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Abstract Deep brain stimulation (DBS) represents an

established and internationally approved therapy for

movement disorders. In the present retrospective analy-

sis, we evaluated disease-specific longevity of dual

channel impulse generators (IPG) used in different

movement disorders. We correlated the battery lifetime

with electrical stimulation settings, ‘‘total electrical

energy delivered’’ (TEED), stimulation modi (monopo-

lar, double monopolar and bipolar) and targets. Specifi-

cally, we reviewed the longevity and stimulation settings

of 464 IPGs implanted between 1996 until 2011 in a

single university center. Disease entities comprised

Parkinson’s disease (PD, n = 257), dystonia (n = 130)

and essential tremor (ET, n = 50). Further subanalyses

aimed at assessing differential longevity in different

subtypes of PD and dystonia. The main finding relates to

longer IPG longevity in ET (thalamic DBS) and PD

(subthalamic DBS) vs. dystonia (pallidal DBS;

71.9 ± 6.7 vs. 51.5 ± 2.3 vs. 37 ± 2 months). In PD the

tremor-dominant type was associated with a significant

shorter battery survival than in the akinetic-rigid type

without tremor or the ‘‘balanced’’ type with tremor,

bradykinesia and rigidity (38.8 ± 3.9 vs. 53.6 ± 3.4 vs.

58.8 ± 4.1 months), while there were no significant

differences in longevity between the subtypes of dysto-

nia. Frequency, amplitude, pulse widths and TEED

correlated inversely with battery lifetime. Pallidal DBS

in dystonia is associated with a shorter lifetime of IPGs

than subthalamic or thalamic DBS for PD or ET. The

present results may contribute to the rapidly evolving

refinement of DBS devices. Future studies that assess

energy consumption both in patients with and without

IPG replacement could help to avoid potential underes-

timation of longevity of IPGs.
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Abbreviations

DBS Deep brain stimulation

EOL End of life

ESS Electrical stimulation settings

ET Essential tremor

GPi Globus pallidus internus

IPG Impulse generator

PD Parkinson’s disease

STN Subthalamic nucleus

TEED Total electrical energy delivered

VIM Ventral intermediate nucleus
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Introduction

Deep brain stimulation (DBS) has become an established

treatment in advanced Parkinson’s disease (PD), medically

refractory dystonia and essential tremor (ET) (Deuschl

et al. 2006; Kupsch et al. 2006; Blomstedt et al. 2007;

Schuepbach et al. 2013). Recently DBS has also been

approved for the treatment of obsessive compulsive dis-

order and epilepsy (Fisher and Velasco 2014; Alonso et al.

2015; Mallet et al. 2008). Moreover there is a growing

interest for its use in psychiatric disorders such as

depression (Mayberg et al. 2005).

Short- and long-term studies have shown that stimula-

tion of the subthalamic nucleus (STN) and the globus

pallidus internus (GPi) both improve quality of life and

motor scores, dyskinesia, and ON–OFF fluctuations

(Deuschl et al. 2006; Moro et al. 2002; Follett et al. 2010;

Weaver et al. 2005; Schuepbach et al. 2013). Stimulation

of the GPi demonstrated clinical efficacy in the treatment

of different forms of dystonia, such as generalized, cervi-

cal, and segmental subtypes (Kupsch et al. 2006; Krauss

2010; Volkmann et al. 2014; Vidailhet et al. 2005). DBS of

the ventral intermediate nucleus (VIM) has been identified

for symptomatic treatment of ET (Blomstedt et al. 2007;

Schuurman et al. 2000).

With the increased application of DBS as a treatment

option for a growing number of diseases, the longevity of

impulse generators (IPG) in DBS is an important clinical

and economical factor. The importance of energy supply is

reflected by the appearance of new manufactures (Boston

Scientific, Massachusetts, USA and St. Jude, Minnesota,

USA), challenging the former monopoly of Medtronic

(Minnesota, USA) (Timmermann et al. 2015). IPG ‘‘end of

life’’ (EOL) is associated with clinical worsening, and

sudden DBS failure can result in medical emergencies due

to a rebound of neurologic and neuropsychiatric symptoms

especially in dual channel IPGs and dystonia (Vora et al.

2012; Alesch 2005; Tagliati et al. 2010; Anheim et al.

2007; Fakhar et al. 2013).

