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INTRODUCTION

This scientific compilation of published literature focuses on research questions
that have helped to develop the field of brain sensing in Parkinson’s disease.

This compilation is intended to provide a scientific overview on research
characterizing brain signals recorded from patients. Since the majority of brain-
sensing research to date has focused on Parkinson’s disease, the Compendium
focuses on providing scientific references to help understand the background of
brain sensing in these patients. Literature was selected to provide examples of
research that may be relevant to current use and implementation of commercial

sensing features in the Medtronic Percept™ PC neurostimulator.”

*Signal may not be present or measurable in all patients. Clinical benefits of brain sensing have not been established.

DISCLAIMERS

This scientific compilation of published literature is provided for general educational
purposes only and should not be considered the exclusive source for this type of
information.

While brain signals are becoming better characterized and understood, these articles should be
appreciated as scientific research with several limitations:

= Thereis stillmuch to learn regarding brain signals and their relationship to the normal
brain, disease state, and therapy. The summarized articles support the science of brain
signals and may be helpful tools for navigating the clinical use of brain sensing. However,
interpretation of the data is limited due to short-term, in-clinic testing and small sample
sizes in those with implanted neurostimulators.

= This document does not provide a full bibliography of all research in this space. Articles
were selected as fair and balanced examples of "state of the art” for sensing research for
Parkinson's disease. The articles address some common questions that have been and are
being asked in brain sensing research.

Some of the articles describe acute postoperative research investigating brain signals
and their relationship to symptoms, treatments, or physical movements with externalized
leads. These scientific findings may or may not be applicable to the utilization of sensing
with chronically implanted systems; short-term, in-clinic LFP recording with externalized
leads is not commmon clinical practice and is not endorsed by Medtronic.

= This document contains sensing research conducted with animplanted Activa™ PC+S
neurostimulation system that is not FDA approved for Deep Brain Stimulation (DBS).

Technical and patient factors will influence the ability to detect LFP signals. Externalized
leads with bench systems tend to represent a "best case” scenario for signal detection.
Factors influencing signal detection inimplanted systems include the ability of the device
toisolate small signals and achieve good signal-to-noise ratio (for example, detection
above stimulation artifact and electrocardiograms). Patient factors may include individual
anatomy, disease state, and medication state.
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CONTENTS

n What is a local field potential (LFP)? 6

LFPs represent the summed electrical activity from local neuronal
transmembrane currents around an electrode. Important factors that
contribute to the LFP include the cellular and synaptic cellular architecture
and the synchrony of the current sources.

LFPs have been characterized into frequency bands (approximate range, Hz):
delta (0-3), theta (4-7), alpha (8-12), beta (13-30), gamma (31-200) and high
frequency (> 200), although literature related to oscillatory activity in the
basal ganglia broadly describes beta in the 8 to 30 Hz range. While changes
in activity within each frequency band contribute to normal brain processing,
persistent activity in the beta frequency range has been associated with the
withdrawal of antiparkinsonian medication and the return of symptoms in
patients with Parkinson's disease. Therefore, persistent beta activity has
been considered an "antikinetic” signal. The appearance of frequenciesin a
gamma range (60-90 Hz) in the basal ganglia may be related to the “vigor or
effort” of a motor response and have been called “prokinetic.”

n How do LFPs relate to the symptoms of Parkinson’s disease? 11

Literature is fairly consistent in supporting an association between the
presence of the beta band and the symptoms of bradykinesia and rigidity.
Exaggerated beta band activity has been shown to decrease following
antiparkinsonian medication and in a voltage-dependent manner with DBS.
Areductionin persistent beta band activity has also been associated with
improvements in UPDRS-IIl scores after DBS implant. Conversely, anincrease
in beta band has been observed with increased presence of bradykinesia. The
presence of the beta band in patients with tremor dominant symptoms has
been less clear. Other frequency bands, including activity around the tremor
frequency (e.g. 4-5 Hz) and high frequency activity (e.g. 35-55 Hz), have had
some association with rest tremor. Beta energy is lower during movement
such as walking.

H The persistence of LFPs over time in patients with Parkinson’s disease. 17

Several studies have investigated the persistence of beta band LFPs
over time in patients with Parkinson'’s disease. While LFP magnitude and
peak frequency often differ between patients while at rest, beta activity
in individual study patients has been generally consistent when recorded
1 year or more after lead implant. However, variability has also been
described, with beta LFPs decreasing or increasing in magnitude from
baseline measurements.




n Potential prevalence of LFP signals in patients with Parkinson’s disease. 20

The ability to visualize LFP signals in patients may be dependent on several
factors: the disease state, the physiology and anatomy of the patient, the
activity state of the patient, the recording capabilities of the sensing
system, and the signal-to-noise ratio capabilities of the system. Several
studies have evaluated the occurrence of beta signals after standard lead
implant procedures using microelectrode recording and symptom
assessment. In one study, signals were identified in more than 99% of leads
(129 of 130 leads), but varied in their peak frequency (from 8 to 35 Hz) and
were more prevalent in the dominant hemisphere. A multicenter
retrospective analysis found sufficient detectable beta signal in about
82% of patients (52 of 63 patients).

H Selected sensing research with implanted Activa™ PC+S 22
neurostimulators.

Research has been conducted for several years using implanted
neurostimulators with sensing capabilities. This section provides examples
of research performed to investigate and better understand LFPs as they
relate to Parkinson’s disease, medication, DBS therapy, and movement

in patients implanted with a device with sensing capabilities. These
publications focus on research questions conducting in-clinic assessment
of LFPs.

n Literature on Additional Topics 27

There are many potential topics and questions related to sensing LFPs. In
addition to the topics listed above, citations for several frequently discussed
topics are provided here.

= Localization of LFPsinthe STN

= |ocalization of LFPs in the GPi

= LFPsand dyskinesias

Contact Medtronic Medical Affairs for questions related to these topics.
rs.NeuroMedicalAffairs@Medtronic.com
+1-763-526-3300
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WHAT IS A LOCAL FIELD POTENTIAL (LFP)?

ARTICLE

Brown and Williams. Basal ganglia local field potential activity: character and
functional significance in the human. Clin Neurophysiol. 2005;116( 11):2510-9.

PubMed: https:/www.ncbi.nlm.nih.gov/pubmed/?term=16029963

SUMMARY

The article provides an introduction on LFP activity in the basal ganglia and describes well-
characterized LFP oscillations in the 8 to 30 Hz range. Patients with Parkinson's disease
tend to have 8 to 30 Hz activity in the STN and GPi particularly when off dopaminergic
medication. Therefore, this "frequency band" may be related to movement, showing
increased power in akinetic states and decreased power prior to voluntary movement.

ARTICLE

Rosa M., Marceglia S., Barbieri S., Priori A. Local Field Potential and Deep Brain
Stimulation (DBS). In: Jaeger D., Jung R. (eds) Encyclopedia of Computational
Neuroscience. Springer, New York, NY; 2014.

Open Access: https:/doi.org/10.1007/978-1-4614-7320-6_547-1

SUMMARY

The chapter provides a summary of literature reporting LFP sensing in patients with
Parkinson's disease at rest and during movement, with medication ON and OFF, and
immediately after or during DBS. Several tables summarize whether specific frequency
bands tend to increase or decrease under these conditions. For example, low beta (13-20
Hz) and high beta (21-35 Hz) signals recorded in the STN tend to be higher at rest with
medication OFF and decrease in magnitude with medication ON and during movement.
With DBS, beta activity tended to decrease, while low frequency activity tended to increase.
However, the authors also noted that the results varied between the studies. Research
reporting on findings from patients with essential tremor is also summarized.

