF] Deuschl | Deep brain stimulation: postoperative issues[END_REF]. Some DBS centers advocate initiation of programming at an earlier stage while patients are still hospitalized. This method is more patient convenient and avoids an extra programming visit [START_REF] Cohen | Fast-track programming and rehabilitation model: a novel approach to postoperative deep brain stimulation patient care[END_REF][START_REF] Li | Pilot study on a fast postoperative programming approach to subthalamic nucleus stimulation in Parkinson's disease[END_REF]. In addition to microlesion effect confounding the initial results, impedance fluctuations in tissue surrounding the DBS lead can also contribute to inaccurate assessment. Impedances are observed to be increased immediately after placement of a lead, as a consequence of edema, and they tend to decrease and stabilize over the first few weeks [START_REF] Lempka | In vivo impedance spectroscopy of deep brain stimulation electrodes[END_REF][START_REF] Eleopra | Brain impedance variation of directional leads implanted in subthalamic nuclei of Parkinsonian patients[END_REF].

Current DBS parameters

Electrical stimulation consists of a pulse train that can be programmed in intensity, frequency and pulse width [START_REF] Volkmann | Introduction to the programming of deep brain stimulators[END_REF] (Fig. 1). Stimulation can be delivered from cylindrical band contacts at the distal end of the lead. The active contact located in proximity to the dorso-lateral border of the STN is the most effective [START_REF] Hamel | Deep brain stimulation of the subthalamic nucleus in Parkinson's disease: evaluation of active electrode contacts[END_REF][START_REF] Herzog | Most effective stimulation site in subthalamic deep brain stimulation for Parkinson's disease[END_REF]. Regarding GPi stimulation, contacts located in the dorsal GPi and in the GPi/GPe border are most often used [START_REF] Kumar | Methods for programming and patient management with deep brain stimulation of the globus pallidus for the treatment of advanced Parkinson's disease and dystonia[END_REF]. Only a few papers have detailed effects of varying DBS parameters on motor and non-motor symptoms [START_REF] Dayal | Subthalamic Nucleus Deep Brain Stimulation in Parkinson's Disease: The Effect of Varying Stimulation Parameters[END_REF][START_REF] Dayal | The Effect of Short Pulse Width Settings on the Therapeutic Window in Subthalamic Nucleus Deep Brain Stimulation for Parkinson's disease[END_REF][START_REF] Moro | The impact on Parkinson's disease of electrical parameter settings in STN stimulation[END_REF]. There is an inverse relationship between pulse width and voltage. The minimum voltage value causing side effects increases as the pulse width decreases, therefore DBS should be programmed with the shortest possible pulse duration [START_REF] Rizzone | Deep brain stimulation of the subthalamic nucleus in Parkinson's disease: effects of variation in stimulation parameters[END_REF]. The effects on akinesia saturate above 3 V [START_REF] Moro | The impact on Parkinson's disease of electrical parameter settings in STN stimulation[END_REF]. Finally, only a few studies have investigated effects of stimulation frequency on akinesia and rigidity in case of STN-DBS [START_REF] Volkmann | Introduction to the programming of deep brain stimulators[END_REF][START_REF] Limousin | Effect of parkinsonian signs and symptoms of bilateral subthalamic nucleus stimulation[END_REF][START_REF] Su | Frequency-dependent effects of subthalamic deep brain stimulation on motor symptoms in Parkinson's disease: a meta-analysis of controlled trials[END_REF]. For frequencies above 50 Hz, they report that the amount of symptom reduction increases almost linearly with DBS frequency up to around 130 Hz, and that from 130 Hz to 185 Hz there is a further small, nonlinear increase in symptom reduction.

