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Résumé

Objectif : Les électrodes directionnelles sont utilisées depuis quelques années pour la stimulation cérébrale profonde (SCP) et sont particulièrement employées dans la SCP du noyau sous-thalamique (NST) dans la maladie de Parkinson (MP). Dans cette étude, nous avons cherché à comparer deux cohortes de patients implantés avec des électrodes omnidirectionnelles et directionnelles en ce qui concerne l'efficacité clinique et à évaluer la corrélation avec l'intersection volume de tissu activé -cible (VTA-cible).

Matériel et méthodes : Au total, 60 patients ont été inclus. 27 patients avec électrodes directionnelles ont été comparés à 33 patients avec électrodes omnidirectionnelles. Les scores MDS UPDRS III, la levodopa equivalent daily dose (LEDD) et les volumes d'intersection du VTA avec le NST moteur et avec le volume du sweetspot d'amélioration motrice ont été comparés 12 mois après la chirurgie.

Résultats : Il y a une réduction LEDD significativement plus élevée dans la cohorte des électrodes directionnelles de plus de 8 % (51,3 % de réduction contre 42,7 % de réduction, p = 0,042) par rapport au groupe omnidirectionnel, avec des scores moteurs MDS UPDRS III similaires à 12 mois. Les patients avec électrodes omnidirectionnelles avaient un volume de chevauchement VTA-NST moteur significativement supérieur à celui des patients avec électrodes directionnelles (32,01 mm 3 contre 20,38 mm 3 , p = 0,0226), mais la proportion de VTA dans le NST moteur ou dans le sweetspot d'amélioration motrice globale ne différait pas statistiquement entre les deux groupes. Chez les patients avec électrodes directionnelles, la réduction de la LEDD était corrélée au chevauchement du VTA avec le sweetspot d'amélioration motrice globale (R = 0,36, p = 0,036), ce qui n'était pas le cas pour les patients avec électrodes omnidirectionnelles (R = 0,11, p = 0,276). 41 % des patients implantés avec des électrodes directionnelles avaient un réglage de stimulation directionnelle à 12 mois. Dans l'analyse du sous-groupe de patients avec électrodes directionnelles, il n'y avait pas de différence significative dans les scores MDS UPDRS III, la réduction des LEDD, les chevauchements du VTA avec le NST moteur ou avec le sweetspot de l'amélioration motrice globale entre les patients stimulés de manière omnidirectionnelle et directionnelle à 12 mois.

Conclusion :

Par rapport aux électrodes omnidirectionnelles, les électrodes directionnelles permettent, avec des volumes d'intersections VTA-cibles moins importants, d'obtenir un score UPDRS III comparable avec une meilleure réduction de la dose quotidienne d'équivalent de dopa à 12 mois de la SCP du NST chez les patients atteints de la maladie de Parkinson. 
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Introduction

Neurosurgical treatment of Parkinson's disease patients mainly began with stereotactic thalamotomy. The latter was a lesioning technique that was used on the ventral intermediate nucleus (Vim) of the thalamus and was very effective on essential tremor patients and on tremor symptoms of PD patients 1 . However, it presented major drawbacks mainly related to its irreversible nature and neurological complications when performed bilaterally that led to the development of deep brain stimulation (DBS). High frequency DBS for Parkinson's disease (PD) started with Benabid et al. [START_REF] Benabid | Chronic VIM thalamic stimulation in Parkinson's disease, essential tremor and extra-pyramidal dyskinesias[END_REF][START_REF] Benabid | Chronic electrical stimulation of the ventralis intermedius nucleus of the thalamus as a treatment of movement disorders[END_REF] as a reversible strategy for stereotactic thalamotomy. Deep brain stimulation has proven overtime to be a safe and reliable procedure [START_REF] Mendes Martins | Surgical complications of deep brain stimulation: clinical experience of 184 cases[END_REF] . The target for DBS then progressively extended to subthalamic nucleus [START_REF] Benabid | Acute and long-term effects of subthalamic nucleus stimulation in Parkinson's disease[END_REF] (STN) mainly in Europe, because it allowed control over tremor but over akinesia and rigidity as well [START_REF] Fraix | Subthalamic nucleus stimulation in tremor dominant parkinsonian patients with previous thalamic surgery[END_REF] . Since then, deep brain stimulation of the subthalamic nucleus remains a well -established treatment for Parkinson's disease 6 (PD). DBS of the STN significantly improves the MDS UPDRS III score [START_REF] Chou | The MDS-UPDRS tracks motor and non-motor improvement due to subthalamic nucleus deep brain stimulation in Parkinson disease[END_REF] and the quality of life of patients [START_REF] Floden | Predicting quality of life outcomes after subthalamic nucleus deep brain stimulation[END_REF][START_REF] Lagrange | Bilateral subthalamic nucleus stimulation improves health-related quality of life in PD[END_REF][START_REF] Fraix | Clinical and economic results of bilateral subthalamic nucleus stimulation in Parkinson's disease[END_REF] even on the long term [START_REF] Bove | Long-term Outcomes (15 Years) After Subthalamic Nucleus Deep Brain Stimulation in Patients With Parkinson Disease[END_REF] .

