'," frontiers
in Neuroscience

TECHNOLOGY REPORT
published: 24 January 2018
doi: 10.3389/fnins.2017.00734

OPEN ACCESS

Edited by:
Ulrich G. Hofmann,
Universitatsklinikum Freiburg,
Germany

Reviewed by:
Christian K. E. Moll,
University Medical Center
Hamburg-Eppendorf, Germany
Sabato Santaniello,
University of Connecticut,
United States

*Correspondence:
Adolfo Ramirez-Zamora
adolfo.ramirez-zamora@

neurology.u .edu

Specialty section:
This article was submitted to
Neural Technology,
a section of the journal
Frontiers in Neuroscience

Received: 19 October 2017
Accepted: 15 December 2017
Published: 24 January 2018

Citation:

Ramirez-Zamora A, Giordano JJ,
Gunduz A, Brown P, Sanchez JC,
Foote KD, Almeida L, Starr PA,
Bronte-Stewart HM, Hu W,

Mclintyre C, Goodman W, Kumsa D,
Grill WM, Walker HC, Johnson MD,
Vitek JL, Greene D, Rizzuto DS,
Song D, Berger TW, Hampson RE,
Deadwyler SA, Hochberg LR,

Schiff ND, Stypulkowski P, Worrell G,
Tiruvadi V, Mayberg HS,
Jimenez-Shahed J, Nanda P,
Sheth SA, Gross RE, Lempka SF, Li L,
Deeb W and Okun MS (2018) Evolving
Applications, Technological
Challenges and Future Opportunities
in Neuromodulation: Proceedings of
the Fifth Annual Deep Brain
Stimulation Think Tank.

Front. Neurosci. 11:734.

doi: 10.3389/fnins.2017.00734

Check for
updates

Evolving Applications, Technological
Challenges and Future Opportunities
In Neuromodulation: Proceedings of
the Fifth Annual Deep Brain
Stimulation Think Tank

Adolfo Ramirez-Zamora *, James J. Giordano 2, Aysegul Gunduz 3, Peter Brown *,

Justin C. Sanchez %, Kelly D. Foote ¢, Leonardo Almeida *, Philip A. Starr 7,

Helen M. Bronte-Stewart 8, Wei Hu!, Cameron Mclintyre ¢, Wayne Goodman %,

Doe Kumsa *?, Warren M. Grill *3, Harrison C. Walker *+*5, Matthew D. Johnson ¢,

Jerrold L. Vitek 7, David Greene ¢, Daniel S. Rizzuto *°, Dong Song %°,

Theodore W. Berger ?°, Robert E. Hampson 2!, Sam A. Deadwyler #,

Leigh R. Hochberg #2224 Nicholas D. Schiff 2, Paul Stypulkowski ?¢, Greg Worrell %7,
Vineet Tiruvadi %, Helen S. Mayberg 2°, Joohi Jimenez-Shahed *°, Pranav Nanda *,
Sameer A. Sheth *!, Robert E. Gross *?, Scott F. Lempka *, Luming Li %35% Wissam Deeb *
and Michael S. Okun !

1 Department of Neurology, Center for Movement Disorders andleurorestoration, University of Florida, Gainesville, FL
United States,? Department of Neurology, Pellegrino Center for Clinical @thics, Georgetown University Medical Center,
Washington, DC, United States? J. Crayton Pruitt Family Department of Biomedical Engineig, Center for Movement
Disorders and Neurorestoration, University of Florida, Gaesville, FL, United States? Nuf eld Department of Clinical
Neurosciences, University of Oxford, Oxford, United Kingzin, ° Biological Technologies Of ce, Defense Advanced Research
Projects Agency, Arlington, VA, United States’ Department of Neurosurgery, Center for Movement Disorderand
Neurorestoration, University of Florida, Gainesville, FUnited States,” Department of Neurological Surgery, Kavli Institute for
Fundamental Neuroscience, University of California, Sanrdhcisco, San Francisco, CA, United States® Departments of
Neurology and Neurological Sciences and Neurosurgery, Stdord University, Stanford, CA, United States? Department of
Biomedical Engineering, Case Western Reserve Universiyleveland, OH, United States!° Department of Psychiatry, Icahn
School of Medicine at Mount Sinai, New York, NY, United State ** Department of Neuroscience, Icahn School of Medicine
at Mount Sinai, New York, NY, United States!? Division of Biomedical Physics, Of ce of Science and Engineég
Laboratories, Center for Devices and Radiological Healtlynited States Food and Drug Administration, White Oak Fedal
Research Center, Silver Spring, MD, United States? Department of Biomedical Engineering, Duke University, Bliam, NC,
United States, * Division of Movement Disorders, Department of Neurology, iversity of Alabama at Birmingham,
Birmingham, AL, United States,'®* Department of Biomedical Engineering, University of Alaiba@a at Birmingham, Birmingham,
AL, United States,*® Department of Biomedical Engineering, University of Minseta, Minneapolis, MN, United States,

7 Department of Neurology, University of Minnesota, Minneagis, MN, United States,*® NeuroPace, Inc., Mountain View,
CA, United States,* Department of Psychology, University of Pennsylvania, Radelphia, PA, United States?® Department of
Biomedical Engineering, University of Southern CalifomiLos Angeles, CA, United States? Physiology and Pharmacology,
Wake Forest University School of Medicine, Wake Forest Umisity, Winston-Salem, NC, United States?? Department of
Neurology, Center for Neurotechnology and Neurorecoverylassachusetts General Hospital, Harvard Medical School,
Harvard University, Boston, MA, United States? Center for Neurorestoration and Neurotechnology, Rehalihtion R and D
Service, Veterans Affairs Medical Center, Providence, RInifed States, School of Engineering and Brown Institute for Brain
Science, Brown University, Providence, RI, United State$® Laboratory of Cognitive Neuromodulation, Feil Family BraMind
Research Institute, Weill Cornell Medicine, New York, NY, ided States, > Medtronic Neuromodulation, Minneapolis, MN,
United States,? Department of Neurology, Mayo Clinic, Rochester, MN, Unit States, ¢ Department of Biomedical
Engineering, Georgia Institute of Technology, Emory Unisity School of Medicine, Emory University, Atlanta, GA,

United States,?® Departments of Psychiatry, Neurology, and Radiology, EmgrUniversity School of Medicine, Emory
University, Atlanta, GA, United States® Parkinson's Disease Center and Movement Disorders CliniQepartment of
Neurology, Baylor College of Medicine, Houston, TX, UniteBtates, ** Department of Neurological Surgery, The Neurological
Institute, Columbia University Herbert and Florence Irving &dical Center, Colombia University, New York, NY, United &tes,
32 Department of Neurosurgery, Emory University, Atlanta, GAJnited States, ** Department of Biomedical Engineering,
University of Michigan, Ann Arbor, MI, United States}* National Engineering Laboratory for Neuromodulation, Scfol of
Aerospace Engineering, Tsinghua University, Beijing, Clai, *® Precision Medicine and Healthcare Research Center,
Tsinghua-Berkeley Shenzhen Institute, Tsinghua UnivessiBeijing, China,® Center of Epilepsy, Beijing Institute for Brain
Disorders, Beijing, China