The exchange of an IPG can increase the overall mor-

bidity due to surgical and anesthesiologic complications

with a possible loss of the stability of symptom control and

the potential need for extensive and time-consuming

reprogramming (Allert et al. 2009; Dams et al. 2013).

Furthermore, recent evidence indicates that the rate of

hardware infections increases with repeated device

replacements (Pepper et al. 2013; Thrane et al. 2014).

Thus, information on battery lifetime and parameters that

influence battery performance are indispensable.

Various tables and formulas have been published by the

manufacturers of DBS devices to estimate battery lifetime

(http://www.medtronic.com.hk/wcm/groups/mdtcom_sg/

@mdt/@neuro/documents/documents/dbs-sys-longevity.

pdf). However, these can only provide rough approxima-

tions, since they tend to overestimate battery longevity.

Furthermore, formulas and tables are unable to include

everyday real-life factors such as frequent parameter

changes due to variations in impedances and clinical

symptomatology (Fakhar et al. 2013; Montuno et al. 2013).

Surprisingly, only little is known on the longevity of

dual channel IPGs. Recent evidence indicates that GPi

DBS in dystonia may be associated with shorter longevity

than STN stimulation in PD and VIM DBS in ET, possibly,

reflecting decreased energy demands in STN-DBS in PD

vs. GPi-DBS in dystonia (Rawal et al. 2014; Volkmann

2004).

The present study investigated the lifetime of the most

widely used dual channel IPG during the time from 1998 to

2010 (Kinetra� 7248, Medtronic, Minnesota, USA) in

chronic bilateral DBS for PD, dystonia, and ET. Further-

more, we aimed to identify the influence of different

stimulation parameters, stimulation modi and the TEED.

Additionally, we evaluated the effect of multiple replace-

ments on IPG longevity in individual patients. To our

knowledge our study is the first to correlate IPG longevity

with disease subtypes of PD and dystonia.

Methods

This study represents a retrospective analysis of all patients

treated with DBS between 01.03.1996 and 31.12.2010 at

the University of Berlin Charité.

The dataset used in the analysis is based on patient files

and databases, created by the University of Berlin Charité

(AK), during the above mentioned time-frame, which

contain inter alia information on all Charité patients treated

with DBS and results from regular postoperative follow up

examinations. Informed consent was obtained from all

individual participants that were included in the study.

We collected demographic data, the respective indica-

tions for DBS therapy, stimulation targets and implanted

IPG models. All DBS devices used in this context (Itrel,

Soletra 7246, Kinetra 7248 and Activa RC/PC) were

manufactured by Medtronic, the sole manufacturer at that

time.

We identified the time of the first IPG implantation and

of their replacements. IPG exchange was routinely planned

before the complete discharge of the batteries in order to

prevent an unexpected relapse of symptoms.

PD and dystonia patients were treated with continuous

DBS, whereas some ET patients chose to turn off their

device at night. The battery longevity was calculated and

evaluated for each replaced device. Additionally, the
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programming adjustments including pulse frequency,

voltage, pulse widths, the polarity, the number of activated

electrode contacts and impedance were documented over

the entire lifetime of all IPGs.

For patients with recorded impedance, TEED was cal-

culated using the following formula: [(voltage2 9 fre-

quency 9 pulse width)/impedance] for both mono- and bi-

polarly used IPGs (Koss et al. 2005). For controversy

calculating TEED in bipolar DBS cf. Blahak et al. (Blahak

et al. 2011). TEED for each device was calculated as a

mean of both hemisphere. Since changes of electrical

stimulation settings (ESS; frequency, impulse width and

amplitude) and modus during one battery lifetime circle

occurred, we documented the longest setting used in each

period. For quantitative reasons the study focused on cases

with the IPG type Kinetra 7428 and the movement disor-

ders Parkinson’s disease, dystonia and ET.

Inclusion criteria comprised bilateral DBS and the UK

clinical diagnostic criteria for PD (Hughes et al. 1992),

dystonia and ET were classified according to Fahn et al.

(1998) and Chouinard et al. (1997), respectively.

We exclusively analyzed replacements denoted as a

result of battery EOL (\5 % of original battery capacity) or

battery depletion. Replacements occurring for any other

reasons such as infection or device malfunction were

documented but not included in the analysis. Moreover,

patients with more than one IPG or more than one electrode

per hemisphere at the same time were excluded from our

analysis.

