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Introduction

Neuromodulation with deep brain stimulation (DBS) has been a well-established treatment for motor complications in Parkinson disease (PD) since the early 1990s [START_REF] Limousin | Electrical stimulation of the subthalamic nucleus in advanced Parkinson's disease[END_REF][START_REF] Vesper | Results of chronic subthalamic nucleus stimulation for Parkinson's disease: a 1-year follow-up study[END_REF]. The subthalamic nucleus (STN) has been identified as an effective target and has become the most common site for DBS electrode placement [START_REF] Krack | Five-year follow-up of bilateral stimulation of the subthalamic nucleus in advanced Parkinson's disease[END_REF]. An internal pulse generator (IPG) delivers regular, biphasic, charge-balanced, constant-voltage or -current stimulation. Several parameters can be adjusted during DBS programming such as electrode polarity, amplitude (V or mA), pulse width (μs) and frequency (Hz).

With the increased use of DBS therapy, the longevity of nonrechargeable DBS systems raises important clinical and economic issues.

Battery drain is usually associated with clinical worsening and may lead to a loss of control of clinical symptoms. Neurostimulators must sometimes be urgently changed due to the recurrence of neurologic and neuropsychiatric symptoms [START_REF] Vora | Rebound symptoms following battery depletion in the NIH OCD DBS cohort: clinical and reimbursement issues[END_REF][START_REF] Alesch | Sudden failure of dual channel pulse generators[END_REF][START_REF] Tagliati | Lack of motor symptoms progression in Parkinson's disease patients with long-term bilateral subthalamic deep brain stimulation[END_REF][START_REF] Anheim | Improvement in Parkinson disease by subthalamic nucleus stimulation based on electrode placement: effects of reimplantation[END_REF][START_REF] Fakhar | Management of deep brain stimulator battery failure: battery estimators, charge density, and importance of clinical symptoms[END_REF][START_REF] Van | Disease-specific longevity of impulse generators in deep brain stimulation and review of the literature[END_REF][START_REF] Castrioto | Mood and behavioural effects of subthalamic stimulation in Parkinson's disease[END_REF]. Moreover, each device's replacement increases the risks of tissue morbidity and infection due to the surgical procedure. It has recently been demonstrated that the rate of infection increases with repeated IPG replacements [START_REF] Pepper | The risk of hardware infection in deep brain stimulation surgery is greater at impulse generator replacement than at the primary procedure[END_REF][START_REF] Thrane | Increasing infection rate in multiple implanted pulse generator changes in movement disorder patients treated with deep brain stimulation[END_REF]. Finally, periodic replacement also has an economic impact [START_REF] Allert | Stability of symptom control after replacement of impulse generators for deep brain stimulation[END_REF][START_REF] Dams | Cost-effectiveness of deep brain stimulation in patients with Parkinson's disease[END_REF].

For more than 25 years, Medtronic (Minneapolis, MN, USA) was the only manufacturer providing approved DBS devices. They first developed nonrechargeable neuromodulators (single-channel IPG:

Itrel I® and II®, Soletra®; and dual-channel IPG: Kinetra®). Since 2008, the DBS systems provided by Medtronic have been designed as either nonrechargeable (single-channel Activa-SC® and dualchannel Activa-PC® that replaced the Kinetra®) or rechargeable (RC) (Activa-RC®). In France, the new generation of the Medtronic nonrechargeable generators (Activa-SC® & PC®) has been available since 2012 and the RC generators (Activa-RC®) have been available since 2016 for PD patients.

Recently, [START_REF] Helmers | Comparison of the Battery Life of Nonrechargeable Generators for Deep Brain Stimulation[END_REF] showed that battery life of the first dual-channel neurostimulators was longer than the new ones. This finding seems to confirm a common clinical impression the Activa-PC® devices discharge more quickly [START_REF] Helmers | Comparison of the Battery Life of Nonrechargeable Generators for Deep Brain Stimulation[END_REF].