Frontiers in Neuroscience | www.frontiersin.org 1

January 2018 | Volume 11 | Article 734


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://doi.org/10.3389/fnins.2017.00734
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2017.00734&domain=pdf&date_stamp=2018-01-24
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles
https://creativecommons.org/licenses/by/4.0/
mailto:adolfo.ramirez-zamora@neurology.ufl.edu
mailto:adolfo.ramirez-zamora@neurology.ufl.edu
https://doi.org/10.3389/fnins.2017.00734
https://www.frontiersin.org/articles/10.3389/fnins.2017.00734/full
http://loop.frontiersin.org/people/87519/overview
http://loop.frontiersin.org/people/188098/overview
http://loop.frontiersin.org/people/30609/overview
http://loop.frontiersin.org/people/38370/overview
http://loop.frontiersin.org/people/224421/overview
http://loop.frontiersin.org/people/395576/overview
http://loop.frontiersin.org/people/29668/overview
http://loop.frontiersin.org/people/49266/overview
http://loop.frontiersin.org/people/512413/overview
http://loop.frontiersin.org/people/508256/overview
http://loop.frontiersin.org/people/4785/overview
http://loop.frontiersin.org/people/152204/overview
http://loop.frontiersin.org/people/511723/overview
http://loop.frontiersin.org/people/36604/overview
http://loop.frontiersin.org/people/66969/overview
http://loop.frontiersin.org/people/4593/overview
http://loop.frontiersin.org/people/6023/overview
http://loop.frontiersin.org/people/7031/overview
http://loop.frontiersin.org/people/512462/overview
http://loop.frontiersin.org/people/243424/overview
http://loop.frontiersin.org/people/263378/overview
http://loop.frontiersin.org/people/4211/overview
http://loop.frontiersin.org/people/505878/overview
http://loop.frontiersin.org/people/296246/overview
http://loop.frontiersin.org/people/13987/overview

Ramirez-Zamora et al. Proceedings of Fifth DBS Think Tank

The annual Deep Brain Stimulation (DBS) Think Tank provides focal opportunity
for a multidisciplinary ensemble of experts in the eld of ngromodulation to
discuss advancements and forthcoming opportunities and chllenges in the eld.
The proceedings of the fth Think Tank summarize progress inneuromodulation
neurotechnology and techniques for the treatment of a rangeof neuropsychiatric
conditions including Parkinson's disease, dystonia, essatial tremor, Tourette syndrome,
obsessive compulsive disorder, epilepsy and cognitive, ah motor disorders. Each
section of this overview of the meeting provides insight tohe critical elements
of discussion, current challenges, and identied future dections of scientic and
technological development and application. The report adesses key issues in
developing, and emphasizes major innovations that have oetred during the past year.
Speci cally, this year's meeting focused on technical deveopments in DBS, design
considerations for DBS electrodes, improved sensors, newnal signal processing,
advancements in development and uses of responsive DBS (cted-loop systems),
updates on National Institutes of Health and DARPA DBS progms of the BRAIN
initiative, and neuroethical and policy issues arising innd from DBS research and
applications in practice.

Keywords: deep brain stimulation, neuromodulation, epileps y, Parkinson's disease, tremor, obsessive compulsive
disorder, tourette syndrome, memory

INTRODUCTION approaches has been limited by fundamental questions raggrdi
the pathophysiology and mechanisms underlying both disease
Neuromodulation, including cortical and subcortical appeb@s  processes and DBS-based interventions.
for management of neurological and neuropsychiatric disosd To address the extant knowledge gap, public and private
continues to rapidly evolve. Technological advancement& hateams are collaborating on building and deploying invesiyeal
enabled an increased understanding of neuronal Signabi\'!mzl research tools for Studying the human nervous System in
in signs and symptoms of a number of neuropsychiatrichoth health and disease. The primary goal of this work is to
conditions. The Fifth Annual Deep Brain Stimulation (DBS) merge (basic and applied) biomedical research with engingeri
Think Tank convened in Atlanta, GA, from May 19th to 21st, design methods to catalyze the development of next generatio
2017 to address evolving applications, technological ofg8®® neuromodulation therapeutics (séggure 1). The prototyping
and future opportunities in neuromodulation. This report of therapeutic concepts from a dynamic systems perspective has
highlights the challenges and opportunities addressed in thgstered increased capability of bioelectronic systems alot
meeting. There was particular focus on technical developmentmore as a neuroiogicai “Co_processor" to address neurd;gyst
design considerations for DBS electrodes, emerging caesil dysfunction, as opposed to the tonic, xed-pattern stimulator
of responsive DBS (closed-loop systems), updates from thged to date. Emergent technologies include devices tha st
National Institutes of Health (N'H) and Defense Advancedevem triggered recording and improved sensors Capabie of
Research Projects Agency (DARPA) DBS-based programs, foGegording local eld potential (LFP) from an increased number
upon advances and knowledge gaps in brain electrophysiologyf channel combinations. Additional developments include a
and sensor technology, and address of ongoing and newinaris enhanced capacity to parse signals from the neural noise oor,
neuroethical and policy issues generated in and by DBS r@seardevelopment of embedded inertial sensors, use of advanced

and uses in practice. stimulation parameters and patterns, creation of a rechaiigea
battery (that can increase neurostimulator life to allow more
TECHNICAL DEVELOPMENTS long term applications when utilizing advanced researchgpol
. . . production of upgradable and smaller devices, improved motion
Technologies Emerging Due to Investigator sensing and distance telemetry (e.g., real-time streayiii
Demand higher throughput (not-compressed, multiple channels) and
Neuromodulation 2.0: Building a bridge from today's tonisg@u research development kits (greater customization, intégnat
generators to tomorrow's adaptive neurological “co-gsore” with local and distributed systems). External synchron@ahas

The burden of neurological disease has signi cant economibeen a challenge in closed loop devices, and implanted device
and societal impact. While neuromodulation-based therajgeut technology with higher bandwidth than current systems Haes t
devices have forged signicant in-roads in treating somepotential to improve synchronization and to better detect the
neuropsychiatric conditions, overall, the relative susagfssuch fast dynamics of neural signals of interest. Toward this,end
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FIGURE 1 | Toolboxes to promote translational neuromodulation reseah and discovery.

newer networks can select recordings and set speci c signat91§. A novel DBS paradigm that combined high and low
to improve synchronization. The potential release of secondfrequency stimulation in varying patterns (VFS) to addre€s3F
generation devices (e.g., the Medtronic®®) for use in certain and appendicular PD motor symptoms has been proposkd (
National Institutes of Health (NIH) projects funded undereh et al., 201). Following an open label, doubled blind design,
United States' Brain Research through Advanced Innovativievestigators utilized the PINS DBS system to assess thé e ec
Neurotechnology (BRAIN) Initiative may address some ofsthe of VFS in FOG (NCT02601144). The study included twenty-
needs. As well, the limited number of lead contacts for doseeight (28) PD subjects presenting with FOG, who were implanted
loop applications has been a constraint. Newer devices welpik with bilateral STN DBS. At baseline, patients were evaluated
facilitate the ability to sample two channels per lead; theafse under four DBS conditions: DBS o, LFS (60-80Hz), HFS
additional channels could be bene cial to both increaseglimy  (130-180Hz) and VFS for a total of 6h. All subjects were

and to pair stimulation in closed-loop devices. discharged home on VFS settings and were scheduled for a
o . ) follow-up second study visit after 6 months, and for a nal
Highlights and Future Directions evaluation at 12 months. Changes in the Unied Parkinson's

Emerging technological developments include improvecPIsease (UPDRS) motor scale and a 10-meter timed up-and-
sensors, increased device memory, and rechargeableiesaLttergo (TUG) task were assessed at baseline, and following 1h of

Development of external signals to improve closed Iood“gh’ low, and VFS. Chronic VFS therapy was assessed at 6 and

synchronizations has been identi ed as being important to12 mgnthslwnh t.he FOG questionnaire and the gait and falls
next-generation technology capability questionnaire. Initial data suggests that VFS was well atder

An increased number of lead electrodes may improve bot@gthhat. I (l;educes appzrldchuFIEér sygrﬁigm? fzn d th?hnl;m"b er of
stimulation and recording capacities of both current and hew Fi l_ep:jso EIS cot_mparfeth od ¢ an di at L= months foflow up.
developing devices. inalized publication of the data is pending.