Notes: Differences in recording techniques (i.e. immediately after DBS versus during
DBS) and patient characteristics (i.e. those with high global beta versus a range of beta
amplitudes) were discussed as factors that may have influenced study outcomes.

6 | MEDTRONIC DBS THERAPY | SCIENTIFIC COMPENDIUM




ARTICLE

Oswal A, Brown P, Litvak V. Synchronized neural oscillations and the
pathophysiology of Parkinson's disease. Curr Opin Neurol. 2013;26(6):662-70.

PubMed: https://www.ncbi.nlm.nih.gov/pubmed/24150222

SUMMARY

The article reviews LFP activity in the alpha, beta, and gamma frequency bands within the
corticobasal ganglia circuit of patients with Parkinson's disease. The 15 to 35 Hz beta band
has been associated with bradykinesia and rigidity, but has not been associated with the
severity of Parkinsonian tremor. Frequencies in a gamma range (60 to 90 Hz) have been
recorded in the GPi, STN, and cortical areas and may be related to the "vigor or effort” of a
motor response, i.e. prokinetic. Phase amplitude coupling (PAC) is described as the ability of
the phase of a low-frequency signal to drive the amplitude of a higher oscillation. PAC may
play a role in brain network communication and may be altered in disease states.

Notes: The authors discussed that it may be tempting to classify oscillatory activity in
Parkinson's disease as purely akinetic (beta band) or prokinetic (gamma band). However,
this simplistic view does not fully capture or describe the role of LFPs in the brain. These
oscillations are important for normal brain function and have many cross-frequency
relationships.

ARTICLE

Eusebio A, Brown P. Synchronisation in the beta frequency-band--the bad boy of
parkinsonism or an innocent bystander? Exp Neurol. 2009;217(1):1-3.

Open Access: https:/www.ncbi.nlm.nih.gov/pmc/articles/PMC2697315/

SUMMARY

This article cautions against the assumption that beta oscillations have a mechanistic role
in the symptoms of Parkinson's disease. Commentary and evidence "for and against a role
for excessive beta synchrony in mediating the parkinsonian phenotype" are described. The
authors conclude that beta synchrony appears to be a good signal of interest associated
with the akinetic-rigid state in patients and animal models. However, the quantitative
importance of beta synchrony and the mechanism by which it might disrupt motor
processingis still unknown.
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ARTICLE

Buzsaki G, Anastassiou CA, Koch C. The origin of extracellular fields and
currents-EEG, ECoG, LFP and spikes. Nat Rev Neurosci. 2012 18;13(6):407-20.

Open Access: https:/www.ncbi.nlm.nih.gov/pmc/articles/PMC4907333/

SUMMARY

This article is a scientific review describing the origin and detection of extracellular
neuronal activity, including LFPs. Transmembrane currents (including action potentials
and after hyperpolarizations) lead to intracellular and extracellular voltage deflections. The
characteristics of the intracranial LFP will depend on several factors including: the neural
current sources, properties of the brain tissue, electrode distance from the sources, and
the temporal coordination (synchrony) of the current sources. Electroencephalograms
(EEG) and electrocortograms (ECoGs) are examples of recording "macroscopic”
extracellular activity from superficial layers of the cortex, while microelectrodes within the
brain can record "microscopic” single-neuron spiking activity. LFPs provide information
between these two types of measurements.

OTHER ARTICLES OF INTEREST

= Thompson JA, Lanctin D, Ince NF, Abosch A. Clinical implications of local field
potentials for understanding and treating movement disorders. Stereotact Funct
Neurosurg. 2014;92(4):251-63.

= Brittain JS, Brown P. Oscillations and the basal ganglia: motor control and beyond.
Neuroimage. 2014;85 Pt 2:637-47.

= Blumenfeld Z, Bronté-Stewart H. High Frequency Deep Brain Stimulation and Neural
Rhythms in Parkinson's Disease. Neuropsychol Rev. 2015 Dec;25(4):384-97.
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Figures 1-2. Examples of LFP Power and LFPs with Medication OFF and ON
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Figure 1. Schematic showing the synchronization of neuronal spiking behavior into oscillatory
behavior (A), representing frequency bands of different power strengths (B). Synchronization
may promote interaction between neuronal populations. Modified from Figure 6 in: Hanslmayr
S., Staudig T, Fellner M.-C. Oscillatory power decreases and long-term memory: The
information via desynchronization hypothesis. Front Hum Neurosci. 2012;6(74): 1-12. Use is
covered under a Creative Commons license: https:/creativecommons.org/licenses/by/4.0/.
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Figure 2. Frequency spectrum during rest in a cohort of patients (n = 14) with PD in
medication ON and medication OFF states. With medication ON, there is a reduction
inlow frequency beta power, but not high beta power. Peaks can also be seenin the
theta/alpha, gamma, and high frequency (250-350 Hz) bands. The small change in
gamma was attributable to 3 out of 15 subjects. Figure from: Lopez-Azcarate J, Tainta
M, Rodriguez-Oroz MC, et al. Coupling between beta and high-frequency activity in the
human subthalamic nucleus may be a pathophysiological mechanismin Parkinson's

disease. J Neurosci. 2010;30(19):6667-77. Used with permission from the Journal of
Neuroscience.
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HOW DO LFPS RELATE TO THE SYMPTOMS
OF PARKINSON'S DISEASE?

ARTICLE

Kiihn AA, Kupsch A, Schneider GH, Brown P. Reduction in subthalamic 8-35 Hz
oscillatory activity correlates with clinicalimprovement in Parkinson’s disease.
Eur J Neurosci. 2006;23(7):1956-60.

PubMed: https://www.ncbi.nlm.nih.gov/pubmed/?term=16623853

SUMMARY

STN LFPs were recorded from 9 patients an average of 5.7 days after bilateral DBS lead
implantation. Recordings from externalized leads started with the patients at rest with
medication OFF and continued for about 1 hour after taking antiparkinsonian medication.
Power changes in the 8 to 35 Hz (alpha/beta) and 60 to 90 Hz (gamma) range were
analyzed for their correlation to UPDRS hemibody scores (contralateral to the recording
site). The majority of hemispheres (11/17 sides) showed peaks in the 14 to 35 Hz range
(beta); fewer sides (6/17) had peaks between 8 and 13 Hz (alpha). Individual LFP peaks were
reduced by medication, and the reduction positively correlated with the improvement in
UPDRS score. There was a positive correlation with akinesia-rigidity, but not with tremor. A
subgroup of 7 sides showed a distinct gamma peak with medication ON, and a trend for a
negative correlation with UPDRS improvement. However, reduction in 8 to 35 Hz frequency
positively correlated with motor improvement in this subgroup.

Limitations and notes: Recordings were conducted in the immediate postoperative
period. One patient did not have a distinct peak in the 8-35 Hz range and was excluded
from the analysis.
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ARTICLE

Quinn EJ, Blumenfeld Z, Velisar A, et al. Beta oscillations in freely moving
Parkinson's subjects are attenuated during deep brain stimulation. Mov Disord.
2015;30(13):1750-8.