For the statistical analysis the statistical software SPSS

(Version 20.0 for Windows; SPSS Inc., Chicago, IL, USA)

was used, employing the nonparametric Mann–Whitney U,

Spearman rank correlation, ANOVA and Wilcoxon rank

test. Statistical significance was set to p B 0.05. Data are

presented as mean ± SEM, unless otherwise indicated.

Results

We identified 464 patients treated with DBS (259 PD, 130

dystonia, 50 ET, 7 multiple sclerosis, 1 Tourette syndrome,

3 choreatic diseases, 9 patients with otherwise classified

forms of tremor, 1 depression, 1 infantile cerebral palsy, 1

progressive myoclonic epilepsy, 2 multiple system atro-

phy). Three hundred and nineteen IPG replacements were

performed, 298 due to battery depletion, 18 due to infec-

tions and 2 for other complications. In 14 patients IPGs

were not replaced during the observation period, either due

to infections (n = 5) or due to a lack of effect (n = 9)

(Fig. 1).

Three hundred and fifty seven of the 464 patients

received a dual channel Kinetra 7428. The remaining 107

patients were treated using Itrel� or Soletra� 7426

(n = 63) or Activa� (n = 44).

During the observation period 314 out of 357 patients

fulfilled study criteria. In 116 (PD n = 64, dystonia

n = 47, ET n = 5) out of 314 patients 172 IPG were

replaced due to EOL. Eighty seven replacements occurred

in PD, 80 in dystonia and 5 in ET. For demographic data

see Table 1.

Longevity of the pulse generators across diagnosis,

their subtypes and stimulation modi

Mean battery survival of the Kinetra 7428 differed signif-

icantly across diseases (Table 2, Mann–Whitney U test).

IPG longevity in dystonia was found to be significantly

shorter than in PD and ET (p\ 0.001 and p = 0.002).

Battery survival in PD was significantly shorter than in ET

(p = 0.036).

Battery lifetime was significantly shorter in tremor-

dominant PD vs. balanced (p = 0.003) vs. akinetic-rigid

PD (p = 0.004, Table 2), with no significant difference

between balanced type and the akinetic-rigid type

(p = 0.41). Battery survival did not differ in dystonia

subtypes (p = 0.46; Table 2). Battery survival was similar

for mono and bipolar stimulation mode (p = 0.7), while a

significantly lower battery survival was observed for the

double monopolar mode (vs. monopolar mode, p = 0.002).

Similar results were observed for subtypes of PD and

dystonia (Supplementary Table 1).

Subgroup analysis for monopolar DBS

Since, different stimulations modi were used in our

patients, we performed a subgroup analysis of patients

treated with the most prevalent monopolar stimulation

modus. Thus, we aimed to exclude differences in stimu-

lation modi as the cause of statistical differences across

disease entities. The subanalysis of patients that were

treated with a monopolar stimulation settings showed the

longest average battery lifetime for ET patients, followed

by PD patients and dystonia patients (82.4 vs. 53.9 vs.

43 months; cf. Supplementary Table 1), being significant

for dystonia vs. PD (p = 0.024), dystonia vs. ET

(p = 0.037), but not for PD vs. ET (p = 0.067). Battery

survival differed significantly also between tremor-domi-

nant vs. the akinetic-rigid type (p = 0.045).

Electrical stimulation settings and TEED

across diseases and modi

Average stimulation settings (voltage, pulse widths, fre-

quency and TEED) are displayed in Table 3.
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IPG longevity in patients with multiple replacements

In 32 of 112 patients treated with DBS more than one IPG

replacement was performed. Within this group the first

device exchange occurred on average after 40.9 months,

the second battery was replaced after 33.7 months, the

difference being significant (p = 0.02, Wilcoxon rank

test).

A subset (n = 13) of this group experienced more than

two replacements, for which the average battery longevity

was 30.8, 24.2 and 26.8 months, for the third, fourth and

fifth device, respectively (p = 0.033 second vs. third

device).

Correlation of electrical stimulation settings

with IPG longevity

The battery survival of IPGs (n = 159) correlated inversely

with frequency (r = -0.287, p\ 0.001, Fig. 2a), impulse

amplitude (r = -0.309, p\ 0.001, Fig. 2b), impulse

widths (r = -0.438, p\ 0.001, Fig. 2c) and TEED

(r = 0.695, p\ 0.001, Fig. 2d).

Discussion

To our knowledge, this is the first study to investigate

disease-specific longevity and battery lifetime of dual

channel IPGs in DBS for movement disorders subtypes.