. . . Highlights and Future Directions
Variable Frequency Stimulation as a New ghiig

Approach to DBS in De ned Applications A novel VFS DBS programming paradigm was shown to elicit
There are ongoing e orts to de ne particular signs and symptoms !mproved blerge ltdovgr tradlt(ljonal HFS and LFS programming
of neuropsychiatric disorders that may be mitigated by DBS in an open label design study. i
intervention. Freezing of gait (FOG) is de ned as a sudden VES was well tolergted and was shown to potentially reduce
arrest of forward stepping commonly a ecting patients with FOG episodes and improve T_UG measures. .

advanced Parkinson's disease (PR)i(t et al., 201). Occurrence The use of external sensing triggered by physiological clsange
and management of FOG is challenging as FOG is often indicative of FOG might be useful a speci ¢ biomarker to best
resistant to levodopa treatment in patients with advanced PD. utilize VFS.

In small case series, low frequency stimulation (LFS) of the . . .

subthalamic nucleus (STN) (60-80 Hz) has provided short ternB'phaS|_C DBS for Essential Tremor and

benet in reducing axial symptoms including FOG, although Dystonia

this has raised concerns about the worsening of appendicul@espite advances in DBS techniques and technology, clisician
symptoms, in particular tremorXie et al., 2015; Zibetti et al., continue to face limitations in battery longevity and in
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stimulation-induced side eects. The conventional DBSwere more e ective than macroelectrodes in terminating sess
waveform consists of a rectangular biphasic pulse, with athrough the use of asynchronous theta stimulatiaregai et al.,
active, high-amplitude and short-duration phase, followedaby 2016. While such animal studies are promising, it was suggested
passive, low amplitude, charge-balancing phase. Pilot résatirc that the use of a non-human primate model of penicillin induced
the University of Florida in movement disorders reported thatseizure) would be important (and thus is planned) prior to
square biphasic (sgBIP) pulses (with active rather than passiconsidering use of this approach in human patients.
charge-balancing phase) were well tolerated and provided a A translational study using RCS (Medtronic) is also
greater clinical bene t when compared to commercially aafalé  currently planned to identify electrophysiological biomarke
DBS @kbar et al., 2016 and to integrate a closed-loop approach. The initial phase of

An open label, pilot trial assessed (over a period of hourspur studies aims to use an external system to test stimulatio
the safety and tolerability of sqBiP DBS in patients with PD, E in an open loop fashion using asynchronous distributed
and dystonia Almeida et al., 201)7 Secondary analysis included microelectrode theta stimulation. We will also record biakexrs
e ects on motor response produced by sqBiP DBS comparednd use these to design a closed loop neuromodulation akgori
to conventional stimulation. Firmware was updated withThiswillleadin phase 2 to atranslational NHP study using®F&C
proprietary software provided by the manufacturer (Medtronic) (Medtronic) which will allow both open-loop and closed-loop
Patients were tested in at-home settings (conventional)Ppit&r  algorithms based on the previous experiment. The third phase
a 30-min washout, and then at multiple time points after sqBiPwill translate the NHP ndings into an early stage feasililit
DBS was implemented for a total of 3h for ET and PD, and 2 tstudy in epilepsy patients. These studies rely on novel high-
for dystonia. channel count electrodes, bidirectional neurostimulati@vides

At each evaluation, motor behavior and scales werand novel computational approaches.
videotaped, and accelerometer and GAITRite data were
collected. There were no adverse events documented inreithElighlights and Future Directions
arm of the study. Signi cantly positive changes in tremor &=
over time, and in accelerometer data were observed. Subsequ
post-hocanalysis showed signi cance only between dierent
time points and the washout period. For treatment of dystonia,
there was a signi cant change in cervical dystonia scoré$, w
post-ho@nalysis revealing di erences between other time points
and the washout. Interestingly, there was a gradual impraam@m
in GAITRite measures, including cadence, velocity, average
step length, and double support time with sqBiP stimulation.
sgBiP was well-tolerated in the acute ambulatory settiri¢h w
possibly similar bene ts produced in motor scores and improved
cadence, step stride, and double support gait assessments.

Preliminary data usingin vitro multielectrode array in
cell culture revealed asynchronous multi-site stimulation
eliminated synchronous epileptiform activity.
Multi-microelectrodes  were  more eective than
macroelectrodes in terminating seizures in a rodent model
using asynchronous theta stimulation.

Using an acute non-human primate seizure model of epilepsy,
the research will attempt to translate the above ndings, and
to identify biomarkers to be used in implementation of closed
loop seizure control optimization.

ADVANCES IN CLOSED LOOP DBS

Parkinson's Disease

A novel stimulation technique, sqBiP adjusted the pulse|gsed Loop DBS in PD

frequency and shape of pulses. Speci ¢ examples of the application of closed-loop DBS in
In use against ET, sqBiP DBS improved tremor scales ansip are growing Rosin et al., 2011; Little et al., 2013, 2016;
accelerometer parameters. In treating dystonia sqBiP DBgajekmohammadi et al., 20).6These cases have demonstrated
produced an improvement in gait variables. symptom improvement, with substantial power savings and/or
Future studies will explore the mechanisms of sqBiP pulsegaduction in side-e ects attributable to stimulation. Theddback
long term outcomes; battery consumption, and clinicalsypstrates and closed-loop control algorithms involvedeha
bene ts in treatment of ET, PD, dystonia and other selecClaried, but most have relied on the amplitude of beta activity
disorders. as directly recorded in the basal ganglia-cortical loop. The
amplitude of such beta activity correlates with bradykinesia

- . . and rigidity and is suppressed by both medications that exert
Distributed Network Control with High e ect on central dopaminergic activity, and high frequency ®B

Density Neuromodulation Technology for (Meidahl et al., 201)7 Thus far, closed-loop control algorithms
the Treatment of Intractable Epilepsy have either engaged an on-o activity pattern, with short
Anterior thalamic DBS $alanova et al., 20)Lland responsive ramping onset and o set (se&igure 2), or have employed
neuromodulation Bergey et al., 20)5or treatment epilepsy a more gradual, proportional or hybrid control policy. One
has been reported to show an approximately 65% reduction ilmportant consideration is the optimal reactivity of the cldse
seizures atlong term follow-up. Preliminary data usingrawvitro ~ loop system, which may impact its e cacy, e ciency and
multi-electrode array in cell culture revealed that asyocious  ultimate therapeutic window. In healthy primates, and in patige
multi-site stimulation eliminated synchronous epileptogen with PD, beta activity is phasid{nkhauser et al., 20).7Longer
activity. Furthermore, in animal models, multi-microetemdes bursts attain higher amplitudes, indicative of more pervasive