Current programming algorithms

Only a few programming algorithms are published in the literature [START_REF] Volkmann | Basic algorithms for the programming of deep brain stimulation in Parkinson's disease[END_REF][START_REF] Volkmann | Introduction to the programming of deep brain stimulators[END_REF][START_REF] Kumar | Methods for programming and patient management with deep brain stimulation of the globus pallidus for the treatment of advanced Parkinson's disease and dystonia[END_REF][START_REF] Bronstein | Deep brain stimulation for Parkinson disease: an expert consensus and review of key issues[END_REF][START_REF] Picillo | Programming Deep Brain Stimulation for Parkinson's Disease: The Toronto Western Hospital Algorithms[END_REF]. The vast majority of these algorithms are based on the algorithm published by Volkmann et al. [START_REF] Volkmann | Introduction to the programming of deep brain stimulators[END_REF] in 2002 with some, generally marginal, modifications (Fig. 2). Once the location of electrodes, impedances and the neurostimulator are verified [START_REF] Samura | Short circuit in deep brain stimulation[END_REF][START_REF] Blomstedt | Hardware-related complications of deep brain stimulation: a ten year experience[END_REF], programming can begin. Initially, each electrode contact on the lead is tested in monopolar configuration with the electrode as negative (cathode) and the neurostimulator as positive (anode) (Fig. 3). With a fixed frequency at 130 Hz and pulse width at 60 µs, each of the electrode contacts is separately examined with amplitude delivered at increasing increments of 0.1-0.5V. Amplitude is increased until elicitation of: [START_REF] Fox | International Parkinson and movement disorder society evidence-based medicine review: Update on treatments for the motor symptoms of Parkinson's disease[END_REF] maximal clinical benefits on symptoms (rigidity, bradykinesia or tremor); [START_REF] Kurtis | The effect of deep brain stimulation on the non-motor symptoms of Parkinson's disease: a critical review of the current evidence[END_REF] permanent adverse effects (muscular contraction, paraesthesia, ataxia, dysarthria...).

Electrode contact with the widest therapeutic window (wider difference between the threshold for inducing adverse effects and the threshold for clinical benefits) is selected for chronic stimulation. If there is inadequate control of motor symptoms with the single monopolar configuration, the next choice is to employ a bipolar configuration (with the most effective contact negative and the adjacent contact positive). There is no fixed time interval for making this decision but most programmers wait a few weeks or couple of programming sessions before switching to bipolar configuration. An alternate method is to stay in monopolar stimulation but adjust the frequency or the pulse width. Bipolar configuration is sought if side effects with monopolar configuration are induced at low amplitudes. With bipolar configuration, higher stimulation intensities are sometimes required to achieve the same clinical benefit. If no clinical benefits and no adverse effects is achieved with the above-mentioned settings, it is possible to switch to a double-monopolar configuration (with the neurostimulator as positive and two adjacent negative contacts). However, changes in frequency, pulse width or switching to bipolar or double-monopolar stimulation are based primarily on clinician's experience because no guidelines and no studies are available.

Current clinical evaluation during programming sessions

The initial programming visit can be often last nearly 60-90 minutes. During this visit, it is important to provide patient education on several matters that are pertinent for successful DBS programming. Programming is usually performed in the morning in an off-dopaminergic medication state. However, settings must also be evaluated for adaptation in an on-dopaminergic medication state. This is particularly important for evaluating the anti-dyskinetic effect of DBS, particularly in case of DBS-GPi.

Standardized motor tasks of the Unified Parkinson's Disease Rating Scale [START_REF] Goetz | Movement Disorder Society-sponsored revision of the Unified Parkinson's Disease Rating Scale (MDS-UPDRS): scale presentation and clinimetric testing results[END_REF] are used for clinical assessment. Amongst all the cardinal motor symptoms of PD, tremor and rigidity are found to respond very quickly, usually within seconds to minutes of stimulation, whereas there is a variable time delay for improvement in akinesia [START_REF] Temperli | How do parkinsonian signs return after discontinuation of subthalamic DBS?[END_REF][START_REF] Hristova | Effect and time course of deep brain stimulation of the globus pallidus and subthalamus on motor features of Parkinson's disease[END_REF]. No study is available on the response time of non-motor symptoms.