Many targets were reported in the literature including the thalamus, globus pallidus internus (GPI), STN, pedunculopontine nucleus and pre-lemniscal radiation [START_REF] Temel | Targets for deep brain stimulation in Parkinson's disease[END_REF] but the STN remains one the preferred targets [START_REF] Benabid | Deep brain stimulation of the subthalamic nucleus for the treatment of Parkinson's disease[END_REF] . It successfully reduces medication dosage intake more than GPi targeting [START_REF] Liu | Meta-analysis comparing deep brain stimulation of the globus pallidus and subthalamic nucleus to treat advanced Parkinson disease[END_REF] .

The STN is a small ovoid shaped biconvex nucleus that is oriented ventrally and medially and measures about 9 mm in length and 6 mm in width, but these values vary greatly according to the studies and whether the measures are made on anatomic specimens or on MRI [START_REF] Mavridis | Anatomy of the Human Subthalamic Nucleus: A Combined Morphometric Study[END_REF][START_REF] Daniluk | Assessment of the variability in the anatomical position and size of the subthalamic nucleus among patients with advanced Parkinson's disease using magnetic resonance imaging[END_REF] . The STN is moreover divided into three parts according to its connectivity patterns: limbic, associative and sensorimotor [START_REF] Emmi | Anatomy and Connectivity of the Subthalamic Nucleus in Humans and Non-human Primates[END_REF] . The latter part is often cited as DBS target for PD patients and in general the dorsolateral part of the STN and the surrounding white matter seem to be the optimal ''sweetspot'' for targeting [START_REF] De Roquemaurel | Stimulation Sweet Spot in Subthalamic Deep Brain Stimulation -Myth or Reality? A Critical Review of Literature[END_REF] . Having such a small target requires great precision and accuracy during lead implantation and can be quite a challenge.

The main goal of precise targeting is to maximize beneficial effects of the stimulation while at the same time avoid the possible side effects. In fact, stimulation can induce side effects in correlation with the STN surrounding anatomy: muscle contraction if the internal capsule is stimulated laterally and posteriorly, oculomotor movements if stimulated medially, cognitive, and behavioral changes if stimulated anteriorly and akinesia if stimulated inferiorly in relation with substantia nigra [START_REF] Umemura | Complications of subthalamic nucleus stimulation in Parkinson's disease[END_REF] .

Actual targeting methods include lead implantation within the STN with an error margin of up to 3 mm [START_REF] Guo | Surgical targeting accuracy analysis of six methods for subthalamic nucleus deep brain stimulation[END_REF] . Considering the small size of the STN [START_REF] Emmi | Anatomy and Connectivity of the Subthalamic Nucleus in Humans and Non-human Primates[END_REF] , a deviation of a few millimeters of the lead during implantation can put the contacts close to the adjacent structures around the nucleus. Historically, ring contacts leads were implanted, from single contact leads to nowadays quadripolar leads. The contacts in this type of electrodes activated the tissue around it forming a sphere without surrounding tissue discrimination. This can rapidly decrease the side-effect threshold and substantially decrease the DBS efficacy. Thus, current steering has emerged as a promising solution to this issue [START_REF] Schüpbach | Directional leads for deep brain stimulation: Opportunities and challenges[END_REF] . A directional lead can steer the current towards a particular direction, which changes the shape of the classic spheric volume of tissue activated (VTA). Theoretically this should allow for better dorsolateral STN targeting while avoiding activation of surrounding tissues responsible for DBS side-effects [START_REF] Masuda | Surgical Strategy for Directional Deep Brain Stimulation[END_REF] . It should compensate for lead mispositioning by correctly orienting VTAs [START_REF] Kramme | Potentials and Limitations of Directional Deep Brain Stimulation: A Simulation Approach[END_REF] .

