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Abstract

Background: Deep brain stimulation has become a routine therapy for movement disorders, but
it is relatively invasive and costly. Although stimulation intensity relates to battery longevity, less
is known about how diagnosis and stimulation target contribute to this clinical outcome. Here we
evaluate battery longevity in movement disorders patients who were treated at a tertiary referral
center.

Obijective: To compare single channel pulse generator longevity in patients with movement
disorders.

Methods: With Institutional Review Board approval, we evaluated 470 consecutive Soletra
implants for routine care. Battery longevity was estimated with Kaplan-Meier analyses, and group
comparisons were performed with the log rank mean test. The frequency of clinic encounters for
ongoing care was evaluated across diagnoses with analysis of variance (ANOVA).

Results: The mean pulse generator longevity was 44.9+1.4 months. Pallidal DBS for dystonia
was associated with shorter battery longevity than subthalamic and thalamic DBS for Parkinson's
disease and essential tremor (28.1+2.1 versus 47.1+1.8 and 47.8+2.6 months, respectively, mean +
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standard error, p<0.001), and dystonia patients required more frequent clinic visits for routine care
(F=6.0, p=0.003). Pallidal DBS for Parkinson's disease and thalamic DBS for cerebellar outflow
tremor were associated with shorter battery longevity, as well (35.3+4.6 and 26.4+4.3 months,
respectively).

Conclusions: Pallidal DBS for dystonia was associated with shorter battery longevity and more
frequent stimulator adjustments versus DBS for Parkinson’s disease and essential tremor.
Characteristics of the stimulation target and disease pathophysiology both likely contribute to
battery longevity in patients with movement disorders.

Introduction

Methods

Deep brain stimulation (DBS) is remarkably effective for movement disorders such as
Parkinson's disease (PD), essential tremor (ET), and dystonia when medications do not
provide adequate symptomatic improvement (1-3). Despite this, replacement of implanted
pulse generators (IPGs) for battery expiration contributes significantly to the cost and
potential morbidity of this therapy over time. Although DBS has become a routine treatment
for movement disorders such as PD, less is known about battery longevity in DBS patients
with dystonia, ET, and other forms of tremor.

Globus pallidus interna (pallidal) DBS for PD is associated with higher average stimulator
settings than subthalamic DBS in randomized clinical trials (4, 5). Similarly, pallidal DBS
for dystonia is associated with shorter pulse generator longevity in case series, prompting
consideration of new programming strategies and alternative surgical targets (6-8). Although
the difference in stimulation intensities used at these targets has largely been attributed to
the larger anatomical volume of the pallidum, other disease-specific factors may contribute
to IPG longevity as well (9). In contrast to DBS for ET and PD, clinical improvement
following pallidal DBS for dystonia typically occurs over hours, days, or even weeks or
months, potentially encouraging increases in DBS stimulation parameters that result in little
additional symptomatic benefit and/or adverse effects. Because of the considerable variation
in battery longevity between individual patients with movement disorders, recent efforts
have focused on the development of rechargeable devices and other potential strategies to
decrease procedure-related morbidity and cost.

Here we evaluate how diagnosis and stimulation target relate to IPG longevity in a relatively
large sample of patients with Parkinson’s disease, essential tremor, dystonia, and severe
cerebellar outflow tremor (midbrain stroke or trauma, multiple sclerosis, and cerebellar
ataxia) treated at a tertiary movement disorders center. Better understanding disease- and
target-specific differences in IPG longevity can provide normative outcomes data upon
which to base therapeutic decisions to motivate innovations in clinical management and
device technology.