The indications for DBS in PD are expanding as patients are operated earlier in the course of the disease, are younger and will live longer with DBS than those operated in the early 1990s. Therefore, they will require several IPG replacements over time. Because of possible economic and clinical implications, there is an increasing need for reliable devices. In this context, the main focus of this study was to compare battery lifetime between the Kinetra® and the Activa-PC® neurostimulators. It also aimed to understand the relationships between battery lifetime, the neurostimulator type, the parameters of stimulation and other variables that could have an impact on battery longevity. The second objective was to estimate the economic impact of repetitive IPG replacements in PD.

Methods

1) Study design

The design consisted in a retrospective single-center cohort study to determine the longevity of Kinetra® and Activa-PC® neurostimulators. It was conducted with the data from the Neurology and the Neurosurgery departments of the Grenoble University Hospital (France).

2) DBS devices

Different models of IPGs manufactured by Medtronic have been implanted since 1987: the Itrel I®, Itrel II®, Soletra® and Activa SC® single-channel generators and the Kinetra®, Activa PC® and Activa RC® dual-channel generators. Kinetra® generators were implanted exclusively from January 1999 until the end of 2011. In 2012, the Soletra® and Kinetra® models of IPGs were replaced by Activa-SC® and Activa-PC® devices. Some patients had neurostimulators provided by other companies that we did not take into account.

Kinetra® and Activa-PC® are dual-channel IPGs allowing bilateral STN stimulation. The most common DBS system consists of a quadripolar lead, a neurostimulator and a subcutaneous extension that connects the lead to the neurostimulator. The IPG is composed of a power source -a hermetically sealed silver vanadium oxide cell -and electronic circuits protected with a hermetic titanium shield [START_REF]Medtronic Activa® PC 37601 Multi-program neurostimulator n[END_REF][START_REF]Medtronic Kinetra® 7428 Dual Program Neurostimulator for Deep Brain Stimulation[END_REF].

Table 1 summarizes the physical characteristics of the Kinetra® and Activa-PC® devices. Concerning their lifetime, an off-the-shelf Medtronic Kinetra® begins its life with a 3.2 V voltage, is considered to be in a low-battery status between 2.5 and 2.23 V and at the end of its life-cycle (EOL) at 2.11 V. The Medtronic Activa-PC® has a starting battery voltage of 3.2 V, is low-battery between 2.6 and 2.3 V and reaches its EOL at 2.2 V.

In the Grenoble Hospital, batteries are changed when the battery status indicator reaches 2.23 V or lower values ("battery low" signal) for the Kinetra® and 2.60 V or lower values (ERI mode) for the Activa-PC®.

3) Participants

We retrospectively identified patients treated with DBS between 01.01.1987 and 01.11.2017. The data set is based on patient files and databases created by the Neurology Department. All patients who have undergone DBS for PD, dystonia, essential tremor, postural tremor or mixed tremor were recorded in this database. They constitute an initial cohort of 845 patients.

We included patients who had the following criteria: idiopathic PD, treatment with bilateral STN DBS, at least one implantation of a dual-channel neurostimulator (Kinetra® or Activa-PC®) and surgical intervention and patient follow-up conducted at the Grenoble University Hospital. We excluded patients with any other diagnosis than PD, patients who received implants at Grenoble University Hospital but were followed in another DBS center and patients who were not exclusively stimulated in the STN.

4) Data collection

Data concerning DBS STN replacements and features were found in the patients' files. The exit point from this study was November 30 th , 2017.

We collected the following patient characteristics: demographic data (sex, age), dates of battery implantation and replacement, and IPG model. PD patients were treated with continuous DBS, i.e., they did not turn off their device during the night. We calculated battery longevity for each IPG.

We censored data concerning battery removal for other reasons than battery depletion or low voltage (infection, dysfunction). We also censored fresh batteries implanted in patients who died before battery's end of life and batteries that were not depleted at the end of the study period.

To understand the relationships between battery life, battery type and electrical parameters, we collected the last adjustable DBS parameters before battery replacement: amplitude (V or mA), stimulated contacts and polarity, frequency (Hz), pulse width (µs) and battery status indicator (V), which is an estimation of the remaining battery voltage that varies depending on the battery type.