PubMed: https:/www.ncbi.nlm.nih.gov/pubmed/26360123

SUMMARY

Patients (n = 14) classified as being tremor dominant (n = 7) or akinetic rigid (n = 7)
performed ordered movement sequences consisting of sitting, standing, lying down, and
forward walking. In addition, stimulation at 140 Hz with randomized amplitudes of OV, 1

V, and 3V (or maximum tolerated) was presented to the patient while seated. Recordings
were performed with an implanted neurostimulator under medication OFF and DBS OFF
prior to initial programming or up to 3 months after implant. Data included STN LFPs, limb
angular velocity, surface electromyography (EMG), and video of movement. Power spectral
density traces (PSDs) were used to compare beta band power under different conditions.
PSDs were similar between lying down, sitting, and standing. When forward walking,
akinetic rigid subjects tended to have decreased beta band power compared to the other
positions. Beta band power decreased in a voltage-dependent manner with DBS during a
resting state.

Limitations and notes: In some cases, alternate stimulation electrodes were chosen to
avoid low-frequency electrocardiogram artifact in the recording. The authors commented
that the small sample size prevented phenotype comparisons during the different
movement tasks.

ARTICLE

Trager MH, Koop MM, Velisar A, et al. Subthalamic beta oscillations are attenuated
after withdrawal of chronic high frequency neurostimulation in Parkinson'’s
disease. NeurobiolDis. 2016;96:22-30.

PubMed Link: https:/www.ncbi.nlm.nih.gov/pubmed/27553876

SUMMARY

STN LFPs were analyzed via an implanted neurostimulator capable of sensing in subjects
at 6 months (17 subjects) and 12 months (10 subjects) postsurgery, after withdrawal

of chronic DBS. Subjects were classified as akinetic rigid (n = 8) or tremor dominant
(n=9). Beta power was recorded at both time points, and beta power after immediate
withdrawal of DBS was similar to beta recorded 60 minutes later. Compared to baseline
measurements,
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the UPDRS scores (with DBS OFF) were improved at 6- and 12-months; beta band power
was also significantly lower compared to baseline with DBS OFF. There was a positive
correlation between the improvement in UPDRS score and reduction in beta power in the
akinetic rigid cohort. The UPDRS Ill score and beta power were inversely correlated in the
patients with tremor dominance. Beta power gradually increased in two unstimulated STNs
after 24 months.

Limitations and notes: The analysis was limited by only 10 subjects providing data at

the 12-month follow-up and the UPDRS scores were not conducted by an evaluator who
was blinded to the patient condition. Electrocardiography artifacts were mentioned as
providing possible interference with the LFP recording. Beta power varied across subjects.

ARTICLE

Neumann WJ, Staub-Bartelt F, Horn A, et al. Long term correlation of subthalamic
beta band activity with motor impairment in patients with Parkinson'’s disease.
Clin Neurophysiol. 2017;128(11):2286-2291.

Open Access: https:/www.ncbi.nlm.nih.gov/pmc/articles/PMC5779610/

SUMMARY

A total of 15 patients with an implanted neurostimulator capable of sensing were recruited;
STN LFPs were analyzed in 12 patientsinan ON and OFF levodopa state, with DBS OFF,

at 3- and 8-months postsurgery. Beta band (13-35 Hz) peaks could be identified in all
hemispheres and data were analyzed by aligning the peak power spectra centers (rather
than averaging the power spectra). Peak beta amplitude and UPDRS Ill scores were
significantly reduced with medication ON at all time points. The authors showed that the
association between beta amplitude and motor outcomes “remain consistent over time,
even after successfullong-term DBS."

Limitations and notes: Three patients were excluded from the analysis: 2 refused to
withdraw from medication; 1 did not complete the 8-month follow-up. The duration of
LFP recording was limited to approximately 1 minute for each bilateral contact pair and
peak beta amplitudes were "relatively small." Cardioelectric pulse artifacts were seenin the
majority of 0-1 contact pairs. UPDRS scores were conducted by an evaluator that was not
blinded to the patient information.
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OTHER ARTICLES OF INTEREST: LFPs AND SYMPTOMS OF
PARKINSON'S DISEASE

Neumann WJ, Degen K, Schneider GH, et al. Subthalamic synchronized oscillatory activity
correlates with motor impairment in patients with Parkinson's disease. Mov Disord.
2016;31(11):1748-1751.

Shreve LA, Velisar A, Malekmohammadi M, et al. Subthalamic oscillations and phase amplitude
coupling are greater in the more affected hemisphere in Parkinson's disease. Clin Neurophysiol.
2017;128(1):128-137.

Kuhn AA, Williams D, Kupsch A, et al. Event-related beta desynchronization in human subthalamic
nucleus correlates with motor performance. Brain. 2004;127(Pt 4):735-46.

Little S, Pogosyan A, Kuhn AA, Brown P. 3 band stability over time correlates with Parkinsonian
rigidity and bradykinesia. Exp Neurol. 2012;236(2):383-8.

van Wijk BC, Beudel M, Jha A, et al. Subthalamic nucleus phase-amplitude coupling correlates with
motor impairment in Parkinson's disease. Clin Neurophysiol. 2016;127(4):2010-9.

Kuhn, Kempf F, Brucke C, et al. High-frequency stimulation of the subthalamic nucleus suppresses
oscillatory beta activity in patients with Parkinson’s disease in parallel with improvement in motor
performance. J Neurosci. 2008;28(24):6165-73.

Kuhn AA, Tsui A, Aziz T, et al. Pathological synchronisation in the subthalamic nucleus of patients
with Parkinson's disease relates to both bradykinesia and rigidity. Exp Neurol. 2009 Feb;215(2):380-7
Ray NJ, Jenkinson N, Wang S, et al. Local field potential beta activity in the subthalamic nucleus of
patients with Parkinson's disease is associated with improvements in bradykinesia after dopamine
and deep brain stimulation. Exp Neurol. 2008 Sep;213(1):108-13.

Ozturk M, Abosch A, Francis D, et al. Distinct subthalamic couplingin the ON state describes motor
performance in Parkinson's disease. Mov Disord. 2020 Jan;35(1):91-100.

OTHER ARTICLES OF INTEREST: LFPs AND
ANTIPARKINSONIAN MEDICATION

Neumann WJ, Degen K, Schneider GH, et al. Subthalamic synchronized oscillatory activity
correlates with motor impairment in patients with Parkinson's disease. Mov Disord.
2016;31(11):1748-1751.

Shreve LA, Velisar A, Malekmohammadi M, et al. Subthalamic oscillations and phase amplitude
coupling are greater in the more affected hemisphere in Parkinson's disease. Clin Neurophysiol.
2017;128(1):128-137.

Kuhn AA, Williams D, Kupsch A, et al. Event-related beta desynchronization in human subthalamic
nucleus correlates with motor performance. Brain. 2004;127(Pt 4):735-46.

Little S, Pogosyan A, Kuhn AA, Brown P. 3 band stability over time correlates with Parkinsonian
rigidity and bradykinesia. Exp Neurol. 2012;236(2):383-8.

van Wik BC, Beudel M, Jha A, et al. Subthalamic nucleus phase-amplitude coupling correlates with
motor impairment in Parkinson's disease. Clin Neurophysiol. 2016;127(4):2010-9.