With Institutional Review Board approval, we retrospectively collected data from DBS
patients between 1998 and 2011 at the University of Alabama at Birmingham. Informed
consent was not obtained individually because these were deidentified, retrospective
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analyses. We collected data on 229 patients (143 PD, 70 ET, 10 generalized dystonia, 9
focal dystonia and 6 cerebellar outflow tremor patients) with 470 unique IPGs.Our clinical
practice was to implant single channel, constant voltage devices (Soletra®, Medtronic, Inc.,
Minneapolis, MN), and all patients underwent routine postoperative MRI to confirm correct
electrode placement. Our approach to programming is similar to published practice
parameters, and our prior published work (10-14). Briefly, all patients receive a monopolar
survey of the electrode contacts upon activation of a newly placed stimulator to evaluate the
thresholds for side effects and symptomatic improvement. In all patients, the ultimate goal is
to adjust the DBS system such that it provides maximal symptomatic benefit. In patients
with PD, ET and cerebellar tremor, settings were adjusted to immediate clinical response
and optimized in subsequent follow-up visits as indicated. In patients with dystonia, full
symptomatic response is often delayed by hours, days, or even weeks or months after initial
programming. In these cases, we activate the stimulation contact that either shows an
immediate clinical response, or else is best positioned in the posterior, lateral part of the
globus pallidus interna based upon post operative MRI. Regardless of diagnosis, initial
settings employed at our center are typically monopolar or bipolar configuration at 3-3.5
volts, 60-90 microsecond pulse width with 160 Hertz frequency. Monopolar and bipolar
settings were used in the vast majority of patients, except in instances where insufficient or
partial symptomatic benefit prompted the use of more intense double monopolar or tripolar
stimulation. We discourage deactivating the DBS system during sleep in patients with PD
and dystonia, and we do not routinely recommend deactivating the device at night in ET
patients. We collected demographic data and recorded the indication for surgery, brain
hemisphere, stimulation target, and longevity for each IPG in a database. Additionally, we
entered all programming adjustments (voltage, pulse width, stimulation frequency and
bipolar/monopolar configuration) and calculated the average stimulator settings over time
for each IPG. Devices that became infected or had hardware malfunctions were excluded
from the analyses. Kaplan-Meier survival analyses estimated IPG longevity, using the log
rank test for group comparisons by diagnosis and stimulation target. We censored the
following data: (1) patients whose IPG had not yet expired and (2) patients lost to follow-up
to their most recent clinical encounter date. Additionally, we compared the frequency of
clinic encounters including visits for adjustment of stimulator settings among the three most
common indications (PD, ET, and dystonia) using one-way analysis of variance (ANOVA).
Secondary analyses evaluated both the average DBS settings across diagnoses and targets
and the battery longevity for the smaller samples of patients with pallidal or thalamic DBS
for PD and cerebellar outflow tremor. We defined p<0.05 as the significance threshold for
all statistical tests.

Pulse generator longevity across diagnoses and stimulation targets

We analyzed 3,440 individual programming adjustmentsfrom 470 IPGs and 248 unique
patients, averaging 11.7+0.7 clinical encounters per IPG. The mean battery longevity was
44.9+1.4 months across all diagnoses and stimulation targets (median 39.7 months). Many
patients underwent multiple battery replacements and/or had bilateral placement of single
channel devices. Detailed demographic data are provided in Table 1.
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Pallidal DBS for dystonia was associated with shorter battery longevity than subthalamic
and thalamic DBS for PD and ET (28.1+2.1 versus 47.1+1.8 and 47.8+2.6 months,
respectively, mean = standard error, p<0.001, log rank test, Figure 1). We performed an
additional paired comparison between subthalamic DBS for PD and thalamic DBS for ET,
and there was no statistically significant difference in IPG longevity at our level of power (p
= 0.80). Pallidal DBS for PD and thalamic DBS for cerebellar outflow tremor were also
associated with shorter average battery longevity versus subthalamic DBS for PD and
thalamic DBS for ET, albeit with smaller samples of patients (35.3+4.6, and 26.4+4.3
months, respectively, mean + standard error). Detailed longevity data and average DBS
settings over time are provided in Table 2.

Frequency of clinic encounters across diagnoses and stimulation targets

We evaluated the frequency of clinic encounters for DBS adjustment across the three most
common surgical indications (PD, ET, and dystonia, Figure 2), regardless of stimulation
target, and generated a histogram of encounter rates across all patients with a bin width of
0.14 encounters per year. One-way ANOVA compared the encounter frequency across
diagnoses, and both the omnibus statistical test and the pair-wise comparisons between
dystonia and the other two diagnoses were statistically significant (F = 6.04 and p = 0.003;
dystonia versus ET and PD, p = 0.002 and p = 0.04, respectively), suggesting that dystonia
patients underwent more frequent stimulator adjustments in routine care versus those with
ET and PD.