Total electrical energy delivered (TEED) by an electrical device over a period of time is determined with the adjustable DBS settings and the system impedance measured. The following equation is normally used to calculate the TEED [START_REF] Helmers | Comparison of the Battery Life of Nonrechargeable Generators for Deep Brain Stimulation[END_REF][START_REF] Koss | Calculating total electrical energy delivered by deep brain stimulation systems[END_REF]: TEED = [(voltage 2 *pulse width*frequency)/impedance] Impedance was not always recorded in the patients' files. As Helmers et al. [START_REF] Helmers | Comparison of the Battery Life of Nonrechargeable Generators for Deep Brain Stimulation[END_REF] did, we calculated a modified TEED that did not take into account the impedance, assuming that it changed in the same way for all patients.

For both the Kinetra® and Activa-PC® devices, stimulation parameters are not identical for each hemisphere. For each parameter and for the modified TEED, we calculated a value that is a mean of both leads. Moreover, both devices' circuits were analyzed by an electronics engineer to test the power source and the electronic circuit.

The data collected are part of the routine care and their analysis did not require further specific consent from the patients.

5) Statistical analysis

We reported baseline characteristics and stimulation parameters as means and standard deviations (SD) for continuous variables and percentages for categorical variables.

The primary endpoint was to compare the overall survival of both devices (Kinetra® and Activa-PC®). We used the Kaplan-Meier method to measure overall survival, expressed as the median survival, for the Kinetra® and Activa-PC® neurostimulators. The two Kaplan-Meier curves were compared using the log-rank test. Then the association between the DBS neurostimulators' lifetime and the device type was explored using Cox proportional hazard models. The reference category for all analyses was the Kinetra® device. Analyses were adjusted for gender, age at primo-implantation, number of subsequent implantations, modified TEED and number of contacts ON, after a clustering of these continuous variables according to their observed distribution. Two-sided p-values were considered statistically significant. All analyses were performed using Stata Version 14.0 (Stata Corporation, College Station, TX, USA).

The secondary endpoint was to estimate the economic impact of repetitive IPG replacements in PD.

We collected data concerning the costs of a replacement for the French national healthcare system including the fees associated with surgery, hospitalization and the neurostimulators' prices. These data come from the National Costs' Study of French Hospitals [START_REF] Atih | Etude Nationale des coûts ENC-MCO[END_REF].

Results

1) Population characteristics

Eight hundred forty-five patients underwent a DBS surgery between January 1987 and November 2017 in the Grenoble Hospital, of whom 663 patients received an implant in the STN for PD. Two hundred ninety-nine patients were excluded because they were lost to follow-up or because the neurostimulators were not an Activa-PC® or Kinetra®. Figure 1 represents the study population.

Final statistical analysis was performed on 364 patients and 654 DBS devices.

At the primo-implantation, patients were aged 57 ± 9; 118 patients were women and 246 patients were men. Patients underwent between zero and five replacements, i.e., one to six IPG implantations. One hundred sixty-nine patients had a primo-implantation with no change in IPG, 117 patients had two successive IPG implantations (one replacement), 53 had three successive IPGs (one primo-implantation and two replacements). Twenty-one patients received four successive IPGs (one primo-implantation and three replacements), and three and one patients had five and six successive IPGs, respectively (one primo-implantation and four or five replacements).

2) Neurostimulator characteristics

A total of 654 DBS STN neurostimulators were implanted: 317 Kinetra® and 337 Activa-PC®. Out of 284 depleted neurostimulators, 237 were Kinetra® neurostimulators and 47 were Activa-PC®.

Sixty-one neurostimulators' data were censored: 14 neurostimulators were removed for other reasons than battery depletion and 47 fresh neurostimulators were either on patients who had died or were still being used at the end of the study period.

Table 2 recaps data collected and calculations based on neurostimulator parameters. A majority of

IPGs were connected to STN leads with at least one contact turned on for each lead, i.e., a minimum of two contacts turned on for one dual-channel IPG. We could not find information for 9% of the IPGs, so the statistical analysis (see above) was done without them.

Moreover, the volume of the most recent IPG (Activa-PC®) is smaller than the previous one, with a ratio of 1.21 in favor of the Kinetra®, in terms of size.

3) Mean duration of the depleted neurostimulators

Three hundred fifty-one neurostimulators were primo-implanted: 220 Kinetra® and 131 Activa-PC®.