Highlights and Future Directions
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oscillatory synchronization within the neural circuit. &ter  customized neuromodulation, based on state, symptom arel lev
bursts predominate in healthy states; and in patients, thegtited ~ of medication. To be successful CL-DBS requires feedbguoélsi
proportion of short and long bursts negatively and positively(control variables) that are accurate re ections of the dise
correlate with motor impairment, respectively. Therefore, itstate or symptom, and neuromodulation paradigms (control
might be best to selectively terminate longer, (i.e., pathichl) policy algorithms) that are customized for that disease/symptom
beta bursts through closed-loop DBS to both maximize poweTremor is especially well-suited for responsive or CL-DBS as i
savings and to spare the ability of underlying neural cirguit varies in amplitude or presence over time and di ers between PD
to engage in more physiological processing which may involvsubjects. CL-DBS for tremor can be approached using control
shorter bursts(inkhauser et al., 20).7 variables such as a peripheral measure of tremor (Kinematic
The role of more complex feedback signals, includingCI-DBS) or the STN LFP beta band (13-30 Hz) power (Neural
multidimensional central and peripheral inputs, remains to beCL-DBS) (Malekmohammadi et al., 20).6Attenuation of STN
explored, as do the advantages of more sophisticated contrbéta band power by medication or DBS is associated with
algorithms. In particular, it may prove necessary to tailonttol ~ improvement in both rigidity and bradykinesia and has beea th
loops to a ord improved amelioration of patient-speci ¢ patterns control variable used in CL-DBS studies to datailin et al.,
of impairment (Meidahl et al., 2017 On the other hand, 2008; Whitmer et al., 20)2However, the presence of tremor
one of the factors constraining the development of closexgplo itself may attenuate beta band power and thus Neural CL-DBS
DBS is the range of possible feedback signals, control mmlicianay not be useful for tremorghreve et al., 20).7
and stimulation patterns. Arguably, the eld needs to focus The e ectiveness and e ciency of Kinematic compared to
on demonstrating an unequivocal gain over conventional DB$leural CL-DBS and to open loop DBS were determined in six PD
before closed-loop DBS techniques are further nuancedk&lie subjects [flalekmohammadi et al., 20)@sing a dual threshold
will be to shift from acute trials in post-operative patients—control policy algorithm, Figure 3), for either beta band power,
where studies are confounded by stun e ects and temporglFigures 3A,B, or tremor power, measured by a Bluetooth
constraints — to acute and then ultimately to chronic trigts  enabled smartwatch-{gure 3C). Voltage was increased if either
patients who have already undergone conventional DBS. THeeta or tremor power was above the upper threshold, remained
latter will allow resolution of the stun e ect, and willa ordine  the same if between thresholds, and was decreased if below
for optimization of conventional DBS so that valid comparison the lower threshold. Both techniques improved tremor to a
can be made. However, these types of chronic trials will requirsimilar degree; Kinematic CL-DBS used 10.6% of the totalgner
further development of enabling technology, together with ahat would have been delivered (TEED) during open loop DBS
more informed understanding of the dynamics of target citkeu  and Neural CL-DBS used 31.5% TEED. Kinematic CL-DBS was
signi cantly more e cient than Neural CL-DBS B < 0.05).
Highlights and Future Directions Neural CL-DBS was e cacious in treating tremor if the initia
S o ~ voltage was in a therapeutic range; whereas Kinematic CL-DBS
In PD, beta activity is phasic with longer busts attainingrequired tremor to be present and initial voltage was set at th
higher amplitudes, indicative of more pervasive oscillatoryoer therapeutic limit. This research demonstrates that CL-
synchronization within the neural circuit. Shorter bursts DBS, using either a neural or kinematic control variablenize
predominate inthe healthys_tate,and ther_e_lative proportibn_oe cient than open loop DBS. Furthermore, it highlights the
short and long bursts negatively and positively correlatiywi ptential that additional development of patient- and symptom-
motor impairment, respectively. speci ¢ control variables, and control policy algorithms wil

Termination of longer, pathological beta bursts throthimprove the e ciency, e cacy and speci city of DBS therapy
closed-loop DBS might maximize power savings, and spagg, pp.

the ability of underlying neural circuits to engage in more

physiological processing. S L
The next steps in adaptive DBS involves shifting from acutt'e_“gh“ghts and Future Directions
trials in post-operative patients to longer assessment and Tremor in PD is a symptom especially well-suited for

evaluation to minimize confounded factors. responsive or closed loop DBS as it varies in amplitude or
presence over time and di ers between patients.
Customizing Control Variables and Control Policy In a pilot trial, there were no di erences between tremor
Algorithms for Closed Loop DBS to Treat Tremor in control with adaptive DBS using Kinematic or Neural CL-DBS
Parkinson's Disease and Kinematic CL-DBS was signi cantly more e cient than

At present DBS is characteristically provided as continuous, Neural CL-DBS KCL-DBS.

open loop, non-responsive input, and uses a “one-size ts all”

set of parameters for a wide range of neurological disorders. Closed-Loop DBS for Freezing of Gait in PD

cannot respond to the patient's state (asleep/awake, res#act Levodopa-resistant posture, and FOG symptoms are disabling
dominant symptoms (tremor, bradykinesia, gait impairment)and di cult to address in patients with PD. Recent DBS trials
or medication level. In contrast, closed loop (i.e., respa)s have rarely addressed FOG and speci cally “on-medication”
DBS (CL- DBS) for PD, using kinematic and/or neuralfreezing and falling. Freezing appears to involve some
biomarkers, has the potential to deliver more precise and@ABA-ergically-mediated activity of the globus pallidus
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FIGURE 2 | The beta burst duration and amplitude as a potential biomar for closed loop approaches. On-off feedback control of béa activity recorded in the
subthalamic nucleus in a patient with PD so as to terminate fg duration, high amplitude beta bursts. Intermittent stimlation may be suf cient to improve motor
impairment, whilst sparing more physiological periods of pcessing and thereby limiting side-effectsTinkhauser et al., 2017with permission).

interna (GPi) that leads to dysfunction of the pedunculopometi Highlights and Future Directions
nucleus (PPN). Human DBS studies have targeted the PPN or the
PPN plus STN with mixed—and in many cases, unsatisfactory
outcomes $tefani et al., 2007; Moreau et al., 2009; Moro et al.,
2010. However, there is no consensus regarding the best PPN
target and both rostral and caudal pedunculopontine nucleus
subregions have been targetéthé¢vathasan et al., 20l There

is great variability in clinical methodology used amonggaal
centers and the spread of stimulation and inconsistency in
targeting suggests that neighboring brain stem regions bey
implicated in any DBS response. Because of the intermittent
nature of FOG, a feasibility closed-loop neuromodulationClosed Loop Deep Brain Stimulation for PD: Update
(CL-DBS) approach for bilateral PPN DBS plus conventionabn Use of Cortical Control Signals

bilateral open-loop DBS (OL-DBS) of the GPi to manageCurrently used DBS devices generally deliver “open loop”
on-medication FOG in PD has been initiated at the Universitystimulation, continuously stimulating target structunesyardless

of Florida. Five patients with advanced PD and refractory FO®f changes in the brain circuits related to disease expression
were implanted with Medtronic Activa PCS implantable Device programming is a labor-intensive process that is based o
neurostimulators leads. The patients were carefully evetljat “trial and error” and requires signi cant clinical expertisghich

so as to de ne true “on” medication freezers. A closed-loopare barriers to widespread clinical application. Additionally,
PPN DBS paradigm has been developed using LFPs occurriggntinuous open-loop DBS for PD may result in suboptimal
in GPi and PPN during normal walking and during maneuverscontrol of uctuating motor signs, stimulation-induced adrse
known to trigger freezing episodes. Assessments are blindedects, and short battery life (ttle et al., 201}

and videotaped including objective gait laboratory analyRRN As previously noted, one approach is to utilize subthalamic
CL-DBS was aimed to deliver stimulation at di erent frequessc  beta band activity as the control signal for closed loop
(5, 25, 65, and 130 HZ) at the onset of gait. This PPN CL-DBStimulation (Little et al., 2013 Advantages of this approach
paradigm was also used for long-term PPN CL-DBS via thinclude conceptual simplicity, and that the control signah &z
Nexus-E rmware, which allows similar Nexus-D operation, derived from the same electrode array as used for therapeutic
but is a completely embedded, enclosed system with no exterrgtimulation, thereby obviating the need for additional sen
triggers or machines. GPi stimulation settings were deteett  electrodes. Disadvantages include a relatively low anggitu
by clinical bene t consistent with current standard of caia@  signal with high stimulation artifact, and that the beta lolan
optimizing pallidal DBS. The study remains ongoing and willactivity is strongly aected by normal movement, not just
report safety and feasibility of this approach along with cleathe severity of Parkinsonian motor sign®4sim et al., 2016
neurophysiological changes in beta and theta bands thatidmil We have developed an alternative technique for closed loop
potential biomarkers to guide future adaptive DBS approaches.stimulation in PD using a sensor that is permanently implanted