Kuhn, Kempf F, Brucke C, et al. High-frequency stimulation of the subthalamic nucleus suppresses
oscillatory beta activity in patients with Parkinson's disease in parallel with improvement in motor
performance. J Neurosci. 2008;28(24):6165-73.
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OTHER ARTICLES OF INTEREST: LFPs AND DBS

= Neumann WJ, Staub F, Horn A, et al. Deep Brain Recordings Using an Implanted Pulse Generator in
Parkinson's Disease. 2016. 19(1): p. 20-4.

= Eusebio A, Thevathasan W, Doyle Gaynor L, et al. Deep brain stimulation can suppress pathological
synchronisation in parkinsonian patients. Neurol Neurosurg Psychiatry. 2011;82(5):569-73.

= Giannicola G, Marceglia S, RossiL, et al. The effects of levodopa and ongoing deep brain stimulation
on subthalamic beta oscillations in Parkinson's disease. Exp Neurol. 2010;226(1):120-7.

= Rosa M, Giannicola G, Servello D, et al. Subthalamic local field beta oscillations during ongoing
deep brain stimulation in Parkinson's disease in hyperacute and chronic phases. Neurosignals.
2011;19(3):151-62.
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Figure 3. Example of LFP Power with DBS OFF and ON and relationship to

PD symptoms
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Figure 3. Changes in beta power were associated with decrements in the frequency (A)

and amplitude (C) of a repetitive movement. Increases in beta power were associated with a
decrease in movement frequency or amplitude, indicating increased beta with bradykinesia.
Circles indicate data for each individual patient undergoing 3 blocks of movement testing
(red =block 1; blue = block 2; khaki = block 3). Steiner LA, Neumann WJ, Staub-Bartelt F et al.
Subthalamic beta dynamics mirror Parkinsonian bradykinesia months after neurostimulator
implantation. Mov Disord. 2017;32(8):1183-1190; publisher, Wiley. Available at https:/
movementdisorders.onlinelibrarywiley.com/doi/full/10.1002/mds.27068. This article and its
use hereinis covered under a HYPERLINK "https://creativecommmons.org/licenses/by/4.0/"
Creative Commons Attribution License (CC BY). Figure 4 of the article was modified to show
Panels A and C. The original figure of the article was modified to show Panels Aand C.
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PERSISTENCE OF LFP SIGNALS OVER TIME
IN PATIENTS WITH PARKINSON'S DISEASE

ARTICLE

Neumann WJ, Staub-Bartelt F, Horn A, et al. Long term correlation of subthalamic
beta band activity with motor impairment in patients with Parkinson’s disease.
Clin Neurophysiol. 2017;128(11):2286-2291.

Open Access: https:/www.ncbi.nlm.nih.gov/pmc/articles/PMC5779610/

SUMMARY

Atotal of 15 patients with an implanted neurostimulator capable of sensing were recruited;
STN LFPs were analyzed in 12 patientsin an ON and OFF levodopa state, with DBS OFF,

at 3- and 8-months postsurgery. Beta band (13-35 Hz) peaks could be identified in all
hemispheres and data were analyzed by aligning the peak power spectra centers (rather
than averaging the power spectra). Peak beta amplitude and UPDRS Il scores were
significantly reduced with medication at all time points. The authors showed that the
association between beta amplitude and motor outcomes “remain consistent over time,
even after successfullong-term DBS."

Limitations and notes: Three patients were excluded from the analysis: 2 refused to
withdraw from medication; 1 did not complete the 8-month follow-up. The duration of
LFP recording was limited to approximately 1 minute for each bilateral contact pair and
peak beta amplitudes were "relatively small.” Cardioelectric pulse artifacts were seenin the
majority of 0-1 contact pairs. UPDRS scores were not conducted by a blinded evaluator.

ARTICLE

Hanrahan SJ, Nedrud JJ, Davidson BS, et al. Long-Term Task- and Dopamine-
Dependent Dynamics of Subthalamic Local Field Potentials in Parkinson’s
Disease. Brain Sci. 2016;6(4):E57.

Open Access: http://dx.doi.org/10.3390/brainsci6040057

SUMMARY

Bilateral STN LFP recordings were collected over a period of 12 months in 7 subjects
with an implanted neurostimulator capable of sensing. Recordings were conducted with
medication ON at all time points except during the intraoperative and 6-month

MEDTRONIC DBS THERAPY | SCIENTIFIC COMPENDIUM | 17




recordings; DBS was off during these recordings. While the beta band showed much
intersubject variability, the authors "observed consistent STN-LFP activity across recording
systems and over a one-year period for each subject.” Beta power from the therapeutic
contacts did not vary with medication state while the subject was at rest, but could be
desynchronized with a behavioral task. Gamma band synchronization was only seenin the
medication ON state, but was "inconsistently observed.”

Limitations and notes: Medication ON and medication OFF states were not collected

at each time point; data were compared across time points which may have influenced
the results. The authors commented that variation between subjects "may stem from
differences in DBS lead location within the STN, the level of patient's PD progression,
prescribed medication, predominant PD symptoms and unknown factors.”

ARTICLE

Trager MH, Koop MM, Velisar A, et al. Subthalamic beta oscillations are attenuated
after withdrawal of chronic high frequency neurostimulation in Parkinson’s
disease. NeurobiolDis, 2016;96:22-30.

PubMed Link: https:/www.ncbi.nlm.nih.gov/pubmed/27553876

SUMMARY

STN LFPs were analyzed via an implanted neurostimulator capable of sensing in subjects
at 6 months (17 subjects) and 12 months (10 subjects) postsurgery, after withdrawal of
chronic DBS. Subjects were classified as akinetic rigid (n = 8) or tremor dominant (n = 9).
Beta power was recorded at both time points, and beta power after immediate withdrawal
of DBS was similar to beta recorded 60 min later. Compared to baseline measurements,
the UPDRS scores (with DBS OFF) were improved at 6- and 12-months; beta band power
was also significantly lower compared to baseline with DBS OFF. There was a positive
correlation between the improvement in UPDRS score and reduction in beta power in the
akinetic rigid cohort. The UPDRS Il score and beta power were inversely correlated in the
patients with tremor dominance. Beta power gradually increased in two unstimulated STNs
after 24 months.

Limitations and notes: The analysis was limited by only 10 subjects providing data at the
12-month follow-up and the UPDRS scores were not conducted by a blinded evaluator.
Electrocardiography artifacts were mentioned as providing possible interference with the
LFP recording. Beta power varied across subjects.
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ARTICLE

Giannicola G, Rosa M, Servello D, et al. Subthalamic local field potentials
after seven-year deep brain stimulation in Parkinson’s disease. Exp Neurol.
2012;237(2):312-7.

PubMed Link: https:/www.ncbi.nlm.nih.gov/pubmed/22735488

SUMMARY

STN LFPs were studied in patients (n = 11) at 7 years after DBS implant (hyperchronic
group) and in patients (n = 16) at 3 days after lead implantation (acute group). In both
groups of patients, LFPs were collected with external equipment (data from the
hyperchronic group was collected during neurostimulator replacement surgery). Without
DBS, no differences were detected between the two groups in low frequency (LF) or
beta oscillations. With DBS, the population analysis showed anincrease in LF power and
no change in other power frequencies. In the nuclei with strong beta at baseline (56%

of samples in acute; 61% of samples in hyperchronic), DBS decreased beta power in
both subgroups. The authors concluded that the LFP pattern recorded after DBS lead
placement remains stable out to 7-years postsurgery.