There were more Activa-PC® secondarily implanted than Kinetra®: 115 and 63 Activa-PC® were second and third implants, respectively, versus 79 and 16 for Kinetra®, respectively. The four neurostimulators implanted as the fifth or sixth implants were Activa-PC®.

The mean duration of the depleted Kinetra® neurostimulators was 2320 ± 40 days (6.4 ± 1.7 years) and for the Activa-PC® neurostimulators this was 1419 ± 234 days (3.9 ± 0.6 years) (p-value <0.05).

This amounts to a 901-day difference, i.e., approximately 2.5 years.

The mean duration of a neurostimulator decreased with the successive implants, regardless of the type of neurostimulator (Table 3).

4) Survival analysis

According to the survival analysis, the median survival of a Kinetra® was 2379 days; the median survival of an Activa-PC was 1666 days. There is a difference of 713 days (log-rank test; p<0.001), i.e., approximately 2 years (Figure 2).

5) Factors associated with battery longevity

We used the Cox model to assess associations with battery longevity, such as patient characteristics and stimulation parameters (Table 4). For each variable, we calculated the crude and adjusted hazard ratios (HRa). The analysis was made excluding 17 devices with batteries that missed some stimulation parameters, i.e., it comprised 267 complete observations. After adjustment, the main factor associated with neurostimulator longevity was the neurostimulator type: the risk of battery depletion is 4.04 times greater for an Activa-PC® neurostimulator than for a Kinetra® (95% CI [2.65-6.17]).

Two other factors increased the risk of battery depletion: later successive implantations (HRa = 1.71; 95% CI [1.42-2.07]) and the modified TEED if its value was higher than 70,501 (HRa = 1.60; 95% CI [1.08-2. 37]). Factors related to patient's sex were also found to be significant.

6) Economic analysis

We calculated the overall costs of a neurostimulator replacement according to the French national healthcare system. The hospitalization fees including surgery and care were 9121 euros, both for the Kinetra® and the Activa-PC®. The cost of the device was 12,292 euros for a Kinetra®, and 11,256 euros for an Activa-PC®. Consequently, the overall replacement cost for a Kinetra® was 21,413 euros and 20,377 euros for an Activa-PC®. If we consider that the median longevity of two successive Kinetra® implantations was approximately equivalent to the median longevity of three successive Activa-PC® devices (13-13.5 years), the implantation of two successive Kinetra® IPGs corresponds to a cost reduction of 18,305 euros per patient over 13 years.

Discussion

This study shows that the new nonrechargeable DBS neurostimulator Activa-PC® has a shorter battery life than the Kinetra®. It confirms clinical observations and previous reports.

In this study, the mean battery life of a Kinetra® was 6.4 ± 1.7 years and 3.9 ± 0.6 years for the Activa-PC®. The mean battery life of a Kinetra® was estimated at 3.0 ± 0. mean duration of 4.44 ± 0.17 years. These findings are very similar to those reported here, although they were obtained following different analyses and sample populations. The longevity differences among these studies could be explained by differences in the IPG replacement protocol of the neurological and neurosurgical centers concerned.

1) Factors associated with battery longevity

Several authors have reported that battery longevity could depend on the disease [START_REF] Van | Disease-specific longevity of impulse generators in deep brain stimulation and review of the literature[END_REF][START_REF] Rawal | Shorter pulse generator longevity and more frequent stimulator adjustments with pallidal DBS for dystonia versus other movement disorders[END_REF]. Van Riesen et al. demonstrated that IPG longevity in bilateral STN DBS varied according to PD subtype, with the tremor subtype associated with the shortest battery lifetime and higher stimulation parameters.

Van Riesen and Helmers's teams also found that battery longevity was influenced by the type of device, the single-or dual-channel feature and the target in the brain [START_REF] Van | Disease-specific longevity of impulse generators in deep brain stimulation and review of the literature[END_REF][START_REF] Helmers | Comparison of the Battery Life of Nonrechargeable Generators for Deep Brain Stimulation[END_REF].

In the current study, we found that the main factor influencing battery longevity was the neurostimulator type as well as the number of replacements, the modified TEED and male sex.