Studies regarding directional leads efficacy have demonstrated an increase in therapeutic window in individual patients implanted with directional electrodes [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, doubleblind trial[END_REF][START_REF] Schnitzler | Directional Deep Brain Stimulation for Parkinson's Disease: Results of an International Crossover Study With Randomized, Double-Blind Primary Endpoint[END_REF] , with an increase in side-effect threshold. However, very few studies tried to directly compare a group of patients implanted with omnidirectional leads with a second group implanted with directional leads which therefore has a ''choice'' of directional stimulation. Only one study had such configuration and tried to compare such two groups when it comes to motor and medication intake [START_REF] Pintér | Antiparkinsonian Drug Reduction After Directional Versus Omnidirectional Bilateral Subthalamic Deep Brain Stimulation[END_REF] . It has shown a superior decrease in LEDD in the directional leads group.

To our knowledge, there has been no direct comparison between omnidirectional and directional leads with correlation to the anatomical post-operative lead localization and their VTAs. We therefore aimed to assess this aspect in our study.

Materials and methods

Patients' cohort

All patients implanted with DBS electrodes for PD (Parkinson disease) from February 2017 until September 2020 were screened. Among 90 PD patients eligible for inclusion, 60 patients were selected for the study. Reasons for exclusion were missing ON or OFF medication UPDRS III score at 12 months (22 patients), absence of reliable LEDD for certain dopaminergic agonists (2 patients), infection (2 patients), one sided implantation (2 patients), per-operative hemorrhage (1 patient) and death (1 patient).

33 patients were implanted with omnidirectional electrodes and 27 patients with directional electrodes. Implanted omnidirectional leads were quadrapolar Medtronic 3389 (Figure 1), except for one patient who had Boston scientific Vercise standard linear 8 contact leads. All implanted directional leads were Boston Scientific Vercise Cartesia (Figure 2).

For each patient we identified the age, sex, disease starting year, MDS UPDRS III score OFF and ON medication (MED) pre-operatively and at 12 months, LEDD pre-operatively and at 12 months, date of surgery, chosen contacts and stimulation parameters post-operatively and at 12 months. All MDS UPDRS III scores measured at 12 months were with stimulation ON.

LEDD calculations were performed using the Equidopa 27 online tool. Pre-operative imaging was performed with a 3T MRI and included a whole brain 3D T1 and a basal ganglia focused coronal T2 sequences. Post-operative imaging was performed using a CT scan with slices' thickness inferior to 1 mm. 

Image processing

All calculations were performed using the Lead-DBS Toolbox (https://www.lead-dbs.org/) [START_REF] Horn | Lead-DBS v2: Towards a comprehensive pipeline for deep brain stimulation imaging[END_REF] on MATLAB R2022a. MRI pre-operative acquisitions were co-registered linearly using SPM12 [START_REF]Statistical parametric mapping: the analysis of funtional brain images[END_REF] and CT postoperative acquisition were linearly co-registered to pre-operative T1 MRI using two-stage linear registration (rigid followed by affine) as implemented in Advanced Normalization Tools 32 (ANTs).

Normalization

Pre and post-operative acquisitions were spatially normalized into Montreal Neurological Institute (MNI) space (2009b, nonlinear, asymmetric) using the symmetric diffeomorphic registration approach (SyN) as implemented in ANTs 32-34 . This step was followed by a ''subcortical refine'' step, if necessary, as implemented in Lead-DBS software.

Post-operative brainshift [START_REF] Horn | Lead-DBS: a toolbox for deep brain stimulation electrode localizations and visualizations[END_REF] was corrected as implemented in Lead-DBS software.

Lead Localization

DBS leads were automatically pre-localized in native and template space using PaCER 36 algorithm. When this method failed TRAC/CORE [START_REF] Horn | Lead-DBS: a toolbox for deep brain stimulation electrode localizations and visualizations[END_REF] algorithm was used (6 patients). All electrodes were individually visualized and manual corrections were performed when necessary. Directional electrodes orientation was automatically detected in Lead-DBS according to DiODe v2 [START_REF] Dembek | DiODe v2: Unambiguous and Fully-Automated Detection of Directional DBS Lead Orientation[END_REF] .