A novel closed loop DBS system that targets GPi and PPN is
currently investigated for treatment of refractory “on” I80n

PD patients. Approach appears safe and applicable.
Challenges will include establishing the most e ective lmrat

of PPN contacts, and programming settings, identifying
reliable neurophysiological biomarkers of walking and FOG,
and re ning patient selection in light of wide variability awzng
advanced PD patients.
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FIGURE 3 | The Development of a Closed Loop System for PD Tremo(A) Voltage dependent attenuation of STN beta band power; top pael- time frequency
spectrogram, black bars indicate periods of STN DBS; lower gnel group averaged relative beta band power at different DB voltages. (B) Dual threshold control
policy diagram; bresbeta power no DBS at rest;by, by —beta power at lower and upper limits of DBS voltagebjyc, bpec—beta power of upper and lower
thresholds. (C). Example of STN KCL-DBS using dual tremor power thresholdsaiiver panel blue and magenta lines). DBS voltage (upper panebllows tremor power
and remains off for much of the trial when there is no tremor.

in the subdural space over the primary motor cortex. Thise ects. Patients in this study did not perceive stimulation-
is attached, along with the ipsilateral subthalamic stirtinoa related changes. Cortical contacts were implanted through t
lead, to an investigational pulse generator (Activa(%; same DBS burr hole and appeared to be stable in the long-
Medtronic) with sensing as well as stimulation capabilitytthaterm (as observed in other recent studies conducted at pielti
can be used to prototype feedback control algorithms. Theites).

control strategy is based on detection of a narrow band

gamma oscillation (60-90 Hz) that has previously been shown o

to be a biomarker of the dyskinetic statv(ann et al., 20)6 Highlights and Future Directions

(Figure 4). A new technique aims to optimize electrophysiological signals
We have tested this method in three phases ifl)vitro used for closed loop DBS using a sensor permanently
experiments using previously collected cortical signalveded implanted in the subdural space over primary motor cortex.

to analog voltages and applied to a saline bath containing alpadd  Utilizing an investigational pulse generator (Activa €S,
lead attached to an external BS; (2) in the clinic, streaming Medtronic), the control strategy is based on detection of a
data from an implanted PCS to an external laptop that  narrow band gamma oscillation (60—90 Hz) previously shown

controlled the PCS stimulus via radiotelemetryHgerron and to be a biomarker of the dyskinetic state.
Chizeck, 201¢ and (3) in a second clinical application, which  Future challenges include identifying the most e ective type
evaluated the control algorithm totally embedded in @& of detection; selecting the best type of signal; noise redlicti

In two test subjects, closed loop control (Nexus E) provided identifying the ideal frequency band; and discerning betwe
26 and 39% reduction in energy delivered, without adverse use of single vs. multiple frequencies.
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FIGURE 4 | Using Gamma Power as a Biomarker for Closed Loop Deep Brain Boulation. A brief trial of closed loop stimulation using aartical detector in a patient
with intermittent dyskinesia in spite of therapeutic STN D8. This trial was implemented with data streaming from PCS to an external computer (using Nexus D2/3).
Top: spectrogram of motor cortex ECoG signal over 300's, showng several epochs of an 80 Hz oscillation heralding the dyshetic state. Bottom: transitions in
stimulation triggered by the 80 Hz oscillation. Red line depts the gamma power envelope at 80 Hz center frequency and 5 B bandwidth. Gold line depicts the
detector that classi es gamma power to high or low values. Ble line depicts spectral power at stimulation frequency (16Biz). When average gamma power (over
10s) exceeded or dropped below a threshold (2.5 standard deviation of gamma power during a calibration recaling), stimulation was decreased, or increased,
respectively.

Deep Brain Stimulation for Other normal pattern of oscillatory activity may reduce tics and also
Neuropsychiatric Conditions lead to less device discharge over longitudinal follow-up.

Tourette Syndrome

Tourette syndrome (TS) is a developmental neuropsychiatri!f'igh”ghts and Future Directions

disorder characterized by involuntary and vocal tics, \hie Pilot studies of responsive neurostimulation in TS patients
commonly co-morbid to other conditions, such as attention have been conducted and a larger trial is currently underway
de cit hyperactivity disorder and obsessive compulsive diso Neural activity precedes tic onset, and successful stinaulati