Neurostimulator type

The neurostimulator type mainly impacted battery longevity. This effect is probably mainly due to the technical characteristics of the neurostimulator. The Activa-PC® offers functionalities that are not present in the Kinetra® such as constant current or constant voltage, interleaving stimulation and up to four different stimulation groups.

The use of the remote control is easier for both physicians and patients. We did not find any technical data concerning the impact of the use of the remote control on battery longevity. However, we hypothesize that these supplemental electronic features of the Activa-PC® could drain the battery faster and impact battery longevity.

Moreover, the volume of the Activa-PC® is smaller than the Kinetra®. Consequently, considering that the batteries are probably very similar (hybrid combined silver vanadium oxide), the Kinetra® battery should have around 20% more energy than the Activa-PC® battery [START_REF] Takeuchi | Lithium/silver vanadium oxide batteries for implantable defibrillators[END_REF][START_REF] Bock | Batteries used to Power Implantable Biomedical Devices[END_REF].

Concerning the electronic circuits, it would be useful to know if the internal condensers of both models of neurostimulators are equal in number and capacity. If there were differences, this would imply that the two batteries had a different current leakage and consequently a different loss of energy through the condenser. This hypothesis should be explored in greater detail [START_REF] Takeuchi | Lithium/silver vanadium oxide batteries for implantable defibrillators[END_REF][START_REF] Bock | Batteries used to Power Implantable Biomedical Devices[END_REF].

Finally, noting that patients initially implanted with a Kinetra® need a specific adaptor to connect an Activa-PC® to the Kinetra®'s extension cables, this adaptor could cause current leakage from the Activa-PC® battery and consequently a loss of energy. This point should be further explored to ensure that the rising diversity of DBS systems will be followed by the development of interconnectivity with efficient connection systems between DBS components from different devices [START_REF] Amon | Systems for deep brain stimulation: review of technical features[END_REF].

Successive neurostimulator replacements

We found that the more replacement neurostimulators had been implanted in a patient, the faster a neurostimulator discharged, regardless of the neurostimulator type. This finding has already been debated [START_REF] Lumsden | Battery life following pallidal deep brain stimulation (DBS) in children and young people with severe primary and secondary dystonia[END_REF][START_REF] Halpern | Longevity Analysis of Currently Available Deep Brain Stimulation Devices[END_REF][START_REF] Blahak | Battery lifetime in pallidal deep brain stimulation for dystonia[END_REF] and is consistent with the recent study reported by Van Riesen et al. [START_REF] Van | Disease-specific longevity of impulse generators in deep brain stimulation and review of the literature[END_REF]. These authors showed that IPG longevity decreases as the number of replacements increases. This might be explained by the decreasing impedance over time [START_REF] Van | Disease-specific longevity of impulse generators in deep brain stimulation and review of the literature[END_REF][START_REF] Halpern | Longevity Analysis of Currently Available Deep Brain Stimulation Devices[END_REF], which is also consistent with the increase in the unmodified TEED over the years.

Secondarily, when a primo-implantation is performed, the electrical settings are initially lower than the chronic parameters. However, over the long term, the increase in the MDS-UPDRS motor score related to axial symptom worsening does not necessarily lead to a further increase in electrical parameters. Indeed, these symptoms are not improved by either levodopa or DBS. For this reason, in the long term, electrical parameters are unchanged after IPG replacement, whatever the neurostimulator type. Since 2012, Activa-PC® devices have been used for replacements. For patients who initially received a Kinetra®, the newly implanted neurostimulators have been programmed with higher settings since the beginning, and this could at least partly impact their faster discharge compared to the Kinetra® used for primo-implantation. However, in our cohort, these changes are not significant for amplitude, frequency and pulse width [START_REF] Krack | Five-year follow-up of bilateral stimulation of the subthalamic nucleus in advanced Parkinson's disease[END_REF]. The increase in the number of primoimplanted Activa-PC® over the coming years will make it possible to compare their lifetime in primoand secondary implantation.

TEED and electrical parameters

Depending on the adjusted hazard ratio, the modified TEED increased the risk of battery depletion.