DBS programming requires several patient visits within the first 6-12 months to find the best settings and medical treatment before stabilizing the motor and non-motor states. The number of visits and their frequency varies according to center practice and the patient's clinical condition. Usually, once the optimal programming settings are determined, patients are then followed on an annual basis for clinical performance, troubleshooting, and battery checks.

Current medication management during programming

No guidelines are available for programming sessions and medical treatment management during follow-up. Only a few papers have detailed management of battery failure [START_REF] Fakhar | Management of deep brain stimulator battery failure: battery estimators, charge density, and importance of clinical symptoms[END_REF][START_REF] Montuno | An algorithm for management of deep brain stimulation battery replacements: devising a web-based battery estimator and clinical symptom approach[END_REF]. Medication management is mainly based on empirical data.

Once optimal programing settings are determined for STN-DBS, the choice of which medications to reduce first depends on which medication-related adverse effect is worse. For example, if dyskinesia is the most troublesome, medications most likely to cause dyskinesia are reduced first [START_REF] Fox | International Parkinson and movement disorder society evidence-based medicine review: Update on treatments for the motor symptoms of Parkinson's disease[END_REF]. In order from greatest to least risk of dyskinesia, these medications are 

Current adverse effects management during programming sessions

Knowledge of neuroanatomy of the STN, the GPi and the VIM is crucial to understand current propagation in various structures and therefore to understand management options for adverse effects (for more details see [START_REF] Koeglsperger | Deep Brain Stimulation Programming for Movement Disorders: Current Concepts and Evidence-Based Strategies[END_REF]). Table 1 summarizes the main adverse effects according to position of the stimulated plot in different targets and describe how to manage them.

New programming methods and perspectives

There are over 25 000 possible combinations of programming parameters and 65 combinations of contact selection for a standard four-contact lead such as the Medtronic 3389 [START_REF] Volkmann | Basic algorithms for the programming of deep brain stimulation in Parkinson's disease[END_REF]. The number of theoretically possible configurations for a lead is exponential in the number of contacts. Therefore, with the emergence of increasingly complex lead designs [START_REF] Gunduz | Reengineering deep brain stimulation for movement disorders: Emerging technologies[END_REF], manual programming will soon be infeasible as the number of possible parameter combinations increases by many orders of magnitude.

Fortunately, in the last few years numerous techniques have emerged for optimization of DBS programming.

Current-constant stimulation

DBS involves the use of voltage-based programming. However, fluctuations in the impedance at the electrode-tissue interface were noted to contribute to an instability of voltages delivered to the target neural tissue [START_REF] Lempka | In vivo impedance spectroscopy of deep brain stimulation electrodes[END_REF][START_REF] Eleopra | Brain impedance variation of directional leads implanted in subthalamic nuclei of Parkinsonian patients[END_REF][START_REF] Butson | Sources and effects of electrode impedance during deep brain stimulation[END_REF]. Current-constant stimulation (CC), which dynamically adjusts the current to adapt to changes in impedances of the tissue-electrode interface, might offer a more stable stimulation and thus is preferred when programming soon after surgery [START_REF] Beaulieu-Boire | Current or voltage? Another Shakespearean dilemma[END_REF][START_REF] Sillay | Long-term measurement of therapeutic electrode impedance in deep brain stimulation[END_REF]. Several studies reported the non-inferiority of CC compared with current-voltages in follow-up [START_REF] Okun | Subthalamic deep brain stimulation with a constant-current device in Parkinson's disease: an open-label randomised controlled trial[END_REF][START_REF] Ramirez De Noriega | Constant Current versus Constant Voltage Subthalamic Nucleus Deep Brain Stimulation in Parkinson's Disease[END_REF][START_REF] Amami | Shifting from constantvoltage to constant-current in Parkinson's disease patients with chronic stimulation[END_REF].