Limitations and notes: Different patients were analyzed in the acute and chronic settings,
so longitudinal comparisons could not be made. LFPs were recorded with external
equipment for durations lasting between 30 and 60 minutes.

ARTICLE

Abosch A, Lanctin D, Onaran |, et al. Long-term recordings of local field
potentials from implanted deep brain stimulation electrodes. Neurosurgery.
2012;71(4):804-14.

PubMed Link: https:/www.ncbi.nlm.nih.gov/pubmed/?term=22791039

SUMMARY

STN LFPs were recorded in groups of patients at different time points: during surgery (n =
9 subjects), 3 weeks after lead placement (n = 9), and a median of 3.5 years after surgery,
during neurostimulator replacement (n = 7). Two patients provided data at all 3 time points.
Recordings were conducted with medication OFF. Beta band amplitude was similar at initial
lead implant and 3-weeks postsurgery. Beta was measurable years after initial lead implant,
although the amplitude was significantly lower than the earlier time points.

Limitations and notes: Different patients were analyzed in the acute and chronic settings;
except for 2 patients, longitudinal comparisons could not be made. In most subjects, a
decrease in beta amplitude was associated with movement; however, movement caused
amplitude increases in a subset of patients. LFPs were recorded with external equipment
for alimited amount of time.
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POTENTIAL PREVALENCE OF LFP SIGNALS
IN PATIENTS WITH PARKINSON'S DISEASE.

ARTICLE

Shreve LA, Velisar A, Malekmohammadi M, et al. Subthalamic oscillations and
phase amplitude coupling are greater in the more affected hemisphere in
Parkinson’s disease. Clin Neurophysiol. 2017;128(1):128-137.

https:/www.ncbi.nlm.nih.gov/pubmed/?term=27889627

SUMMARY

The study analyzed the occurrence of LFP signals in 74 patients (130 STNs) with PD

during awake intraoperative lead implantation guided by microelectrode recordings and
intraoperative testing. After lead implantation, LFPs were recorded from bipolar contacts
with the patient awake and at rest, and no changes in lead position were made based on
the LFP recording. LFP signals were identified in more than 99% of leads (129 of 130 leads),
but varied in their peak frequency (from 8 to 35 Hz) with the following distribution: low beta,
13-20Hz (51.2%); high beta, 21-35 Hz (33.6%); and alpha range, 8-12 Hz (15.2%). In those
patients with bilateral recordings (n = 56), greater alpha/beta power was apparent in the
most affected hemisphere. Recordings from 11 rest tremor dominant patients found that
the emergence of rest tremor reduced power in the alpha/beta signal.

Limitations and notes: LFP signals were collected using external equipment and analyzed
with software thatincluded a peak LFP detection algorithm. In addition, microlesion effects
may have influenced the detection of LFPs since the recording was conducted immediately
after lead implant. This is an example from a single center.

POSTER

Case M, Bronte-Stewart H, Kuhn A, et al. A retrospective analysis of multicenter
chronic brain signal data recorded in Parkinson subjects implanted with

deep brain stimulation leads. Poster presentation at the North American
Neuromodulation Society (NANS) Annual Meeting, 2020. Las Vegas, NV.

SUMMARY

A retrospective analysis was performed utilizing data from STN DBS implants in 68
patients with PD from 7 centers. LFP signals were recorded from a chronically-implanted
neurostimulation system used at 6 centers; data from a single center came from
intraoperative recordings with externalized leads. LFP data was analyzed from a total of

63 patients, classified as either akinetic rigid (AR, n = 48), tremor dominant (TD, n = 12), or
mixed (n = 3). The analysis determined that the beta amplitude (between the ranges of 10
and 35 Hz) was of sufficient power (0.8 uV/rtHz; ie, the minimum value for sufficient signal-
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to-noise ratio) to be detected in 82% of patients. When looking at the specific patient
subtypes, beta was of sufficient power in 79% of patients with an AR phenotype and 92%
of patients with a TD phenotype. The normalized average LFP power between 1 and 40
Hz showed a broader and larger beta peak in the AR phenotype (n = 90 hemispheres)
compared to the TD phenotype (n = 24 hemispheres). In an assessment of beta location
within the STN, the contacts chosen for therapy tended to detect higher LFP beta power
than the inactive contacts (n = 102 hemispheres).

Limitations and notes: These data were from a conference presentation on a Medtronic-
led analysis that has not gone through peer-review. To limit bias, the LFP processing was
conducted under blinded conditions. In addition, each center followed their individual
standard of care for surgery and patient management. However, the data was derived from

patients participating in research studies across the 7 centers, so there is a potential for
patient selection bias.

Sufficient LFP beta on at least 1 DBS lead Average LFP Power

== Akinetic Rigid (n=90)
s Tremor Dominant (n=24)
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°
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Normalized Power Amplitude (uV/rtHz)

Figure 4. The beta amplitude (between the ranges of 10 and 35 Hz) was of sufficient power
to be detected in 82% of all patients (n = 63). In specific patient subtypes, beta was of
sufficient power in 79% of patients with an AR phenotype and 92% of patients with a TD
phenotype. The normalized average LFP power between 1 and 40 Hz showed a broader and
larger beta peak in the AR phenotype (n =90 hemispheres) compared to the TD phenotype
(n=24hemispheres). Case M, Bronte-Stewart H, Kuhn A, et al. A retrospective analysis of
multicenter chronic brain signal data recorded in Parkinson subjects implanted with deep
brain stimulation leads. Poster presentation at the North American Neuromodulation
Society (NANS) Annual Meeting, 2020. Las Vegas, NV.
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SELECTED SENSING RESEARCH
WITH IMPLANTED ACTIVA™ PC+S
NEUROSTIMULATORS

ARTICLE

Quinn EJ, Blumenfeld Z, Velisar A, et al. Beta oscillations in freely moving
Parkinson's subjects are attenuated during deep brain stimulation. Mov Disord.
2015;30(13):1750-8.

PubMed: https:/www.ncbi.nlm.nih.gov/pubmed/26360123

SUMMARY

Patients (n = 14) classified as being tremor dominant (n = 7) or akinetic rigid (n = 7)
performed ordered movement sequences consisting of sitting, standing, lying down, and
forward walking. In addition, stimulation of 140 Hz with randomized amplitudes of OV, 1

V, and 3 V (or maximum tolerated) was presented to the patient while seated. Recordings
were performed with an implanted neurostimulator under medication OFF and DBS OFF
prior to initial programming or up to 3 months after implant. Data included STN LFPs, limb
angular velocity, surface electromyography (EMG), and video of movement. Power spectral
density traces (PSDs) were used to compare beta band power under different conditions.
PSDs were similar between lying down, sitting, and standing. When forward walking,
akinetic rigid subjects tended to have decreased beta band power compared to the other
positions. Beta band power decreased in a voltage-dependent manner with DBS.

Limitations and notes: In some cases, alternate stimulation electrodes were chosen to
avoid low-frequency electrocardiogram artifact in the recording. The authors commented
that the small sample size prevented phenotype comparisons during the different
movement tasks.

ARTICLE

Neumann WJ, Staub F, Horn A, et al. Deep Brain Recordings Using an Implanted
Pulse Generator in Parkinson’s Disease. Neuromodulation. 2016;19(1):20-24.