In the present study, the battery lifetime of dual channel

IPGs (Kinetra 7428) used for bilateral DBS was shorter in

dystonia (GPi) vs. PD (STN) vs. ET (VIM), complying

with the results of previous studies investigating battery

lifetime in single channel IPGs (Rawal et al. 2014; Allert

et al. 2009). Thus, 80/87/5 IPG exchanges were performed

in 86/204/34 dystonia/PD/ET patients, respectively (cf.

overview on previous results, Table 4). Battery survival

was shortest in dystonia and longest in ET. The long IPG

Fig. 1 Comparison of average IPG longevity in months across

diseases, subtypes and stimulation modi. Across the diseases PD, ET

and dystonia IPG longevity differed significantly, while across the

disease-specific subtypes there were significant differences between

the PD subtypes only. IPG longevity with double monopolar

stimulation is significantly shorter than with monopolar stimulation.

*p B 0.05, **p B 0.01, ***p B 0.001
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survival in ET patients and the large variances between the

various studies may be due to differential recommenda-

tions to switch off DBS devices at night to possibly prevent

variations of stimulation efficacy. Interestingly, small dif-

ferences of IPG longevity between ET and PD have been

reported earlier (Rawal et al. 2014).

Furthermore, we were able to show that the IPG long-

evity in bilateral DBS of the STN varies significantly

between the different subtypes of PD, with the tremor-

dominant type being associated with the shortest battery

lifetime associated with significantly higher TEED.

For dystonia subtypes we found no statistical differences

in IPG lifetime, complying with previous reports, although

a trend for a longer battery survival was observed in tardive

dystonia patients (Blahak et al. 2011), complying with the

present study in monopolarly treated patients.

Furthermore, we observed higher ESS and more fre-

quent multiple electrode activation in pallidal DBS in

dystonia. These high ESS could either be due to the need

for higher initial program settings or due to a delayed

improvement of symptoms in dystonia (Kupsch et al.

2011). Shorter longevity and higher ESS can also be

observed in pallidal DBS for PD, presumably due the large

volume of the pallidum. In contrast, ESS were lower in

STN DBS than in GPi DBS, likely due to the smaller

dimension of the STN and the proximity to other relevant

Table 1 Demographics
Variable N

(A)

Patients receiving DBS 464

Replacements 321

Replacements due to infections 18

Replacements due to lack of effect 2

Device explantations due to infection 5

Device explantations due to lack of effect 9

Replacements in population 172

Replacements in patients with PD 87

Replacements in patients with dystonia 80

Replacements in patients with ET 5

(B)

Kinetra in study population 314

PD patients with STN DBS 194

Dystonia patients with GPi DBS 86

ET patients with Vim DBS 34

Patients with IPG replacements 116 ($45/#71, PD 64, dystonia 47, ET 5)

(C) Excluded

Replacements due to infections 12

Infections in Parkinson group 7

Infections in dystonia group 4

Infections in ET group 1

Replacements due to malfunction 2

Explantations due to infection 3

Expantations due to lack of effect 3

Revision of device (position/infection) 9 (2/7)

Mean ± SEM Range

PD group: average age at implantation 61.5 ± 1 45.00–75.00

PD group: average age at first replacement 66.3 ± 1.1 48.00–81.00

Dystonia group: average age at implantation 47.8 ± 2.2 12.00–75.00

Dystonia group: average age at first replacement 51.5 ± 2.2 16.00–78.00

ET group: average age at implantation 68.2 ± 2.2 64.00–76.00

ET group: average age at first replacement 74 ± 2.6 69.00–83.00
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Table 2 Average IPG longevity in months across stimulation targets, diseases and subtypes with the respective distribution of stimulation modi

over time

Variable Target IPGs

(n)

Longevity in

months ± SEM

Range Monopolar

in %

Bipolar

in %

Double

monopolar in

%

Mixed

in %

Other

in %

Unknown

in %

(A)

PD STN 87 51.5 ± 2.3 16.5–110.5 53 12 16.9 15.7 2.4 4

Tremor-

dominant

STN 22 38.8 ± 3.9 16.5–98 50 0 27.3 22.7 0 0

Akinetic-rigid STN 37 53.6 ± 3.4 21–95 56.8 13.5 13.5 5.4 0 4

Balanced STN 28 58.8 ± 4.1 19.4–110.5 42.9 17.9 10.7 21.4 7.1 0

(B)