Longer follow-up studies are necessary to better clarify the impact of CC on clinical outcome. Generally, brain tissue and electrode interface impedance change over a short period postoperatively, such that CC is recommended in some papers, yet is still not clearly accepted [START_REF] Bronstein | The rationale driving the evolution of deep brain stimulation to constant-current devices[END_REF].

Interleaved programming

Interleaving strategy can be applied when conventional programming techniques, such as monopolar, double-monopolar, bipolar or use of alternative pulse widths and frequencies, fail to achieve the expected clinical effect. Interleaving consists of a rapid and alternate activation of two electrode contacts with two distinct voltages and pulse widths but with an identical frequency. Some studies have shown a potential benefit of an interleaving strategy in PD patients [START_REF] Miocinovic | Outcomes, management, and potential mechanisms of interleaving deep brain stimulation settings[END_REF][START_REF] Wojtecki | Interleaving programming of subthalamic deep brain stimulation to reduce side effects with good motor outcome in a patient with Parkinson's disease[END_REF][START_REF] Baumann | Interleaving deep brain stimulation for a patient with both Parkinson's disease and essential tremor[END_REF][START_REF] Zhang | Interleaving subthalamic nucleus deep brain stimulation to avoid side effects while achieving satisfactory motor benefits in Parkinson disease[END_REF][START_REF] Kern | Interleaving Stimulation in Parkinson's Disease, Tremor, and Dystonia[END_REF][START_REF] França | Interleaving Stimulation in Parkinson Disease: Interesting to Whom?[END_REF][START_REF] Ramirez-Zamora | Interleaved programming of subthalamic deep brain stimulation to avoid adverse effects and preserve motor benefit in Parkinson's disease[END_REF][START_REF] Brosius | Reversible improvement in severe freezing of gait from Parkinson's disease with unilateral interleaved subthalamic brain stimulation[END_REF][START_REF] Tsukada | Interleaving stimulation with a combination of bipolar and monopolar configurations for secondary failure of bilateral subthalamic stimulation in Parkinson's disease[END_REF]. No guidelines are available currently. However, an interleaving strategy can be useful to: (1) use two contacts that optimally improve two specific symptoms but have different therapeutic windows;

(2) avoid side effects related to current spreading to nearby areas; (3) increase frequency in a small region; or (4) stimulate a larger target area.

New patterns of stimulation

New patterns of stimulation have been tested in the literature in animal models and PD patients [START_REF] Brocker | Improved efficacy of temporally non-regular deep brain stimulation in Parkinson's disease[END_REF][START_REF] Baker | Pallidal stimulation: effect of pattern and rate on bradykinesia in the non-human primate model of Parkinson's disease[END_REF][START_REF] Akbar | Randomized, Blinded Pilot Testing of Nonconventional Stimulation Patterns and Shapes in Parkinson's Disease and Essential Tremor: Evidence for Further Evaluating Narrow and Biphasic Pulses[END_REF][START_REF] Swan | Short pauses in thalamic deep brain stimulation promote tremor and neuronal bursting[END_REF]. This new concept consists in delivering electrical stimulation discontinuously or at variable frequency over time. Studies demonstrate the utility of new patterns of stimulation in DBS to improve effectiveness and in some cases to increase therapeutic efficacy, but large and well-powered studies will be necessary.