The calculation of the modified TEED is based on several electrical parameters, which are known to influence the devices' longevity [START_REF] Anheim | Improvement in Parkinson disease by subthalamic nucleus stimulation based on electrode placement: effects of reimplantation[END_REF][START_REF] Halpern | Longevity Analysis of Currently Available Deep Brain Stimulation Devices[END_REF][START_REF] Blahak | Battery lifetime in pallidal deep brain stimulation for dystonia[END_REF][START_REF] Bin-Mahfoodh | Longevity of batteries in internal pulse generators used for deep brain stimulation[END_REF][START_REF] Ondo | Predictors of battery life for the Activa Soletra 7426 Neurostimulator[END_REF][START_REF] Isaias | Deep brain stimulation for primary generalized dystonia: long-term outcomes[END_REF].

Helmers et al. found a higher modified TEED in the Kinetra® group compared to the Activa-PC® group and suggested that the shorter battery life of the Activa-PC® system was not due to a higher TEED. In our cohort, the electrical parameters used to calculate the modified TEED do not change with neurostimulator replacement, in the same patient. These apparent discrepancies could suggest that a higher TEED is probably not directly related to the neurostimulator type but rather to the long duration of DBS. These results are consistent with the fact that the impedances of the circuit decrease over time and induce an increase in the TEED [START_REF] Koss | Calculating total electrical energy delivered by deep brain stimulation systems[END_REF], confirming other previous claims on the inverted correlation between the TEED and IPG longevity [START_REF] Van | Disease-specific longevity of impulse generators in deep brain stimulation and review of the literature[END_REF][START_REF] Bin-Mahfoodh | Longevity of batteries in internal pulse generators used for deep brain stimulation[END_REF].

Male sex

The results showed that male sex influenced battery longevity. Since the population is mainly composed of male patients, this result has a limited reliability because it could be biased by the unbalanced population.

2) Limits of the study

The first limitation of this study stems from its being conducted in a single center, although this allows analyzing a population treated with the same protocol in terms of battery management and surgery.

Second, we explored the relationships between DBS parameters and battery lifetime through a modified TEED. The missing data concerning impedances prevented us from calculating and comparing the true TEED of the Kinetra® and Activa-PC®. This may bias the conclusions concerning the differential impact of stimulation parameters, impedances and neurostimulator type on longevity.

Third, fewer than five PD patients in our cohort actually use the new features of the Activa-PC®. We could not differentiate two subgroups of patients, those using the new functionalities and those who did not. This prevented additional analysis, which could have confirmed that the use of additional functionalities of the Activa-PC®, through repetitive connections to the neurostimulators and changes in electrical settings, has an impact on battery longevity.

Fourth, the longevity difference between the two types of neurostimulator may be overestimated due to different end-of-life indicators. The indicator of a low battery was an exact value for the Kinetra®, whereas it is a range for the Activa-PC®. The lack of experience with the Activa-PC®'s longevity when the parameters indicate that the battery is low implies that the neurostimulator is changed as soon as possible even if the indicator is still within the high range. If patients could be followed more closely, Activa-PC® longevity could perhaps be extended.

Finally, the economic evaluation presented is based on data provided by the National Costs Study of French Hospitals [START_REF] Atih | Etude Nationale des coûts ENC-MCO[END_REF], and this may not properly take into account indirect and other costs such as the potential complications of the replacement, as well as days off work.

3) Medical-economic perspective

Economic considerations

The Activa-PC® has an overall cost higher than the Kinetra®. A shorter battery life implies more replacements, with the associated surgical, medical and device costs as well as increased morbidity with all the potential surgical and postoperative complications of a replacement [START_REF] Pepper | The risk of hardware infection in deep brain stimulation surgery is greater at impulse generator replacement than at the primary procedure[END_REF].

In the last few years, several patients with Activa-PC® have experienced an unexpected withdrawal syndrome due to battery depletion and abrupt cessation of stimulation [START_REF] Castrioto | Mood and behavioural effects of subthalamic stimulation in Parkinson's disease[END_REF]. DBS withdrawal syndrome was reported in PD patients successfully treated with long-duration STN DBS with low doses of chronic dopaminergic treatment. The rebound of PD symptoms and the lack of response to an increase in dopaminergic treatment after cessation of DBS may be life-threatening. This complication is reversible after neurostimulator reimplantation. Thus, anticipating neurostimulator replacement could have an indirect economic impact, for both the French healthcare system and industry.