Open Access: https:/www.ncbi.nlm.nih.gov/pmc/articles/PMC4881811/
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SUMMARY

The study reported on 8 patients implanted with bilateral STN. Recordings were conducted
with an implanted neurostimulator in a medication OFF state several days after DBS
surgery. Sessions began with DBS turned off, followed by 15 minutes of stimulation ON
before continuing the recording. Fifteen contact pairs provided data (data from one
contact pair was contaminated by cardiac pulse artifacts and was excluded). Data with DBS
ON was compared with DBS OFF across alpha (7-12 Hz) and beta (13-30 Hz) frequency
bands. DBS on significantly reduced beta band power; however, no change occurred in the
alpha band.

Limitations and notes: A distinct beta band was not present in the averaged group data,
and could only be recovered by aligning the individual peaks before averaging. Distinct
peaks in beta activity could be recorded in 80% of leads (12 of 15); the authors commented
that technicalissues or stun effects may have impacted recording capabilities.

ARTICLE

Trager MH, Koop MM, Velisar A, et al. Subthalamic beta oscillations are attenuated
after withdrawal of chronic high frequency neurostimulation in Parkinson’s
disease. NeurobiolDis. 2016;96:22-30.

PubMed Link: https:/www.ncbi.nlm.nih.gov/pubmed/27553876

SUMMARY

STN LFPs were analyzed via an implanted neurostimulator capable of sensing in subjects
at 6 months (17 subjects) and 12 months (10 subjects) postsurgery, after withdrawal of
chronic DBS. Subjects were classified as akinetic rigid (n = 8) or tremor dominant (n = 9).
Beta power was recorded at both time points, and beta power after immediate withdrawal
of DBS was similar to beta recorded 60 min later. Compared to baseline measurements,
the UPDRS scores (with DBS OFF) were improved at 6- and 12-months; beta band power
was also significantly lower compared to baseline with DBS OFF. There was a positive
correlation between the improvement in UPDRS score and reduction in beta power in the
akinetic rigid cohort. The UPDRS Il score and beta power were inversely correlated in the
patients with tremor dominance. Beta power gradually increased in two unstimulated STNs
after 24 months.

Limitations and notes: The analysis was limited by only 10 subjects providing data at the
12-month follow-up and the UPDRS scores were not conducted by a blinded evaluator.
Electrocardiography artifacts were mentioned as providing possible interference with the
LFP recording. Beta power varied across subjects.
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ARTICLE

Hanrahan SJ, Nedrud JJ, Davidson BS, et al. Long-Term Task- and Dopamine-
Dependent Dynamics of Subthalamic Local Field Potentials in Parkinson’s
Disease. Brain Sci. 2016;6(4):E57.

Open Access: http:/dx.doi.org/10.3390/brainsci6040057

SUMMARY

Bilateral STN LFP recordings were collected over a period of 12 months in 7 subjects

with an implanted neurostimulator capable of sensing. Recordings were conducted

with medication ON at all time points except during the intraoperative and 6-month
recordings; DBS was off during the recordings. While the beta band showed much
intersubject variability, the authors "observed consistent STN-LFP activity across recording
systems and over a one-year period for each subject.” Beta power from the therapeutic
contacts did not vary with medication state while the subject was at rest, but could be
desynchronized with a behavioral task. Gamma band synchronization was only seenin the
medication ON state, but was “inconsistently observed.”

Limitations and notes: Medication ON and medication OFF states were not collected

at each time point; data was compared across time points which may have influenced

the results. The authors commented that variation between subjects "may stem from
differences in DBS lead location within the STN, the level of patient's PD progression,
prescribed medication, predominant PD symptoms and unknown factors.”

ARTICLE

Canessa A, Pozzi NG, Arnulfo G, et al. Striatal Dopaminergic Innervation
Regulates Subthalamic Beta-Oscillations and Cortical-Subcortical Coupling
during Movements: Preliminary Evidence in Subjects with Parkinson’s Disease.
Front Hum Neurosci. 2016;10:611.

Open Access: http:/dx.doi.org/10.3389/fnhum.2016.00611

SUMMARY

STN LFP activity recorded with an implanted neurostimulator and cortical
electroencephalography (EEG) signals were investigated in patients with Parkinson's
disease. A total of 7 subjects were evaluated 4 months postsurgery in a medication OFF
state. Cortical EEG and STN LFPs were measured while the subject performed motor
tasks. A subset of patients were included in a single-photon computed tomography
(SPECT) scan using [123IIN-w-fluoropropyl-23-carbomethoxy-33-(4-odophenyl)
nortropane (FP-CIT) to investigate dopamine innervation in the striatum. The SPECT
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imaging classified STNs according to a lower/higher striatal-specific binding ratio. The
greatest suppression of beta activity during movement occurred in the most dopamine-
depleted hemisphere. The authors hypothesized that "movement-related beta-
modulation is dependent on striatal dopaminergic innervation.” Cortical-subcortical and
interhemispheric subcortical coherencies were also analyzed.

Limitations and notes: The study is limited by its small sample size, which was reduced
from aninitial 7 patients since 3 patients were unable to complete the movement task.
Their data were excluded from the analysis.

ARTICLE

Neumann WJ, Staub-Bartelt F, Horn A, et al. Long term correlation of subthalamic
beta band activity with motor impairment in patients with Parkinson'’s disease.
Clin Neurophysiol. 2017;128(11):2286-2291.

Open Access: https:/www.ncbi.nlm.nih.gov/pmc/articles/PMC5779610/

SUMMARY

Atotal of 15 patients with an implanted neurostimulator capable of sensing were recruited;
STN LFPs were analyzed in 12 patients in an ON and OFF levodopa state, with DBS OFF,
at 3- and 8-months postsurgery. Beta band (13-35 Hz) peaks could be identified in all
hemispheres and data was analyzed by aligning the peak power spectra centers (rather
than averaging the power spectra). Peak beta amplitude and UPDRS Il scores were
significantly reduced with medication at all time points. The authors showed that the
association between beta amplitude and motor outcomes "remain consistent over time,
even after successful long-term DBS."

Limitations and notes: Three patients were excluded from the analysis: 2 refused to
withdraw from medication; 1 did not complete the 8-month follow-up. The duration of
LFP recording was limited to approximately 1 minute for each bilateral contact pair and
peak beta amplitudes were "relatively small.” Cardioelectric pulse artifacts were seenin
the majority of 0-1 contact pairs. UPDRS scores were conducted by an evaluator that was
blinded to patient information.

ARTICLE

Steiner LA, Neumann WJ, Staub-Bartelt F, et al. Subthalamic beta dynamics
mirror Parkinsonian bradykinesia months after neurostimulator implantation.
Mov Disord. 2017;32(8):1183-1190.

Open Access: http:/dx.doi.org/10.1002/mds.27068
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SUMMARY

The study focused on the relationship between beta band activity and bradykinesia
associated with structured repetitive pronation-supination movements with medication
OFF and DBS turned off. Recordings from an implanted neurostimulator were obtained in
9 patients with either 8 months (n = 6) or 3 months (n = 3) of bilateral STN DBS. Beta power
was suppressed during the movements, but began to gradually increase over time as the
frequency and amplitude of the movement decreased (i.e. with increasing bradykinesia).