STN subcortical atlases and VTA calculations

VTAs were calculated using a finite element method approach as implemented in Lead-DBS [START_REF] Horn | Connectivity Predicts deep brain stimulation outcome in Parkinson disease[END_REF] .

Subcortical atlases used for VTA-target overlap calculations were DISTAL Minimal [START_REF] Horn | Lead-DBS v2: Towards a comprehensive pipeline for deep brain stimulation imaging[END_REF][START_REF] Nowacki | Accuracy of different three-dimensional subcortical human brain atlases for DBS -lead localisation[END_REF] for motor STN and STN Sweetspots [START_REF] Dembek | Probabilistic sweet spots predict motor outcome for deep brain stimulation in Parkinson disease[END_REF] for ''overall motor mean map gradient''. The latter is a probabilistic sweet spot predicting motor outcome.

TEED calculations (Total electrical energy delivered)

The TEEDs were calculated for voltage-based leads (Medtronic) according to Koss et al. formula [START_REF] Koss | Calculating total electrical energy delivered by deep brain stimulation systems[END_REF] TEED (uJ) = voltage(V)² * impulse width (S) * frequency (Hz) / impedance (Ohm) * 10 6For current-based leads TEEDs were calculated using a derived formula where voltage was replaced with current according to Ohm's law as described by Hui et al [START_REF] Hui | Assessing the effect of current steering on the total electrical energy delivered and ambulation in Parkinson's disease[END_REF] :

TEED (uJ) = intensity(A)² * impulse width (S) * frequency (Hz) * impedance (Ohm) * 10 6

Since impedance was not available for all patients, all TEEDs were calculated by assuming that the impedance was equal for both groups and a standard value of 1000 ohms was used.

Statistics

Statistical analysis was performed using McNemar standard test for qualitative variables and Student t-test for quantitative variables.

A linear regression model (Pearson coefficient) was used to correlate VTA-target overlap to different variables.

Results :

Patients' pre-operative characteristics Patients' pre-operative characteristics were summarized in Table 1. Patients implanted with omnidirectional leads did not differ from patients implanted with directional leads when it comes to mean age at surgery (62.21 vs 61.11, p = 0.58), mean disease age (10.55 vs 10.37, p = 0.86) and mean pre-operative MDS UPDRS III score OFF MED (46.45 vs 45.74, p = 0.87) nor ON MED (16.5 vs 16.26, p = 0.93). However directional leads patients had a significantly higher LEDD intake pre-operatively than omnidirectional leads patients (1575.45 mg vs 1303.28 mg, p= 0.044). This might be due to a selection bias in our center; clinically worse patients were possibly preferably implanted with directional leads. There was a slightly superior male predominance in directional leads implanted patients (74% vs 58%).

Omnidirectional leads patients vs directional leads patients comparison MDS UPDRS III motor score

All MDS UPDRS III score values are measured with ongoing stimulation (STIM ON). The patients implanted with directional electrodes had similar UPDRS motor score as patients implanted with omnidirectional electrodes (Figure 3). There was no significant difference preoperatively OFF and ON medication (respectively OFF med 46. 4 

LEDD intake pre-operatively versus at 12 months

Considering that directional leads should theoretically be able to steer the current ''better'' towards the stimulation sweet spot, we can hypothesize that the LEDD intake decrease should be greater in these patients.

At 12 months omnidirectional and directional leads patients had similar LEDDs (748 mg vs 768 mg, p = 0.85), even though pre-operative LEDD in directional patients were significantly higher (1575 mg vs 1303 mg, p = 0.044 for a two tailed t-test). The daily LED decrease was therefore significantly higher in directional electrodes patients by more than 8% (-808 mg or 51.3% reduction vs -556 mg or 42.7 % reduction, p = 0.042 for a one tailed t-test) (Figure 4). 

VTA-target overlap at 12 months

Both omnidirectional and directional leads patients' groups showed a positive correlation between the LEDD intake reduction and the VTA-motor STN overlap volume (R = 0.46, p = 0.002 vs R = 0.36, p = 0.034). In other words, the more motor STN volume is within the VTA, the more levodopa consumption is further reduced (Figure 5). When using the overall motor improvement mean map, LEDD decrease was significantly positively correlated with VTAmotor mean map sweetspot intersection in directional leads patients (R = 0.36, p = 0.036) however we did not find this correlation with omnidirectional leads (R = 0.11, p = 0.278).