New pulse width and frequencies parameters

Studies have shown that in STN-DBS, reduction of pulse duration to 30 μs can increase the therapeutic window, avoiding capsular side effects because the current would be focalized on smaller-diameter axons close to the electrode, preventing stimulation of distant pyramidal tract fibers [START_REF] Dayal | The Effect of Short Pulse Width Settings on the Therapeutic Window in Subthalamic Nucleus Deep Brain Stimulation for Parkinson's disease[END_REF][START_REF] Reich | Short pulse width widens the therapeutic window of subthalamic neurostimulation[END_REF][START_REF] Steigerwald | Pulse duration settings in subthalamic stimulation for Parkinson's disease[END_REF][START_REF] Bouthour | Short pulse width in subthalamic stimulation in Parkinson's disease: a randomized, double-blind study[END_REF]. It is also demonstrated that combined application of low frequencies and low pulse width in the hemisphere responsible for asymmetric freezing of gait can resolve this difficult-to-treat symptom [START_REF] Reich | The Pirouette Test to Evaluate Asymmetry in Parkinsonian Gait Freezing[END_REF].

Stimulation at conventional settings of 130 Hz combined with high voltage has even been associated with increased incidence of gait freezing [START_REF] Moreau | STN-DBS frequency effects on freezing of gait in advanced Parkinson disease[END_REF][START_REF] Xie | Effect of stimulation frequency on immediate freezing of gait in newly activated STN DBS in Parkinson's disease[END_REF]. Multiple studies have investigated the effect of alternative frequency settings on gait and axial symptoms. Some of them report a beneficial effect of 60-80 Hz stimulation of the STN on axial and gait disorders [START_REF] Moreau | STN-DBS frequency effects on freezing of gait in advanced Parkinson disease[END_REF][START_REF] Xie | Effect of stimulation frequency on immediate freezing of gait in newly activated STN DBS in Parkinson's disease[END_REF][START_REF] Ramdhani | Early Use of 60 Hz Frequency Subthalamic Stimulation in Parkinson's Disease: A Case Series and Review[END_REF][START_REF] Moreau | Modulation of dysarthropneumophonia by low-frequency STN DBS in advanced Parkinson's disease[END_REF][START_REF] Xie | Lowfrequency stimulation of STN-DBS reduces aspiration and freezing of gait in patients with PD[END_REF][START_REF] Khoo | Lowfrequency subthalamic nucleus stimulation in Parkinson's disease: a randomized clinical trial[END_REF]. However, this benefic is not found in others [START_REF] Phibbs | 60-Hz frequency effect on gait in Parkinson's disease with subthalamic nucleus deep brain stimulation[END_REF][START_REF] Sidiropoulos | Low-frequency subthalamic nucleus deep brain stimulation for axial symptoms in advanced Parkinson's disease[END_REF][START_REF] Vallabhajosula | Lowfrequency versus high-frequency subthalamic nucleus deep brain stimulation on postural control and gait in Parkinson's disease: a quantitative study[END_REF][START_REF] Stegemöller | Selective use of low frequency stimulation in Parkinson's disease based on absence of tremor[END_REF]. Furthermore, it is possible that these beneficial effects may not be sustained over time [START_REF] Ricchi | Transient effects of 80 Hz stimulation on gait in STN DBS treated PD patients: a 15 months follow-up study[END_REF]. In some studies, switching from a high to low frequency stimulation also ameliorated speech intelligibility [START_REF] Wojtecki | Frequency-dependent reciprocal modulation of verbal fluency and motor functions in subthalamic deep brain stimulation[END_REF] and hypophonia [START_REF] Moreau | Modulation of dysarthropneumophonia by low-frequency STN DBS in advanced Parkinson's disease[END_REF]. On the other hand, tremor control has been observed to be worse with lower frequencies [START_REF] Xie | Effect of stimulation frequency on immediate freezing of gait in newly activated STN DBS in Parkinson's disease[END_REF][START_REF] Xie | Lowfrequency stimulation of STN-DBS reduces aspiration and freezing of gait in patients with PD[END_REF][START_REF] Ricchi | Transient effects of 80 Hz stimulation on gait in STN DBS treated PD patients: a 15 months follow-up study[END_REF].