Limitations and notes: A total of 15 patients were enrolled in the study; however, beta
activity could not be detected in 3 patients, which the authors speculate could be due to
targeting, technical issues, or device-related issues. In addition, data could not be collected
from 2 patients due to technical issues and severe tremor in another patient interfered
with the movement task.

ARTICLE

Blumenfeld Z, Koop MM, Prieto TE, et al. Sixty-hertz stimulation improves
bradykinesia and amplifies subthalamic low-frequency oscillations. Mov Disord.
2017;32(1):80-88.

PubMed: https:/www.ncbi.nlm.nih.gov/pubmed/?term=27859579

SUMMARY

STN LFPs were recorded with an implantable neurostimulator while patients (n = 9)
performed an upper extremity repetitive wrist flexion-extension task at least 1 month
after implantation. The baseline condition consisted of both DBS and medication OFF.
Subsequently, stimulation was randomized to 60 Hz or 140 Hz (amplitude, 2 V or 3 V),

and in some cases 20 Hz. Both 140 Hz and 60 Hz improved the angular velocity and
frequency of movement. Only 140 Hz broadly attenuated beta-band power compared with
baseline. 60 Hz DBS amplified alpha/low beta power, but attenuated high beta oscillations.
Since 60 Hz decreased limb bradykinesia but did not attenuate all oscillatory activity, the
authors suggested that suppression of all beta band oscillations may not be required for
attenuation of bradykinesia.

Limitations and notes: Study limitations discussed by the authors included the short-
term (3 min) stimulation and recording, differing total energy requirements between
frequencies, and the small sample size.
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GLOSSARY

Coherence — Anassessment of the association between activity recorded at two
different sensors.!

Fourier transform — a method of "comparing” the data x to sinusoids oscillating at
difference frequenciesfj. When the data and sinusoids "match,” the power at frequencyfj is
large, whereas when the data and sinusoids do not match, the power at frequencyfj is small.?

A

Time Domain FT Frequency Domain

Oscillations — rhythmic repetitive patterns of neural activity in the nervous system
that can be recorded as extracellular LFPs.?

Phase Amplitude Coupling (PAC) — the ability of the phase of alow-frequency signal to
drive the amplitude of a higher oscillation.?

Power Spectrum — the magnitude squared of the Fourier transform of the data. The
power spectrum indicates the amplitude of rhythmic activity in the data as a function of
frequency.”

1. Kramer MA. An Introduction to Field Analysis Techniques: The Power Spectrum and Coherence. White Paper. Kramer 2013.
Accessed on-line 22July2019.

2. Oswal A, Brown P, Litvak V. Synchronized neural oscillations and the pathophysiology of Parkinson's disease. Curr Opin Neurol.
2013;26(6):662-70.

3. Thompson JA, Lanctin D, Ince NF, Abosch A. Clinical implications of local field potentials for understanding and treating movement
disorders. Stereotact Funct Neurosurg. 2014;92(4):251-63.
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Common Acronyms

PD Parkinson's disease
STN subthalamic nucleus
GPi internal globus pallidus
LFP local field potential

UPDRS Unified Parkinson's Disease Rating Scale

PC+S Primary Cell + Sensing
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Brief Statement: Medtronic DBS Therapy for Parkinson's Disease, Tremor, Dystonia,
Obsessive-Compulsive Disorder, and Epilepsy

Medtronic DBS Therapy for Parkinson's Disease, Tremor, Dystonia, Obsessive-
Compulsive Disorder, and Epilepsy: Product labeling must be reviewed prior to use for
detailed disclosure of risks.

INDICATIONS:

Medtronic DBS Therapy for Parkinson’s Disease: Bilateral stimulation of the internal
globus pallidus (GPi) or the subthalamic nucleus (STN) using Medtronic DBS Therapy for
Parkinson's Disease is indicated for adjunctlve therapy in reducing some of the symptoms
inindividuals with b Parkinson's di fatleast 4 years' duration that
are not adequately controlled with medication, including motor complications of recent
onset (from 4 months to 3 years) or motor complications of longer-standing duration.

Medtronic DBS Therapy for Tremor: Unilateral thalamic stimulation of the ventral
intermediate nucleus (VIM) using Medtronic DBS Therapy for Tremor is indicated for the
suppression of tremor in the upper extremity. The system is intended for use in patients
who are diagnosed with essential tremor or parkinsonian tremor not adequately controlled
by medications and where the tremor constitutes a significant functional disability.

Medtronic DBS Therapy for Dystonia*: Unilateral or bilateral stimulation of the internal
globus pallidus (GPi) or the subthalamic nucleus (STN) using Medtronic DBS Therapy for
Dystonia is indicated as an aid in the management of chronic, intractable (drug refractory)
primary dystonia, including generalized and/or segmental dystonia, hemidystonia, and
cervical dystonia (torticollis), in patients seven years of age or above.

Medtronic DBS Therapy for Obsessive-Compulsive Disorder*: The Medtronic Reclaim™
DBS Therapy is indicated for bilateral stimulation of the anterior limb of the internal
capsule, AIC, as anadjunct to medications and as an alternative to anterior capsulotomy for
treatmentof chronic, severe, treatment-resistant o - isorder (OCD)in

effect relationship has been established. The consequences of failing to monitor patients
areunknown. When stimulationis adjusted, monitor patients for new orincreased seizures,
tingling sensation, change in mood, or confusion. For Obsessive-Compulsive Disorder,
patients should be monitored for at least 30 minutes after a programming session for side
effects, including: autonomic effects (e.g., facial flushing, facial muscle contractions, or

heart rate), f disease sy , and sensations such as
tingling, smell, or taste. For Obsessive-Compulsive Disorder, during treatment, patients
should be monitored closely for increased depression, anxiety, suicidality, and worsening
of obsessive-compulsive symptoms.

Patients should avoid activities that may put undue stress on the implanted components
of the neurostimulation system. Activities that include sudden, excessive or repetitive
bending, twisting, or stretching can cause comp fracture or di that may
result in loss of stimulation, intermittent stimulation, stimulation at the fracture site,
and additional surgery to replace or reposition the component. Patients should avoid
manipulating the implanted system components or burr hole site as this can result in
component damage, lead dislodgement, skin erosion, or stimulation at the implant site.
Patients should not dive below 10 meters (33 feet) of water or enter hyperbaric chambers
above 2.0 atmospheres absolute (ATA) as this could damage the neurostimulation system,
before diving or using a hyperbaric chamber, patients should discuss the effects of high
pressure with their clinician.

Patients using a rechargeable neurostimulator for Parkinson’s disease or essential tremor
must not place the recharger over amedical device with which itis not compatible (eg, other
neurostimulators, pacemaker, defibrillator, insulin pump). The recharger could accidentally
change the operation of the medical device, which could result in a medical emergency.
Patients should not use the recharger on an unhealed wound as the recharger systemis not
sterile and contact with the wound may cause aninfection.

Warning For Obsessive-Compulsive Disorder:

adult patients who have failed at least three selective ser (SSRIs).

Medtronic DBS Therapy for Epilepsy: Bilateral stimulation of the anterior nucleus of the
thalamus (ANT) using the Medtronic DBS System for Epilepsy is indicated as an adjunctive
therapy for reducing the frequency of seizures in individuals 18 years of age or older
diagnosed with epilepsy characterized by partial-onset seizures, with or without secondary
generalization, that are refractory to three or more antiepileptic medications.

reupt k

The Medtronic DBS System for Epilepsy has demonstrated safety and effectiveness for
patients who average six or more seizures per month over the three most recent months
prior to implant of the DBS system (with no more than 30 days between seizures). The
Medtronic DBS System for Epilepsy has not been evaluated in patients with less frequent
seizures.