One attempt to overcome the issue related to battery longevity is based on developing rechargeable DBS devices. According to the same National Costs Study of French Hospitals, the overall cost of a rechargeable Activa (Activa-RC®) is 34,640 euros. Consequently, from an economic perspective, it can be more advantageous to implant rechargeable devices than nonrechargeable devices, at least after the first replacement. Previous economic studies showed that battery life has a strong impact on cost-effectiveness [START_REF] Dams | Cost-effectiveness of deep brain stimulation in patients with Parkinson's disease[END_REF][START_REF] Jia | Patient perspectives on the efficacy of a new kind of rechargeable deep brain stimulators(1)[END_REF]. In particular, they demonstrated that DBS required fewer healthcare resources than long-term PD medical therapy [START_REF] Dams | Cost-effectiveness of deep brain stimulation in patients with Parkinson's disease[END_REF][START_REF] Fraix | Clinical and economic results of bilateral subthalamic nucleus stimulation in Parkinson's disease[END_REF][START_REF] Valldeoriola | Workgroup of the SCOPE study. Cost analysis of the treatments for patients with advanced Parkinson's disease: SCOPE study[END_REF][START_REF] Eggington | The cost-effectiveness of deep brain stimulation in combination with best medical therapy, versus best medical therapy alone, in advanced Parkinson's disease[END_REF][START_REF] Becerra | Economic Analysis of Deep Brain Stimulation in Parkinson Disease: Systematic Review of the Literature[END_REF]. Similar economic analyses should be performed concerning the replacement of nonrechargeable batteries compared to the use of rechargeable batteries. This economic claim must be modulated by patient considerations.

Clinical and patient considerations

It has been clearly demonstrated that the higher the number of surgeries, the higher the risk and number of infections, and that some patients experience recurrence of clinical symptoms during battery depletion [START_REF] Pepper | The risk of hardware infection in deep brain stimulation surgery is greater at impulse generator replacement than at the primary procedure[END_REF][START_REF] Jia | Patient perspectives on the efficacy of a new kind of rechargeable deep brain stimulators(1)[END_REF][START_REF] Timmermann | Deep brain stimulation for treatment of dystonia and tremor[END_REF][START_REF] Gillies | Rechargeable vs. nonrechargeable internal pulse generators in the management of dystonia[END_REF][START_REF] Waln | Rechargeable deep brain stimulation implantable pulse generators in movement disorders: patient satisfaction and conversion parameters[END_REF]. Rechargeable devices seem advantageous in reducing recurrent operations and their complications.

Few studies report patient satisfaction concerning the use of RC devices [START_REF] Timmermann | Deep brain stimulation for treatment of dystonia and tremor[END_REF][START_REF] Waln | Rechargeable deep brain stimulation implantable pulse generators in movement disorders: patient satisfaction and conversion parameters[END_REF]. The main limitations reported by physicians, as reported in these first studies, are related to the recharging process and thermal sensations. Patients suffering from other pathologies such as dementia may have limitations concerning the recharging process. Some authors suggest the use of rechargeable devices for young patients [START_REF] Timmermann | Deep brain stimulation for treatment of dystonia and tremor[END_REF], whereas Jia's team [START_REF] Jia | Patient perspectives on the efficacy of a new kind of rechargeable deep brain stimulators(1)[END_REF] found no correlation between age and ease of use or comfort.

They assessed the relevance of RC generators for elderly patients even if there is cognitive impairment because the risk of infections resulting from surgery is higher in these patients [START_REF] Jia | Patient perspectives on the efficacy of a new kind of rechargeable deep brain stimulators(1)[END_REF]. All studies emphasize the importance of patient education to learn how to use RC devices.

Conclusion

Kinetra® neurostimulators have a longer lifetime than the Activa-PC® neurostimulator. This study contributes to our understanding of the technical properties of the rapidly evolving refinement of DBS devices.

Further studies on RC devices with large sample populations are needed to establish the place of RC IPGs as the treatment of choice for PD patients, in particular to establish their cost-effectiveness and to assess their long-term risks in patients who develop cognitive impairment over time, lose their caregiver and who are admitted to nursing homes.
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