Design of new leads

New lead designs are currently undergoing preclinical and clinical trials [START_REF] Gunduz | Reengineering deep brain stimulation for movement disorders: Emerging technologies[END_REF][START_REF] Contarino | Directional steering: A novel approach to deep brain stimulation[END_REF][START_REF] Pollo | Directional deep brain stimulation: an intraoperative double-blind pilot study[END_REF][START_REF] Van Dijk | A novel lead design enables selective deep brain stimulation of neural populations in the subthalamic region[END_REF][START_REF] Willsie | Fabrication and initial testing of the μDBS: a novel Deep Brain Stimulation electrode with thousands of individually controllable contacts[END_REF][START_REF] Buhlmann | Modeling of a segmented electrode for desynchronizing deep brain stimulation[END_REF][START_REF] Steigerwald | Directional deep brain stimulation of the subthalamic nucleus: A pilot study using a novel neurostimulation device[END_REF][START_REF] Dembek | Directional DBS increases side-effect thresholds-A prospective, double-blind trial[END_REF][START_REF] Shao | Early Experience With New Generation Deep Brain Stimulation Leads in Parkinson's Disease and Essential Tremor Patients[END_REF].

The collective idea behind new designs is to steer currents in the direction of therapeutic targets and to avoid stimulating areas prone to side effects [START_REF] Contarino | Directional steering: A novel approach to deep brain stimulation[END_REF]. A study with one of these new leads show that 43% lower stimulation magnitudes are required for the same therapeutic benefits intraoperatively [START_REF] Pollo | Directional deep brain stimulation: an intraoperative double-blind pilot study[END_REF]. However, an increased number of programming options would further complicate clinical programming [START_REF] Koeglsperger | Deep Brain Stimulation Programming for Movement Disorders: Current Concepts and Evidence-Based Strategies[END_REF][START_REF] Volkmann | Basic algorithms for the programming of deep brain stimulation in Parkinson's disease[END_REF] but testing all potential combinations is not necessary. For the moment, new programming algorithms based on solid data are still lacking. Two programming methods can be considered. First, we can use the "old method" described above (Fig. 2). We need to start by evaluating the efficacy threshold and adverse effect threshold on all four-contact levels in ring mode and thereafter focus the monopolar review on the segmented electrode level with the best therapeutic window in ring mode. Secondarily, we can use new computational tools for DBS programming as described below.

New computational tools for DBS programming

Numerous softwares and algorithms have been developed for 3D-visualization of the volume of tissue activation (VTA), a concept to model the spatial dimension of stimulation for a given set of stimulation parameters as a function of the stimulation parameters and electrode location within the brain [START_REF] Butson | Patient-specific analysis of the volume of tissue activated during deep brain stimulation[END_REF][START_REF] Horn | The impact of modern-day neuroimaging on the field of deep brain stimulation[END_REF][START_REF] Nguyen | Directional stimulation of subthalamic nucleus sweet spot predicts clinical efficacy: Proof of concept[END_REF][START_REF] Bunaux | Predicting Current Thresholds for Pyramidal Tract Activation Using Volume of Activated Tissue Modeling in Patients Undergoing Deep Brain Stimulation Surgery[END_REF]. Moreover, algorithms have been developed to automatically generate stimulation parameters according to the position of the electrodes on the patient's imageries [START_REF] Horn | Lead-DBS: a toolbox for deep brain stimulation electrode localizations and visualizations[END_REF][START_REF] Horn | Lead-DBS v2: Towards a comprehensive pipeline for deep brain stimulation imaging[END_REF][START_REF] Husch | PaCER -A fully automated method for electrode trajectory and contact reconstruction in deep brain stimulation[END_REF][START_REF] Lauro | DBSproc: An open source process for DBS electrode localization and tractographic analysis[END_REF][START_REF] Lauro | DBStar: An Open-Source Tool Kit for Imaging Analysis with Patient-Customized Deep Brain Stimulation Platforms[END_REF][START_REF] Miocinovic | Cicerone: stereotactic neurophysiological recording and deep brain stimulation electrode placement software system[END_REF][START_REF] Anderson | Optimized programming algorithm for cylindrical and directional deep brain stimulation electrodes[END_REF][START_REF] Zhang | Electrode Reconstruction Assists Post-operative Contact Selection in Deep Brain Stimulation[END_REF]. These models will be indispensable in guiding clinical programming of directional leads. Some manufacturers are now making these softwares available to clinicians on tablets to facilitate programming. We can quote GUIDE XT (Boston Scientific) or SureTune 3 (Medtronic). Recent clinical studies comparing model-based settings with clinical settings report significantly reduced programming time [START_REF] Pourfar | Model-Based Deep Brain Stimulation Programming for Parkinson's Disease: The GUIDE Pilot Study[END_REF][START_REF] Butson | Evaluation of Interactive Visualization on Mobile Computing Platforms for Selection of Deep Brain Stimulation Parameters[END_REF][START_REF] Paek | Fusion image-based programming after subthalamic nucleus deep brain stimulation[END_REF], reduced power consumption [START_REF] Pourfar | Model-Based Deep Brain Stimulation Programming for Parkinson's Disease: The GUIDE Pilot Study[END_REF], and reduced side effects, such as stimulation induced cognitive decline [START_REF] Frankemolle | Reversing cognitive-motor impairments in Parkinson's disease patients using a computational modelling approach to deep brain stimulation programming[END_REF]. However, currently no guidelines are available for routine use of these softwares and few studies have evaluated their relevance in clinical practice.