CONTRAINDICATIONS: Medtronic DBS Therapy is contraindicated (not allowed) for
patients who are unable to properly operate the neurostimulator and, for Parkinson's
disease and Essential Tremor, patients for whom test stimulation is unsuccessful. The
following procedures are contraindicated for patients with DBS systems: diathermy
(e.g., shortwave diathermy, microwave diathermy or therapeutic ultrasound diathermy),
which can cause neurostimulation system or tissue damage and can result in severe
injury or death; Transcranial Magnetic Stimulation (TMS); and certain MRI procedures
using a full body transmit radio-frequency (RF) coil, a receive-only head coil, or a head
transmit coil that extends over the chest area if they have an implanted Soletra™ Model
7426 Neurostimulator, Kinetra™ Model 7428 Neurostimulator, Activa™ SC Model 37602
Neurostimulator, or Model 64001 or 64002 pocket adaptor.

WARNINGS: There is a potential risk of brain tissue damage using stimulation parameter
settings of highamplitudes and wide pulse widths and, for Parkinson’s disease and Essential
Tremor, apotential risk to drive tremor (cause tremor to occur at the same frequency as the
programmed frequency) using low frequency settings. Extreme care should be used with
lead implantation in patients with an increased risk of intracranial hemorrhage. Sources
of electromagnetic interference (EMI) may cause device damage or patient injury. Theft
detectors and security screening devices may cause stimulation to switch ON or OFF and
may cause some patients to experience a momentary increase in perceived stimulation.
The DBS System may be affected by or adversely affect medical equipment such as cardiac
pacemakers or therapies, cardioverter/ defibrillators, external defibrillators, ultrasonic
equipment, electrocautery, or radiation therapy. MRI conditions that may cause excessive
heating at the lead electrodes which can result in serious and permanent injury including
coma, paralysis, or death, or that may cause device damage, include: neurostimulator
implant location other than pectoral and abdominal regions; unapproved MRI parameters;
partial system explants (“abandoned systems"); misidentification of neurostimulator
model numbers; and broken conductor wires (in the lead, extension or pocket adaptor).
The safety of electroconvulsive therapy (ECT) in patients receiving DBS Therapy has not
been established. Abrupt cessation of stimulation should be avoided as it may cause a
return of disease symptoms, in some cases with intensity greater than was experienced
prior to system implant (“rebound” effect). Onset of status dystonicus, which may be life-
threatening, may occur in dystonia patients during ongoing or loss of DBS therapy.

For Epilepsy, cessation, reduction, or initiation of stimulation may potentially lead to an
increase in seizure frequency, severity, and new types of seizures. For Epilepsy,

Electroconvulsive Therapy (ECT) - The safety of ECT in patients who have an implanted
deep brain stimulation (DBS) system has not been established. Induced electrical
currents may interfere with the intended stimulation or damage the neurostimulation
system components resulting in loss of therapeutic effect, clinically significant
undesirable stimulation effects, additional surgery for system explantation and
replacement, or neurological injury.

PRECAUTIONS: Loss of coordination in activities such as swimming may occur. For
Obsessive-Compulsive Disorder, the safety of somatic psychiatric therapies using
equipment that generates electromagneticinterference (e.g., vagus nerve stimulation) has
notbeen Patientsusingarect for Parkinson's disease
or essential tremor should check for skin irritation or redness near the neurostimulator
during or after recharging, and contact their physician if symptoms persist.

ADVERSE EVENTS: Adverse events related to the therapy, device, or procedure can
include intracranial hemorrhage, cerebral infarction, CSF leak, pneumocephalus, seizures,
surgical site complications (including pain, infection, dehiscence, erosion, seroma,
and hematoma), meningitis, encephalitis, brain abscess, cerebral edema, aseptic cyst
formation, device complications (including lead fracture and device migration) that
may require revision or explant, extension fibrosis (tightening or bowstringing), new or
exacerbation of neurological symptoms (including vision disorders, speech and swallowing
disorders, motor coordination and balance disorders, sensory disturbances, cognitive
impairment, and sleep disorders), psychiatric and behavioral disorders (including psychosis
and abnormal thinking), cough, shocking or jolting sensation, ineffective therapy, and
weight gainor loss.

For Parkinson’s disease or essential tremor, safety and effectiveness has not been
established for patients with neurological disease other thanidiopathic Parkinson’s disease
or Essential Tremor, previous surgical ablation procedures, dementia, coagulopathies, or
moderate to severe depression, patients who are pregnant, or patients under 18 years.
For Essential Tremor, safety and effectiveness has not been established for bilateral
stimulation or for patients over 80 years of age. For Dystonia, safety of this device for
use in the treatment of dystonia with or without other accompanying conditions (e.g.,
previous surgical ablation procedure, dementia, coagulopathies, or moderate to severe
depression, or for patient who are pregnant) has not been established. Age of implant is
suggested to be that at which brain growth is approximately 90% complete or above. For
Epilepsy, the safety and effectiveness of this therapy has not been established for patients
without partial-onset seizures, patients who are pregnant or nursing, patients under
the age of 18 years, patients with coagulopathies, and patients older than 65 years. For
Obsessive-Compulsive Disorder, the safety and probable benefit of this therapy has not
been established for patients with: Tourette’s syndrome, OCD with a subclassification of
hoarding, previous surg\ca\ablatlon (e.g., capsulotomy), dementia, coagulopathies or who
are on anti therapy, gical disorders, and other serious medical illness
including cardiovascular disease, renal or hepatic failure, and diabetes mellitus. In addition,

the safety and probable benefit has not been established for these patients: those whose
diagnosis of OCD is documented to be less than 5 years duration or whose YBOCS score is
less than 30, who have not aminimum of 3 trials of first and/or second

may return with an intensity greater than was experienced prior to system implant,
including the potential for status epilepticus. For Parkinson’s disease or essential tremor,
new onset or worsening depression, suicidal ideation, suicide attempts, and suicide have
been reported. For Dystonia or Epilepsy, depression, suicidal ideations and suicide have
been reported, although no direct cause-and-effect relationship has been established.
For Epilepsy, preoperatively, assess patients for depression and carefully balance this
risk with the potential clinical benefit. Postoperatively, monitor patients closely for new
or changing symptoms of depression and manage these systems appropriately. Patients
should be monitored for memory impairment. Memory impairment has been reported
in patients receiving Medtronic DBS Therapy for Epilepsy, although no direct-cause-and

Medtronic

Medtronic Inc.

710 Medtronic Pkwy.
Minneapolis, MN 55432
USA

Tel. 1-763-505-5000

ications with ion, who have not attemptedto complete an adequate trial
of cognitive behavlortherapy (CBT), who are pregnant, who are under the age of 18 years,
andwho donot have comor p andanxiety. P should carefully consider
the potential risks of implanting the Reclaim DBS System in patients with comorbid
psychiatric disorders (e.g., bipolar, body dysmorphic, psychotic) as the Reclaim DBS System
may aggravate the symptoms.

*Humanitarian Device: The effectiveness of these devices for the treatment of dystonia
and obsessive-compulsive disorder has not been demonstrated.
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