Discussion

In this large retrospective study, pallidal DBS for dystonia was associated with shorter
single channel IPG longevity and more frequent adjustment of stimulator settings versus
patients with ET and PD. Furthermore, patients with pallidal DBS for PD and thalamic DBS
for cerebellar outflow tremor experienced shorter battery longevity, as well. Although
characteristics of the stimulation target such as its anatomical volume, local impedance, and
microanatomy contribute to pulse generator longevity, our collective findings suggest that
disease pathophysiology (the timing and magnitude of the symptomatic response to DBS)
likely influence battery longevity, as well. Our overall estimate of battery longevity across
different movement disorders and stimulation targets is consistent with a prior study
reporting a combined outcome from 122 IPGs placed for PD, ET, dystonia, and cerebellar
outflow tremor (15).

Pallidal stimulation for dystonia

Our battery longevity estimate for pallidal DBS for dystonia is consistent with prior case
series (16,17). Blahak et al. evaluated battery longevity of single channel devices in
consecutive dystonia patients and found that 80% had experienced battery depletion by 16 to
30 months (mean 25.1 months). Additionally, Isaias et al. retrospectively analyzed dystonia
patients with two different programming strategies (=130 and 60 Hz), suggesting that a
subset achieved both significant symptomatic benefit and improved battery longevity with
lower frequency stimulation. Our data suggest that a typical dystonia patient with bilateral
single channel Soletra devices placed at age 35 could expect approximately 36 pulse
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generator replacements for battery depletion over an average lifespan of 77 years, using
conventional stimulation settings.

Dystonia symptoms often improve over a period of hours, days, or even weeks/months after
stimulator adjustment, therefore the acute behavioral response to DBS often does not guide
the initial programming strategy, potentially increasing the complexity of stimulator
adjustment (3). Consistent with this, we found that dystonia patients returned to clinic more
frequently both stimulator adjustment and battery replacements during routine care versus
those with PD and ET. Other factors likely contribute to the decreased IPG longevity
associated with pallidal DBS, as well. Importantly, the pallidum occupies a larger volume
than either the subthalamic nucleus or the ventral intermediate thalamus, likely requiring
greater energy expenditure to yield similar symptomatic benefit (4,5). Additionally, the
close proximity of the subthalamic nucleus to the internal capsule and other structures is
often associated with a lower threshold to stimulation-related side effects, potentially
imposing a stricter ceiling on the maximum stimulator settings in a given patient (18).
Regardless, our findings demonstrate that the cost and morbidity of DBS therapy varies
substantially across these different disease states.

Ventral intermediate thalamic stimulation for tremor

There is very little published data on battery longevity in patients with thalamic DBS for ET
and other forms of tremor. At our level of statistical power, we found no significant
difference between battery longevity with thalamic DBS for ET versus subthalamic DBS for
PD, in contrast to a prior report (19). Ondo et al developed a predictive model for IPG
consumption and reported no significant difference in IPG longevity in patients with ET and
PD, as well (15). Cerebellar outflow tremor is difficult to treat with DBS, although some
patients experience tremor suppression and associated improvements in daily living
activities. Despite sharing the same thalamic stimulation target, patients with cerebellar
outflow tremor were stimulated at higher average stimulator settings than patients with ET,
in an attempt to maximally improve residual disability from tremor (20). Although our
sample is small for these heterogeneous, severe tremor disorders, the difference in battery
longevity in cerebellar outflow tremor versus ET suggests that the pathophysiology of
cerebellar outflow tremor and its response to DBS may independently influence battery
longevity outcome.

Subthalamic and pallidal stimulation for Parkinson’s disease

Our data are largely consistent with prior reports on pulse generator longevity in patients
with subthalamic DBS for PD. Although Anheim et al. reported that subthalamic DBS for
PD with Itrel 11® devices (Medtronic, Inc., Minneapolis, MN) was associated with 8314
months of battery longevity, other groups found mean longevities of 44.3+11.6 and 45
months, which more closely parallel our findings (19, 21).