New closed-loop and adaptive DBS systems

Traditional DBS systems deliver constant stimulation without adjusting the therapy to the patient's individual symptoms, medication status, or side effects. It may be possible to achieve improved patient outcomes and increased battery life by utilizing a feedback signal that directly or indirectly indicates a symptom state taken from the brain or peripheral sensors to adapt stimulation parameters [START_REF] Habets | An update on adaptive deep brain stimulation in Parkinson's disease[END_REF][START_REF] Hell | Deep Brain Stimulation Programming 2.0: Future Perspectives for Target Identification and Adaptive Closed Loop Stimulation[END_REF]. Such a system is called a "closed-loop DBS" system or an adaptive DBS system. The most extensively investigated DBS biomarker in surgery is the Parkinsonian beta-band (12-30 Hz) power in the local field potentials (LFPs) drawn from the STN region.

Increased power in beta activity has been correlated with PD motor symptoms. This exaggerated beta power can be reduced with medication (levodopa) and with DBS [START_REF] Toledo | High beta activity in the subthalamic nucleus and freezing of gait in Parkinson's disease[END_REF]. Many systems are currently under development with more or less promising results depending on studies [START_REF] Arlotti | Eighthours adaptive deep brain stimulation in patients with Parkinson disease[END_REF][START_REF] Morishita | Need for multiple biomarkers to adjust parameters of closed-loop deep brain stimulation for Parkinson's disease[END_REF]. Nevertheless, these systems remain for the time being in the field of research and will probably not be available in clinical practice for about one decade.

New cerebral targets

New cerebral targets are currently being investigated to treat symptoms that are less responsive to standard DBS targets such as the centromedian thalamus, the zona incerta, and the pedunculopontine nucleus (PPN) [START_REF] Budman | Potential indications for deep brain stimulation in neurological disorders: an evolving field[END_REF]. PPN [START_REF] Nowacki | Pedunculopontine nucleus: An integrative view with implications on Deep Brain Stimulation[END_REF], and more recently the substantia nigra [START_REF] Weiss | Nigral stimulation for resistant axial motor impairment in Parkinson's disease? A randomized controlled trial[END_REF] have been used in an effort to improve gait and balance. However, more carefully controlled studies will be needed to assess the potential benefits and risks as well as the appropriate selection criteria. Stimulation of the motor cortex has also been proposed as an alternative strategy, but the results have been inconsistent and with current methods in general have been disappointing [START_REF] Bentivoglio | Unilateral extradural motor cortex stimulation is safe and improves Parkinson disease at 1 year[END_REF].