Dystonia GPi 80 37 ± 2 8.5–103.3 31 7 36.6 16.9 8.4 9

Generalized GPi 43 34.4 ± 2.7 14.5–84.5 23.3 9.3 20.9 25.6 6.9 14

Cervical-/focal GPi 12 28.7 ± 3 23.7–65.3 33.4 8.3 50 8.3 0 0

Segmental-/

axial

GPi 21 39.2 ± 5.1 8.5–103.3 38.1 0 38.1 0 9.5 14.3

Tardive GPi 4 48.4 ± 4.4 35.7–55 0 0 75 25 0 0

ET VIM 5 71.9 ± 6.7 48.8–83.2 40 0 20 40 0 0

Table 3 Average stimulation

settings and TEED across

targets, diseases, subtypes and

stimulation modi

Variable n Frequency (Hz)a Voltage (V)b Pulse width (ls)c TEED TEED (J)d

PD 166 143.9 3.46 75.2 75 212

Tremor-dominant 44 154.2 3.45 86.6 16 321

Akinetic-rigid 66 137.7 3.47 74.6 32 189

Balanced 56 143.1 3.36 67 27 174

Dystonia 142 158.4 3.57 115.6 66 323

Generalized 74 157.5 3.44 136 33 295

Cervical-/focal 24 143.3 3.8 108.8 12 310

Segmental-/axial 36 172.2 3.81 88.3 17 424

Tardive 8 155 3.28 75 4 184

ET 10 148.4 3.46 66 5 179

Monopolar 157 144.5 3.46 90 66 209

Double monopolar 106 162 3.24 101.7 36 331

Bipolar 37 143.4 4.2 75.4 12 219

Statistics comprised Mann–Whitney U test, except for variation across diseases p = 0.001, PD subtypes

p = 0.003, dystonia subtypes p = 0.46 (ANOVA)

N number of electrodes
a Dystonia vs. PD (p\ 0.001), tremor-dominant vs. balanced PD (p = 0.001), tremor-dominant vs. aki-

netic-rigid PD (p = 0.001), segmental-/axial vs. focal-/cervical dystonia (p = 0.015), monopolar vs.

double monopolar modus (p\ 0.001), double monopolar vs. bipolar modus (p = 0.002)
b Segmental-/axial vs. generalized dystonia (p = 0.049), bipolar vs. monopolar modus (p = 0.006),

bipolar vs. double monopolar modus (p\ 0.001)
c Dystonia vs. PD (p\ 0.001), dystonia vs. ET (p\ 0.001), tremor-dominant vs. balanced PD

(p\ 0.001), akinetic-rigid vs. balanced PD (p = 0.012), segmental-/axial vs. generalized dystonia

(p\ 0.001), generalized vs. tardive dystonia (p = 0.001), focal-/cervical vs. segmental-/axial dystonia

(p = 0.015), focal-/cervical vs. tardive dystonia (p = 0.015), double monopolar vs. monopolar modus

(p = 0.018), double monopolar vs. bipolar modus (p = 0.003)
d Dystonia vs. PD (p\ 0.001), dystonia vs. ET (p = 0.062), tremor-dominant vs. balanced PD (p = 0.05),

tremor-dominant vs. akinetic-rigid PD (p = 0.044), segmental-/axial vs. tardive dystonia (p = 0.04),

monopolar vs. double monopolar modus (p = 0.008), double monopolar vs. bipolar modus (p = 0.067)
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structures in the midbrain and associated side effects

(Follett et al. 2010; Matias et al. 2015; Odekerken et al.

2013; Rawal et al. 2014).

The TEED applied throughout IPG lifetime circle

inversely correlated with IPG longevity, which is consis-

tent with previous studies. Specifically, frequency, pulse

width and amplitude correlated with battery survival

(Fig. 2), confirming previous reports (Blahak et al. 2011;

Isaias et al. 2009; Bin-Mahfoodh et al. 2003; Anheim et al.

2007; Halpern et al. 2011; Ondo et al. 2007).

Interestingly, one previous study reported an average

battery survival of 24 months in dystonia patients with

pallidal DBS, which contrasts the herein presented survival

time of 37 months (Isaias et al. 2009). Notably, in this

study a larger fraction of IPGs were used with more than

one activated contact (triple or double monopolar stimu-

lation, respectively; 5 vs. 1 and 56 vs. 32 %), with an

increasing number of activated contacts during the treat-

ment course (Isaias et al. 2009). IPG survival was shorter in

DBS with double monopolar modus compared to

monopolar and bipolar modus, while the former only

showed minor differences. Thus, small changes in param-

eter settings and activation of additional electrodes influ-

ence IPG longevity (Stewart and Eljamel 2011).