(Cheung et al., 2007; Kenney et al., 2008he etiology results in cortical phase amplitude coupling.
of TS remains largely unknown; however, a commonly Future challenges—and opportunities—include developing
accepted hypothesis implicates dysfunction of corticosttiand consistent programming algorithms, improving stimulation
thalamocortical circuits Albin and Mink, 200§. DBS is an settings, achieving higher resolution tic detection, archihg
emerging therapy for cases of severe and intractable TS, andadditional biomarkers.
next generation DBS devices, such as the Neuropace RNS and
Medtronic Activa PCS, provide tools with which to record Optimizing Neurophysiologic DBS Signal for
electrophysiological signals that can be used to study nétwo Treatment of Tourette Syndrome
e ects and pathophysiology in this disorder. LFP analysis is a well-established method for investigating
Two studies of TS electrophysiology using DBS have recentliisease, and network and stimulation dynamics in PD. Analysi
been conducted at the University of Florida. The rstimpladte of intraoperative basal ganglia LFPs can potentially prediet th
dual DBS leads in the centromedian- parafascicular complexptimal stimulation contactifice et al., 2010 There is increasing
of the thalamus, and employed a NeuroPace RNS device boitterest in the use of DBS to treat signs and symptoms of TS, and
to study electrophysiology of tics and to develop a responsiv@ultiple DBS targets have been proposed for the treatment of TS
neurostimulation paradigm. Responsive DBS was achieved {wiswanathan et al., 20).2LFP analysis using signals captured
one subject, delivering stimulation in response to increase from a combination of DBS electrodes and cortical recordings
low-frequency activity (5-15 Hz) in the thalamus that cdated  previously shown thalamocortical activity changes durireg th
with dystonic tics {lolina et al., 201). A second study, using TS Shute et al., 20)6Limited data exist about the role of LFPs
the Medtronic Activa PCS devices targeted the same thalamidn the posteroventral GPi in TS, although open label stimoiati
nucleus bilaterally, but also included bilateral cortisabdural at this site does seem to improve symptor8sghed et al., 2007
strips over the motor cortex to study the thalamocorticametk LFP recordings from the GPi during an intraoperative testing
of tic generation hute et al., 20)6 paradigm capturing the resting state, voluntary movements,
Long complex tics were shown to be concurrent with aand tic activity have been analyzed and reported in 3 subjects
consistently detectable low frequency activity in thedinalis, as  with TS (Jimenez-Shahed et al., 2)1&he LFP data Itered
shown in other studies. However, stimulation artifactsulesd  between 13 and 30 Hz indicated the presence of event related
in the development of a responsive DBS based on the corticdesynchronization with lower amplitude beta band oscitiat
signatures of tic generation, which involved increaseitical ~ during tic periods compared to the resting state. During tic
beta activity Shute et al., 20)6 An ongoing NIH study is periods, there was also amplitude enhancement in the gamma
examining the physiology of tics and closed loop DBS in 1@ange (40-150Hz) and higher frequencies (150-500Hz) in
human subjects. Resetting tic mechanisms to achieve a moa#l subjects. Subjects demonstrated individual changesén t
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spectral power of LFPs in both the low and high frequencypotential spurious oscillatory results. Non-linear gain resgpes
oscillations (HFO) during di erent states. The resting gatas from an ampli er that is engaged to its output limits can result
further characterized by coupling between the phase of thetan strong high-frequency oscillations and low-to-high pkas
low alpha oscillations to the amplitude of HFOs in two subjectsamplitude coupling spuriously because of soft-clipping of the
while tic activity was associated with beta-HFO phase-anndit input signal. In light of this, we are developing an interaetiv
coupling (PAC) in all 3 subjects. These results were in catratool that can be used to assess level of gain compression ghakin
to the novel identi cation of beta-HFO PAC in the GPi of four analysis and interpretation of oscillatory results moreaielé.
un-medicated PD patients at rest. These ndings suggest that Modern analytical approaches were employed to overcome
tic activity can be neurophysiologically distinguished t{ae  challenges that result from both recording noise and low
subcortical level) from rest, voluntary movements and akia, patient sample sizes. Next, we utilized a machine learningebas
and that the GPi is a viable target for neuromodulation toalgorithm to extract oscillatory biometrics in the chroni€ES
decrease tics in TS. Additionally, these data challengeithwe recordings. This approach, when learned on limited, noisy data
that beta-HFO PAC is only a marker of akinesia, since tic$n a training set, is able to predict the current level of depres
represent a hyperkinetic state. These results also highlight severity (as measured by weekly rating scales) with approglynat
importance of investigating the HFO range of LFP activity. 50% correlation in a testing set of patients. This strategy appea
Given these ndings, we posit that continuing investigationto have technical, analytical, and practical advantagesngive
of the LFP spectral characteristics and non-linear intecarsti  the limited number of patients, sparseness of sampling, and
between dierent LFP frequency bands across nodes withithe known trajectory of clinical depression response(s). This
the basal ganglia-thalamo-cortical network in TS (and otheapproach, when complemented with standard Fourier-domain
movement disorders) will broaden understanding of theapproaches, can help to identify useful models for biometrics
neurophysiologic abnormalities characterizing these @os.  construction that can be based on correlative analyses.

This knowledge will also contribute to the identi cation tifie Despite promising initial results, the exact mechanism of
most appropriate and sensitive signals to trigger closed looaction of SCCwm-DBS still remains unclear, but appears
stimulation when di erent movement patterns are present. to involve cortical regions beyond the site of stimulation
(Mayberg et al., 2005Using multimodal electrophysiology, we
Highlights and Future Directions are therefore investigating rapid, transiently induced tioad

(?)scillatory responses to connectomics-optimized SCCwm-DBS.
in the spectral power in both the low and HFO sub-band n all patients with simultaneous RTS LFP and dense EEG,
. : - alpha power change patterns can be used to clearly separate
during di erent rest, voluntary movements or tics. : . ) . .
stimulation at the optimal SCC contact from stimulation at

Tic a(_:tlw_ty was associated with beta-HFO phase-amphtudgn adjacent contact on the DBS lead just 1.5mm away. The
coupling in this study.

Continued investigation of the LFP spectral charactersisticCor’nple.mentary accuracy ano! reliability of t.h's method in
. . . . con rming current tractographic approaches is the focus of
of dierent movement disorders will contribute to the

identi cation of the most appropriate and sensitive signals 1021909 studies employing a larger cohort,
trigger and to develop closed loop stimulation.

LFP recordings from the GPi demonstrate individual change

Highlights and Future Directions

Studying Oscillatory Activity in Deep Brain Various approaches can be used to identify putative biometrics
Stimulation for Depression of depression and anatomic sites and networks that be
DBS of the subcallosal cingulate white matter (SCCwm) has €mployed in future closed-loop DBS to objectively con rm
been shown to elicit durable improvements in depressive Proper anatomical targeting and potentially optimize
symptoms Riva-Posse et al., 201 Here, preliminary work is therapeqtlcally e ective parameters of DBS in treatment of
presented that characterizes network-level electrophygicél depression. o _
changes in patients with treatment-resistant depression e Assessment, iterative modi cation, and expanded testirig-se
implanted with SCCwm-DBS. Using a prototype bi-directional valqu'_;ltlon W|Il_be continued in ongoing investigations with
DBS platform that employed the Activa BS Gtanslaski et al., ~ additional subjects. o _ .
2012 in conjunction with dense array EEG, preliminary evidence ~Future opportunities will focus upon identifying stimulation
of electrophysiologic changes in the SCC and downstream settings that will reproduce the putative biomarkers observed
cortical regions was demonstrated that correlated withhbibie on EEG.
disease state and stimulation conditions.

In order to assess the validity of any oscillatory biometricCentral Thalamic Stimulation for Traumatic Brain
captured from patients with chronically implanted prototype Injury (TBI)
devices, preliminary evaluations focused upon limitatiofs olnvolvement of the central thalamus has been implicated in
oscillatory analyses in the context of technical devicelniéipas. the pathophysiology of certain types of traumatic brain injury
In particular, it is known that ampli er limitations are sertsieto ~ (TBI). As this area links to other relevant brain networksdan
disease-independent tissue impedances and impedance changegions, the involvement of the central thalamus may play
Thus, ampli er-related distortions present in bi-directiahDBS an important—and reciprocal—role in other brain responses
devices during stimulation were modeled in order to ideptif to TBI, as well. Neural networks mediating arousal project
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to the central thalamus, with e erent projections to the development of hypomania or mania. Thus, there is a clear need
anterior forebrain Echi , 2016. Pre-clinical animal (non-human for an adaptive DBS (aDBS) system that can correctly assess
primate—NHP) and rodent) models have elucidated thesé@ypomania as distinguished from a euthymic mood state, and
central thalamic to forebrain connections and their furctal automatically adjust stimulation accordingly.

activation using electrophysiologic methods and optogeneti A pilot study funded by the NIH BRAIN Initiative aims to
techniques combined with fMRIL(u et al., 2015; Baker et al., develop and to test a prototype aDBS system for intractable OCD
2016. Proof of concept that DBS of the central thalamus carthat uses LFP signals to automatically adjust DBS parameters t
produce improvements in cognitive performance and arousaboth improve symptom management and reduce stimulation-
supports the further development of clinical studieSigcino induced behavioral side e ects. One of the challenges obthigy
etal., 201p Additional studies in human patients with minimally was to identify a label for the classi ers that was objectiekable,
conscious state showed that central thalamic DBS produceahd tting the National Institute of Mental Health (NIMH)
improvement(s) in both motor and cognitive function. Notghh  Research Domain Criteria (RDoC) Constructs. Positive Valence
single-subject in minimally conscious state demonstratedor  (e.g., for elevated or euthymic mood) and Negative Valence
and cognitive improvement with central thalamic DBS; thisConstructs (e.g., to encompass depression, anxiety, andsdisg
patient regained capacity to identify objects and speak after aassociated with worsening OCD) were selected, with fa@at a
initial titration phase along with improvements in attenti@and  being used to represent the motor output of emotional state;
organized activity of the upper limb. Oral feeding was greatha measure considered to be superior to clinician ratings of
improved with DBS as well. A clinical trial targeting patienith ~ a ect for tracking changes in real time. The automated facial
persistent cognitive di culties after TBI is planned. Six patis  a ect recognition (AFAR) platform (ian et al., 200)Lwill be

with severe to moderate brain injury (GOSE Outcome level 64tilized, and time-locked with inputs from LFPs, EEG, motion,
7) at least two years following their initial injury with pésgent  physiology, and changes in DBS programming in order to build
cognitive impairment limiting regaining vocation and sdcia classi ers for use in this, and future studies.

reentry will be enrolled. The primary outcomes measure will

test attention and working memory function. EEG will be usedHighlights and Future Directions

as a secondary physiological marker of cognitive impairment i
order to examine physiological mechanisms of DBS e ects and to
potentially develop adaptive technologies.