Omnidirectional leads patients had a significantly superior VTA-motor STN overlap volume than directional leads patients (32.01 mm 3 vs 20.38 mm 3 , p = 0.0226). This is also applicable to the overall motor improvement mean map (p = 9.04 x 10 -07 ). However, there was no significant difference (p = 0.10) between the two groups when it comes to the normalized VTA-motor STN intersection volume (VTA -motor STN intersection/VTA) (p = 0.10) nor when it comes to normalized VTA-overall motor improvement mean map (p = 0.72), which suggests that both groups had comparable proportion of VTA volumes within motor STN and overall motor improvement mean map (Figure 6). 

TEED at 12 months

Surprisingly the total electrical energy delivered with the stimulation settings at 12 months in omnidirectional leads patients was roughly similar to the energy delivered in directional leads patients (111.5 uJ vs 110.6 uJ, p = 0.93). Using current steering leads did not reduce current consumption as expected (Figure 7). 

Stimulation configuration during follow-up

Of the 60 patients included in the study, 27 were implanted with directional electrodes. The stimulation setting was noted post-operatively, at 3 months and at 12 months (Figure 8). Postoperatively, only 4 out of 27 patients had a directional stimulation setting (15%). However, this proportion significantly increased at 3 months (33%, p = 0.01) and at 12 months (41%, p = 0.02). There was no statistically significant difference between the proportion of directionally stimulated patients at 3 months vs 12 months (p = 0.23). 

MDS UPDRS III motor score

All MDS UPDRS III score values are measured with ongoing stimulation (STIM ON). Within the patients implanted with directional electrodes, there was no significant difference in UPDRS motor score pre and post-operatively at 12 months when comparing the patients with an omnidirectional setting and those with a directional setting (at 12 months respectively: OFF med: 26.4 vs 28.9 p = 0.51, ON med: 15.6 vs 17.9 p = 0.39) (Figure 9). 

LEDD intake pre-operatively versus at 12 months

There was no significant difference in daily LED between directional electrodes patients stimulated omnidirectionally and directionally pre-operatively (1586 mg vs 1560 mg, p = 0.89) and at 12 months (742 mg vs 805 mg, p = 0.73). Daily LED decrease was therefore similar (Figure 10). 

VTA-target intersection at 12 months

No visually detectable pattern was found during reconstruction of omnidirectionally and directionally stimulated leads (Figure 13 and14). There was no statistically significant difference in VTA-motor STN overlap between patients stimulated omnidirectionally or directionally at 12 months (p = 0.7436) (Figure 15). There was a tendency to a superior VTA-overall motor improvement mean map intersection in directionally stimulated patients, without statistical significance (p = 0.0992).

Figure 15 VTA-target intersection volumes (mm 3 ). In blue: omnidirectionally stimulated patients, in red: directionally stimulated patients.

Discussion

To our knowledge this is the largest study that assesses the correlation between clinical findings and anatomical localization of the implanted DBS leads with a group comparison between omnidirectional and directional leads.

We did not find any significant difference in MDS UPDRS III scores at 12 months between directional and omnidirectional leads implanted in PD patients which is consistent with another study 26 in the literature.

In our study, directional leads patients had a significantly higher LEDD intake pre-operatively than omnidirectional leads patients (1575.45 mg vs 1303.28, p= 0.044). This is probably due to a selection bias in our center; clinically worse patients were preferably implanted with directional leads. Even though these patients had more LEDD intake pre-operatively, they had comparable LEDDs at 12 months to those of the omnidirectional leads' patients. In fact, the LEDD intake decrease was significantly higher using a one-tailed t-test in directional leads patients compared to omnidirectional leads, by 252 mg (about 8.7% more dose reduction). This LEDD intake decrease is consistent with results in D.Pinter et al study [START_REF] Pintér | Antiparkinsonian Drug Reduction After Directional Versus Omnidirectional Bilateral Subthalamic Deep Brain Stimulation[END_REF] that found a 13% drug reduction in directional leads patients compared to omnidirectional leads patients.