There is little published data on pulse generator longevity for PD patients who undergo
pallidal DBS. Consistent with recent prospective, randomized trials that report lower
average stimulator settings with subthalamic versus pallidal DBS for PD, we found greater
average battery longevity with subthalamic stimulation in our series (4, 5). Although the
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relative merits of these targets can be debated in individual patients with various disease
subtypes and comorbidities, recent randomized studies did not detect significant differences
in cognitive/behavioral outcomes by target in patients with PD, suggesting that subthalamic
stimulation should be considered in most cases because of greater battery longevity, motor
improvement, and medication reduction (5, 22, 23).

Strengths and potential limitations

This study has several strengths. First, we evaluate a substantially larger sample of
movement disorders patients versus prior studies. Second, we provide battery longevity
outcomes for diagnoses and stimulation targets that are not well-characterized in the prior
literature (essential tremor, cerebellar outflow tremor, pallidal DBS for PD). Third, this
study evaluates only Soletra single channel devices, therefore we did not have to take into
account stimulator settings for the second DBS electrode on the opposite side of the brain.
Fourth, we went to considerable lengths to incorporate data from every stimulator
adjustment to calculate the average stimulation parameters over time for a each device.
Fifth, the Soletra device does not allow patient adjustment of stimulation parameters other
than complete activation/inactivation; whereas the newer DBS systems are increasingly
adjustable and will likely be associated with greater technical demands in terms of
summarizing stimulator settings over time for a given IPG.

Although this study is potentially subject to limitations of its retrospective, non-randomized
design, we report an important patient outcome from the context of real-world care, outside
of the inclusion criteria, protocol constraints, and limited follow-up of a prospective clinical
trial. Additionally, while the stimulation properties of the Soletra device are largely similar
to newer devices, its energy consumption becomes less efficient at stimulation voltages
above 3.6 volts, suggesting that we may underestimate IPG longevity in patients with newer
devices that have been adjusted to higher average stimulation voltages. Soletra has been
replaced by modern devices in many centers. Third, modern devices with greater patient
control at home might not require as many clinic visits for stimulator adjustments versus the
Soletra device, potentially decreasing the frequency of follow-up visits across a variety of
diagnoses. Fourth, despite our relatively large overall sample size, there were fewer patients
with cerebellar outflow tremor and pallidal/thalamic DBS for PD, potentially limiting the
generalizability of those battery longevity estimates. Finally, although a single center study
has the advantage of uniformity of providers and data capture, some aspects of our results
might represent isolated practice patterns or specific patient characteristics in our region.

Conclusions

Single channel battery longevity varies significantly across movement disorders and
stimulation targets. Specifically, pallidal DBS for dystonia was associated with shorter IPG
longevity and more frequent clinical stimulator adjustments versus ET and PD, likely
translating into disease-specific morbidity and cost associated with DBS. As DBS is used
more broadly for neurologic and psychiatric diseases, future work should incorporate
improvements in battery technology and identify predictive biological markers and
programming strategies that yield sustained clinical improvement with minimal battery
depletion (24-26).
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Table 1
Baseline demographic data across diseases
Diagnosis | Target Patients IPGs (n) Averr';%e o Gender Sice
(") implantation Male Female Left Right

PD STN 125 250 60.3+0.6 | 182(0.73) | 68(0.27) | 134(0.54) | 116(0.46)
PD GPI 11 16 63521 11(0.69) | 5(0.31) | 6(0.37) | 10(0.62)
PD VIM 7 14 744+27 3(0.21) | 11(0.78) | 3(0.21) | 11(0.70)
ET VIM 70 129 66512 84 (0.65) | 45(0.35) | 92(0.71) | 37(0.29)
Dystonia GPI 21 49 355+23 10 (0.20) | 39(0.79) | 29(0.59) | 20(0.41)
Cerebellar | VIM 6 12 43724 7(058) | 5042 | 9(075) | 3(0.25)

Total 229 470 59.5+0.7 | 297(0.63) | 173(0.37) | 273(0.58) | 197(0.42)
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