Ongoing studies are underway toward the development of
adaptive technology that can provide accurate classi cation
of acute uctuations in obsessive ideation and/or compusiv
behaviors that can be used to improve DBS programming for
use in treatment of OCD.

Preclinical and clinical data support the role of the central The use of an automated facial recognition program will be
thalamus and its projections in arousal and attention. evaluated as a potential biomarker of emotional state and to
A clinical trial aiming to assess the e ect of central thalami  determine feasibility for use in adaptive control.

DBS in patients with TBI is underway. Cortical recordings Challenges include determining how the system can separate
and correlates of cognitive function will be explored using physiologic from pathological states, and if and how the syste
recording DBS technology and EEG. can adequately classify numerous behavioral signals.
Challenges include establishing de nitive anatomical

substrate(s) for stimulation, selecting ideal candidatiéepés,

obtaining neuroimaging assessments, and developing arEir {?lllen ftagexoglt.ggggoﬁgr %;?lsegohqorggfsgeﬁjg ical disease
implementing the most e ective and reliable programming Prepsy | piaemiologically : urolog! !
and over 1/3 of patients have drug resistant epilepsy. In select

Highlights and Future Directions

techniques. cases, neurosurgical intervention can cure focal epilepsty, b
many patients are not surgical candidates because theiurrssiz
Adaptive DBS for Obsessive Compulsive Disorder are poorly localized or originate from brain regions that cahn
(OCD) be safely resected. Seizures are generally treated asnrando

Ventral Striatum (VS) DBS has FDA humanitarian deviceevents, and there are currently no proven surrogate bionrarke
exemption approval for treatment of intractable OCD, andfor seizures. Clinicians must select a treatment and tibrati
has been shown to incur 60% clinical benet in recent metaplan (drug, dose, stimulation parameters, etc.) based oncélini
analysis (of open-label studies)l¢nso et al., 2005 However, guidelines, and then wait for a treatment failure to maketliier
management and programming strategies are increasinglyeatment adjustments.

challenged to provide persistent benet while limiting the Advances in neural engineering have led to implantable
occurrence of DBS-induced behavioral side e ects, mostligta devices capable of therapeutic electrical stimulatiéimsi{er
hypomania (Vidge et al., 2016 Programming adjustments have and Velasco, 20)4 seizure detection and forecastingdok
been made largely on the basis of acquiring acute bene cialt al., 2013 Electrical stimulation of the anterior nucleus
e ects on outcome measures of “anxiety reduction,” “improvedof the thalamus Fisher et al., 2010; Salanova et al., 2015
mood” and “increased energy.” Induction of “mirth” has sedv. and responsive stimulation of detected electrophysiological
as a guidepost measure to programming, and has been regardaonormalities {lorrell and RNS System in Epilepsy Study Group,
as predictive of good response to treatmerh( et al., 2000l  2011; Heck et al., 2014; Bergey et al., P@Ese shown to reduce
However, DBS-induced mirth also represents a potential sk f seizure burden in well-designed pivotal trials, but patieatety
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achieved complete seizure freedom. Recently, multiple grou
have demonstrated the feasibility of seizure forecastinigoith
humans Park et al., 2011; Cook et al., 2013; Brinkmann et al|
2016 and canines lowbert et al., 2014; Brinkmann et al.,
2015 using intracranial EEG. Seizure forecasting has also be
demonstrated in ambulatory patients with an implantable devi
that provides continuous intracranial EEG (iEEG) integrhte
with a personal assistant device (PAD), running both seizur
detection and forecasting algorithm&dgok et al., 201)3 Next
generation implantable devices are now poised to transforn
epilepsy management by integrating brain sensing, activia bra,
probing, seizure detection, electronic seizure diarieguse
forecasting, and intelligent therapeutic stimulation.

The fact that seizure probability uctuates opens the
possibility of directly tracking seizure probability and
dynamically adjusting therapy to prevent seizures. Furthaen
it has been shown that the neuronal assemblies activatedglur
seizures may be consolidated in post-seizure slow-wavp, sle
i.e., physiological learning mechanisms may strengthen th
seizure engramBower et al., 2005 This observation suggests
targeting neuronal dynamics during post-seizure slow-wav
sleep as a brain state dependent therapy. Thus, devices prgvid
continuous brain sensing, probing, and intelligent stintida
based on seizure probability and brain state can open new
therapeutic options. In addition, the ability to directly enact
with the nervous system could open a new era of brain reSearCh'rechargeable Medtronic RGCS provides bi-directional coupling with the

For example’ the RCS (Bourget etal, 201‘% a reChargeable brain in patients with epilepsy. The personal assistant dése (PAD) provides
device, with sensing, stimulation, embedded computationaloff-the-body analytics and is bi-directional with a cloud avironment. The gure
payloads, and continuous IEEG telemetry that a ords capahilit| is adapted from Cook et al. with permission ook et al., 2013 with permission).
of distributed computing & analytics on a hand-held PAD and
cloud environment. It is also rechargeable. Currently pliaical
development and validation of RTS in dogs with naturally
occurring epilepsy is underway and a human feasibility trgal i amount of charge injected is transferred via an electrongfar

Adagted. Cook et & Lancet 2014

FIGURE 5 | Next Generation Epilepsy Therapy Platform. The implanted,

planned for early 201%gure 5). process (i.e., a faradaic reaction), and capacitive reactioour
as well Merrill et al.,, 200% Undesired faradaic reactions
Highlights and Future Directions include electrode dissolution products that di use into tiss
There is a need for developing better tools to precisely id;rentif(':Igure 6.

. . . Balancing the amount of charge injected during the
and analyse seizures. Neuronal ensembles during seizures

using scalp EEG have shown that neurons that re together (a% |mu_lat|on phase by a subsequent_ phase (.)f the oppoglte
the onset of seizure), wire together (during slow wave sleep) polarity was formerly thought to avoid undesirable faradaic

Utilizing advanced DBS devices, a currently initialtedreact|ons. However, imbalanced charge biphasic waveforms

preclinical study aims to continuously stream EEG data e now known to reduce the amount of platinum (Pt)

2 . . . . electrode dissolution when compared to balanced charge bipha
detect anomalies in epilepsy, and improve seizure forecastlrw - YT
and detection. aveforms Kumsa et al., 20)6 In addition to minimization

of Pt dissolution, imbalanced charge biphasic waveformerekt
the parameter space that could be explored for current

DBS ELECTRODES steering to selectively activate a target brain region dyrin

. . . . DBS therapy. More often than not, selection of stimulation
Electrochemistry of Deep Brain Stimulation parameters is made under consideration for thresholds ofiéiss
Electrodes damage. While there is no recognized standard addressing

The purpose of DBS electrodes is to arti cially manipulatesafe levels of stimulation, the Shannon plot has been used

neural activity by generating an electric eld in the tissue,to set charge and charge density limits. Acute animal data

ultimately resulting in a redistribution of charged partisl in  collected used to establish the Shannon plot implies that

the extracellular space. Ideally, the electrode chargejésted tissue damage might be dependent on charge injection and

capacitively, so that electrons are not transferred betwen surface area of the electrode used. These considerations may
electrode-tissue interface and charge is rearranged irti$hae guide future selections of electrode materials and/or station

in response to the injected charge on the electrode side. Thmarameters.
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Highlights and Future Directions exploit the spatial dimensions of the LFP and relative chaimges

. . . . its frequency content4aidel et al., 2000 successful application
Design considerations for DBS electrodes should incorgorat 9 Y “ . ])O . bp

. . . of LFP recordings requires accurate interpretation of therse,
the needs of di erent spatial and temporal resolutions.

recording volume, and various experimental factors (e.gn-n

Charge considerations include safety limits for chargesitgn ideal properties of the recording system).