Furthermore, we demonstrated that the LEDD intake decrease was directly correlated to the volume of the intersection between the volume of tissue activated and motor STN in both omnidirectional and directional leads. However, when using the overall motor improvement mean map sweetspot as described in Dembek et al article [START_REF] Dembek | Probabilistic sweet spots predict motor outcome for deep brain stimulation in Parkinson disease[END_REF] , only directional leads patients had a significant positive correlation between LEDD decrease and VTA overlap. This might suggest that current steering manages to better target the necessary volume for best LEDD decrease effects in the overall motor improvement mean map. Further investigation with a larger cohort of patients may be needed.

Omnidirectional leads had a larger VTA-motor STN overlap and VTA-overall motor improvement map overlap than directional leads, which is probably due to larger absolute VTAs in omnidirectional leads. When normalizing these values to the VTA volumes, we found no significant difference between the two groups, which suggests that even with a smaller VTA-target overlap, directional leads had the same proportion of VTA volume within target. Directional leads, with smaller overlaps manage to obtain comparable UPDRS III score with better LEDD dosage reduction.

Another study [START_REF] Nguyen | Analysis of patient-specific stimulation with segmented leads in the subthalamic nucleus[END_REF] demonstrated that in individual patients and at therapeutic currents, the VTAs with best directional stimulation were about half the VTAs with omnidirectional stimulation. This could explain some of our VTA overlaps results. Current steering probably reduces the absolute volume of activated tissue. Using directional leads decreased the VTAs but with probable better sweetspot overlap, which might explain comparable UPDRS III score and better LEDD intake decrease than omnidirectional leads. However, the total electrical energy delivered did not differ between the two groups. Directional leads offered no advantage when it comes to current consumption, and thus battery life should not be affected.

Patients with directional leads preferred a directional stimulation type at 12 months in 41% of the cases. This number is consistent with other studies in the literature and notably the PROGRESS randomized cross-over study [START_REF] Schnitzler | Directional Deep Brain Stimulation for Parkinson's Disease: Results of an International Crossover Study With Randomized, Double-Blind Primary Endpoint[END_REF] that reported a preference for directional stimulation in 52.8% of patients and 58.5% of clinicians . In this study authors found that this choice is because of the increase of the therapeutic window in those individual patients; however, the MDS UPDRS III score and quality of life of patients did not improve.

In directional leads patients' group, the MDS UPRS III score and LEDD intake at 12 months did not vary between patients stimulated directionally an patients stimulated omnidirectionally. This suggests that at 12 months each of these patients are ''well' in their stimulation setting whether it is omnidirectional or directional. Stimulation setting and the choice of directionality at 12 months are logically the best stimulation setting for the patients.

Active contacts were significantly closer to nearest motor STN voxel in directionally stimulated patients than in omnidirectionally stimulated patients, but only by about 0.3 mm which is much smaller than the lead thickness of 1.3 mm or the contacts spacing of 0.5 mm. On the other hand, VTA overlaps with targets were comparable between the two groups, which goes well with the fact that every patient has an optimal stimulation corresponding to his anatomy and lead localization. A slight superiority for patients stimulated directionally might exist in VTA overlap with overall motor improvement sweetspot, but this should be confirmed in further studies with larger cohorts.

Directionality might finally not ''correct'' mispositioned leads, but rather potentialize LEDD intake reduction, which might improve the quality of life of patients. Directional leads should therefore be used when available.

Limitations

DiODe v2 37 automatic lead orientation algorithm used in Lead DBS presents a risk of 180 degrees marker flip, which can affect the VTA orientation and thus overlap with the target volume for patients stimulated directionally. However, authors claim a 100% of correct orientation using the center of mass method, which we preferably used.

We could not perform contact per contact side-effect analysis and correlate the directionality choice with VTA overlap with side effects cluster due to the retrospective nature of this study.

For practical reasons impedances used were around 1000 ohms, however some studies suggest that impedance might be higher in directional leads [START_REF] Pintér | Antiparkinsonian Drug Reduction After Directional Versus Omnidirectional Bilateral Subthalamic Deep Brain Stimulation[END_REF][START_REF] Eleopra | Brain impedance variation of directional leads implanted in subthalamic nuclei of Parkinsonian patients[END_REF] . Taking this into account and based on the total electrical energy delivered formulas, directional leads TEEDs could be even higher than what we found this study. Therefore, directional leads TEEDs are at least comparable to omnidirectional leads TEEDs, but could not be inferior, and this only confirms that there is no gain in using directional leads for current consumption reduction. A Julien plus qu'un chef, qu'un co-interne ou qu'un ami, tu es toujours là pour me pousser en avant. Toujours partant pour prendre une pizza avec toi en garde.
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Figure 1