In a subgroup analysis of patients requiring frequent IPG

replacements, the first device had the longest battery long-

evity. Contesting and confirming previous reports can be

found in the literature (Lumsden et al. 2012; Halpern et al.

2011; Blahak et al. 2011). The reason for this difference

might be the progressive nature of the treated diseases and

changes in lead impedance (Halpern et al. 2011).

Strength and limitations

The strengths of the present study comprise its big sample

size, its assessment of a single device (Kinetra), its focus

on bilateral DBS, and its attempts to assess the influence of

disease subtypes on overall battery survival in DBS.

Fig. 2 IPG longevity and correlation of IPG longevity with a fre-

quency, b amplitude, c impulse widths and d TEED. Amplitude is

separated in double monopolar (full diamonds), monopolar (light

diamonds) and bipolar stimulation (open diamonds). IPG longevity

correlated inverse with stimulation settings and TEED in following

order: TEED[ impulse width[ amplitude[ frequency (Spearman

rank correlation)
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Both study strengths and limitations relate to the

monocentric character of the study with uniform surgical

technics and postoperative DBS management.

Study limitations apart from its retrospective char-

acter relate to the timing of the replacement of devices.

Devices were usually replaced prior to complete

depletion of a battery. Conceivably, devices may have

been exchanged prematurely, and as a result, IPG

longevity may have been inaccurately assessed. This

limitation applies, however, similarly to all observed

groups and does not necessarily reflect a bias for dis-

ease targets.

In addition, a limitation of the present study relates to a

potential underestimation of longevity of IPGs. Conceiv-

ably, patients with excellent outcome and low energy

consumption may benefit from longer IPG lifetime. Thus,

the mean longevity of IPG might be longer than demon-

strated by the present dataset.

Future studies that assess TEED both in patients with and

without IPG replacement could help to answer this question.

The present data, which were obtained with an IPG

device no longer available on the market, will hopefully

contribute to a comparison with new IPG devices from

different manufactures and might be of interest when

refining rechargeable IPG devices.

Conclusion

Battery longevity of dual channel IPG varies significantly

across movement disorders and different PD subtypes, but

not dystonia subtypes. Short battery lifetime was observed

Table 4 Review of IPG longevity in the literature

References Device Disease Target IPG replacements Longevity (months)

Allert et al. (2009) Kinetra PD Unknown 23 48.8

Dystonia 7 38

ET 2 53.5

Unknown single channel PD 13 49.2

Dystonia 4 69.3

ET 3 59.3

Multiple sclerosis 2 31

Allert et al. (2011) Kinetra PD STN Unknown 52.4

Anheim et al. (2007) Itrel PD STN 80 83

Bin-Mahfoodh et al. (2003) Itrel PD STN, GPi, VIM 11 47

ET VIM 3 21

Blahak et al. (2011) Soletra Dystonia GPi 64 25.1

Halpern et al. (2011) Kinetra PD Unknown 42 36

Soletra 248 44.3

Isaias et al. (2009) Single channel devices Dystonia GPi 39 24

Lumsden et al. (2012) Kinetra Dystonia GPi 12 22.5

Soletra 20 26.7

Both 32 24.5

Ondo et al. (2007) Soletra PD, ET, dystonia,

multiple sclerosis

Unknown 122 37.4

Rawal et al. (2014) Soletra Dystonia GPi 49 28.1

PD STN 250 47.2

PD GPi 16 35.3

PD VIM 14 42.0

ET VIM 129 47.8

Cerebellar tremor VIM 12 26.5

All above All above 470 44.9

Van Riesen et al. (present

study)

Kinetra PD STN 87 51.5

Dystonia GPi 80 37

ET VIM 5 71.9

Note that differential battery survival may vary according to different IPG devices. Not all listed studies intended to investigate device-, disease-

or target-specific IPG longevity. SEM and SD where not included in the table due to the non-uniform use across the studies
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in GPi DBS for dystonia, long battery survival in VIM–

DBS for ET. Activation of multiple electrodes decreased

battery survival. Stimulation parameters, especially pulse

width and TEED correlated inversely with battery lifetime.

The present results contribute to the rapidly evolving

refinement of DBS devices.
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