Conclusion

DBS is a well-established treatment for PD. Clear guidelines exist for pre-surgical evaluation but there are no absolute guidelines regarding post-surgical management of DBS and medical treatment. Algorithms currently available do not cover all aspects of DBS programming needs, and post-surgical management is typically based on personal experience and individual preferences. Moreover, emergence of increasingly complex lead designs makes programming more and more complex.

Although many new programming technologies have been introduced in recent years, most of them are in the development stage and no consensus has come forward for their use in current practice. It seems urgent to conduct studies to develop standardized, automatized, objective and consensual methods of DBS programming in PD.
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  (1) catecholamine-o-methyl-transferase (COMT) inhibitors; (2) immediate-release levodopa; (3) controlled-release levodopa; (4) duodenal levodopa infusion; (5) dopamine agonists; and (6) anticholinergics. If cognitive or psychiatric problems are the most troublesome, medications with the greatest risk of these complications should be reduced first [1]. They are, in decreasing order: (1) anticholinergics; (2) dopamine agonists; (3) controlled-release levodopa; (4) duodenal levodopa infusion; (5) COMT inhibitors; and (6) immediaterelease levodopa. For GPI-DBS and VIM-DBS, DBS is primarily directed at suppressing dyskinesia or tremor. Medication reduction is usually not a goal.
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 12 Figure 1 -Schematic representation of stimulation parameters
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 3 Figure 3 -Schematic representation of volume of tissue activation according to

Table 1 -Main adverse effects and their management according to electrode positioning and stimulated target

 1 

		Anatomical location	Adverse effect	Management
			Ataxia	Reduce amplitude, switch to bipolar configuration
		Too medial	Diplopia Dysarthria	or use more dorsally contact For patients with segmented leads, use more lateral contact
		Too anterior	Tonic muscle contraction Nausea Excessive sweating Dizziness	Reduce amplitude or switch to bipolar configuration For patients with segmented leads, use more posterior contact
			Depression	
			Mania	
	STN	Too ventral	Impulse control disorder	Reduce amplitude, use more dorsal contact or switch to bipolar configuration
			Tonic muscle	
			contraction	
				Reduce amplitude, use more dorsal contact or
		Too lateral	Tonic muscle contraction	switch to bipolar configuration For patients with segmented leads, use more
				medial contact
				Reduce amplitude, use more dorsal contact or
		Too posterior	Paresthesia	switch to bipolar configuration For patients with segmented leads, use more
				anterior contact
			Tonic muscle	Reduce amplitude, use more dorsal contact or
		Too ventral	contraction Akinesia	switch to bipolar configuration For patients with segmented leads, use more
			Phosphenes	posterior contact if phosphenes
				Reduce amplitude, use more dorsal contact or
	GPi	Too posterior or too medial	Tonic muscle contraction	switch to bipolar configuration For patients with segmented leads, use more
				anterior contact
				Increase amplitude, switch to double-monopolar
		Too anterior or too	Insufficient clinical	configuration or switch to bipolar configuration
		lateral	efficacy of DBS	For patients with segmented leads, use more
				posterior contact
				Reduce amplitude, use more dorsal contact or
		Too posterior	Paresthesia	switch to bipolar configuration For patients with segmented leads, use more
				anterior contact
				Reduce amplitude or switch to bipolar
	VIM	Too lateral	Tonic muscle contraction	configuration For patients with segmented leads, use more
				medial contact
		Too ventral	Tonic muscle contraction Speech impairment	Reduce amplitude, use more dorsal contact or switch to bipolar configuration
	DBS: deep brain stimulation; GPi: globus pallidus pars interna; STN: subthalamic
	nucleus; VIM: ventral intermediate nucleus of the thalamus.