 1 Figure 1Medtronic 3389 omnidirectional lead characteristics according to Kahan et al.[START_REF] Kahan | The Safety of Using Body-Transmit MRI in Patients with Implanted Deep Brain Stimulation Devices[END_REF] 

Figure 2

 2 Figure 2 Boston scientific Vercise Cartesia directional lead characteristics according to Boston Scientific 29 .

Figure 3

 3 Figure 3 Omnidirectional and directional leads patients had similar MDS UPDRS III scores pre-operatively and at 12 months OFF and ON MED.

Figure 4

 4 Figure 4 LEDD (mg) pre-operatively and at 12 months.

Figure 5 Figure 6 A

 56 Figure 5 Correlation between LEDD decrease and intersection (mm 3 ) of volume of tissue activated with motor STN or overall motor mean map sweetspot. Figures on the left with the blue dots represent omnidirectional leads patients and figures on the right with the green dots directional leads patients.

Figure 7 12 months

 712 Figure 7 Total electrical energy delivered (uJ) at 12 months was similar in omnidirectional leads (111.5 uJ) and directional leads patients (110.6 uJ) with a p-value = 0.93.

Figure 8

 8 Figure 8 Proportion of directionally stimulated patients post-operatively, at 3 months and at 12 months.

Figure 9

 9 Figure9 Omnidirectionally and directionally stimulated patients had similar MDS UPDRS III scores pre-operatively and at 12 months OFF and ON MED.

Figure 10 Figure 12

 1012 Figure 10 LEDD pre-operatively and at 12 months in omnidirectionally and directionally stimulated patients.

Figure 13

 13 Figure 13 Omnidirectionally stimulated patients leads position (red leads) with a VTA example model.

Figure 14

 14 Figure 14 Directionally stimulated patients leads positions (green leads) with a VTA example model.

  

  

  

  

  

Table 1

 1 vs 45.8 p = 0.89, ON med: Patients' pre-operative characteristics are summarized in the above table. There was a slightly superior male predominance in directional leads implanted patients (74% vs 58%). Directional leads patients had a significantly higher preoperative LEDD intake than omnidirectional leads patients (1575.45 mg vs 1303.28 mg, p-value = 0.044). There was no significant difference in all other pre-operative parameters.16.7 vs 16.1 p = 0.83) nor post-operatively at 12 months OFF and ON medication (respectively OFF med: 27.2 vs 27.6 p = 0.91, ON med: 17.8 vs 16.6 p = 0.59).

	Patients' characteristics	Omnidirectional	leads	Directional leads	p-value
		patients		patients	
	Number of patients	33		27	
	Mean age at DBS (years)	62.21		61.11	0.58
	Sex	19 M (58%) 14 F (42%)	20 M (74%) 7 F	
				(26%)	
	Mean disease age at DBS	10.55		10.37	0.86
	(years)				
	Mean pre-op MDS UPDRS	46.45		45.74	0.87
	III score OFF MED				
	Mean pre-op MDS UPDRS	16.50		16.26	0.93
	III score ON MED				
	Pre-op LEDD (mg)	1303.28		1575.45	0.044
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Distance from target

Using Lead DBS 3D visualization tool, active contacts of patients stimulated omnidirectionally and directionally can be spatially represented (Figure 11). No visually detectable trend or pattern was found, active contacts from both groups seemed to be homogenously distributed along the STN. Interestingly directionally stimulated patients had a mean distance between lead contacts and the nearest motor STN voxel that was significantly smaller than omnidirectionally stimulated patients by almost 0.3 mm (0.99 mm vs 1.31 mm, p = 0.01) (Figure 12). Omnidirectionally stimulated patients leads were in globality further away from motor STN than directionally stimulated patients leads. Active contacts were also significantly closer to nearest motor STN voxel in directionally stimulated patients than in omnidirectionally stimulated patients (0.59 mm vs 0.96 mm, p = 0.02).

Conclusion:

When compared to omnidirectional leads, directional leads manage, with smaller VTA-target overlaps, to obtain comparable UPDRS III score with better LEDD dosage reduction in STN DBS for PD patients.