;oniﬁlgll(itﬂ?jis:setg?j?ri%i;tﬁze(?an be further characterized by In general, the LFP |s believed to be dominated by
’ postsynaptic currents Kajikawa and Schroeder, 2011
Shannon plots of tissue damage thresholds (30 u&/cmPrevious experimental studies with intracortical microéledes
warning derived from Shannon plot at 50 Hz); and suggested that the LFP only extends a few rii@0(Katzner
Charge-balanced biphasic waveforms. et al.,, 200p while contradictory evidence suggest that the

LFP can extend several millimetersafikawa and Schroeder,

The threat of stimulation-induced damage has been shown t9011). A computational modeling study showed that the LFP

be dependent on charge injection and the surface area of t@%atial reach is not simple or stationary, but depends on a

electrode. number of variables, such as neuron morphology, and the

. . . distribution and correlations in synaptic activity.iiden et al.,
Biophysics of Recording through Deep 201). A computational model to speci cally characterize LFP
Brain Stimulation Electrodes recordings from DBS electrodes was previously developed

LFP recordings from DBS electrodes represent an exciting-empka and Mcintyre, 20)3 Using this model, it was
opportunity to study pathological activity in neurological determined that the LFP can extend several millimeters &iadl t
disorders and to provide a potential control signal for closedits spatial reach was dependent on factors such as the spatial
loop DBS systems. In PD, these LFP recordings have showlistribution of correlated synaptic activity and the reciorg
pathological hyper-synchrony within the beta frequency mangcon guration, but was independent of the electrode impedance
(e.g., 13-30Hz) and the oscillations can be reduced wittseeFigure 7).
therapeutic DBSKuhn et al., 2008; Bronte-Stewart et al., 2009  To further increase the clinical utility of this modeling
Closed-loop stimulation using the beta-band LFP as a cdntr@pproach, a patient-specic LFP model to estimate the
signal has demonstrated the potential to improve both theegion of beta hyper-synchrony within the STN was
e ciency and possibly the e cacy of DBSl(ttle et al., 2013; developed. The model demonstrated that the size and
Rosa et al., 20)5New implantable systems can also performshape of correlated activity within the STN and its relative
both stimulation and recording through DBS leadsufin and location to the DBS lead dramatically aect the recorded
Volkmann, 201Y. LFP. It is believed that this patient-specic modeling
Although LFP recordings have the potential to provide diseasgpproach represents an excellent tool to study the neural
biomarkers and a control signal for closed-loop stimulatio underpinnings of clinical LFP recordings and to help provide
the origin of the LFP is poorly understood. Because clinicalhe knowledge necessary to develop e ective closed-loop DBS
applications of the LFP (e.g., to optimize implant location)technologies.
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Local field potential (LFP) recordings
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FIGURE 7 | LFP recordings from DBS electrodes(A) Correlated synaptic activity dominates the LFP and determes its spatial reach. A DBS electrode is shown
implanted in the center of a volume of STN neurons. Neurons ttin a population radius R R¢orrelated) receive highly synchronous synaptic inputs while the
remaining neurons R > Rcqrrelated) feceive uncorrelated synaptic inputs. Within correlatetegions, an increase in the population radius produces a lear increase in
the amplitude of the LFP. Outside of the correlated volumehtere is no signi cant increase in the LFP amplitude(B) Recording con guration effects on the LFP. In this
example, all neurons receive correlated synaptic inputs.df a monopolar recording (red electrode only), the LFP amplide increases linearly with an increase in the
population radius and does not converge to a maximum value. blwever, a bipolar recording (red electrode—blue electroddimits the amplitude and spatial reach of
the LFP recording.

Highlights and Future Directions DBS leads with electrode contacts segmented along and droun
the lead body have shown utility for more selective targgb

. . . . ) neural pathways of interest while avoiding activation of redur
information regarding LFP's spatial reach. L . . )

. . . pathways implicated in DBS side-e ect8uhimann et al., 2011,

A previous computational model determined that the LFP . . )

- . . Martens et al., 2011; Keane et al., 2012; Zitella et al.,; Zaill®
can extend several millimeters and that its spatial reach wa . . ;
dependent on factors, such as the spatial distribution o al., 201(Seerigure §. Computational models that integrate

P . L pat . realistic tissue bioelectrics and cellular biophysics prowvade
correlated synaptic activity and the recording con guratjo .
. . useful framework to assess the design and performance o thes
but was independent of the electrode impedance. S :
éjwectlonal DBS lead designs.

A new computational model demonstrated that the size an . o .
e - . . While many directional DBS lead designs have been proposed,
shape of correlated activity within the STN and its relative . . . .
computational models suggest that designs incorporating 3—4

location to the DBS lead dramatically a ect the recorded LFP.” ™. . . : .
Understanding the neural mechanisms of clinical I_|:P|'ad|al electrodes used in concert with multi-channel indegent

recordings is necessary to develop e ective closed-loop DE&/Tent-controlled stimulation provide a good balance of (1
technologies. Future research will focus on determining th maintaining safe current density limits when using smaller
LFP construct, LFP interpretation based on electrode pasitio €lectrodes  at therapeutic stimulation amplitudes; and (2)

changes in new directional leads and variation over time. ~ 'equirements for higher channel counts to enable betteitisigi
and sculpting of the activation volumes around a DBS lead

. . (Teplitzky et al., 201,@rigure 8). Further, computational models
Coupled Theoretical and Experimental have also shown that directional DBS leads can move thermente
Analysis of DBS Electrodes mass of axonal activation by (at most) 1-1.3 mm tangentitéo
Nearly all DBS leads implanted to date consist of a stack déad shaft (eplitzky et al., 2016 This suggests that directional
four cylindrical electrode contacts. More recently, direnal DBS leads, while an enabling technology, may not be able to

The origin of the LFP is poorly understood with con icting
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7 Conventional Directional Pareto Front showing Algorithmic
DBS Lead DBS Leads Identification of DBS Settings
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T

FIGURE 8 | Programming of directional DBS lead designs. Conventionand directional DBS lead designs targeting the subthalamioucleus for the treatment of
Parkinson's disease. Computational programming algoritms can accommodate multiple regions of interest such as the drsolateral subthalamic nucleus (dI-STN)
and the superior cerebellar peduncle (SCP) as well as multgregions of avoidance, i.e., the corticospinal tract witim the internal capsule (IC). Shown is an example of
a Pareto Front resulting from the particle swarm optimizaih algorithm approach to identify stimulation settings themaximize activation in regions of interest and
minimize activation of regions of avoidance. Images courtgsof Edgar Pefia, Julia Slopsema, and Matthew Johnson (with penission).

rescue therapy for DBS leads that are implanted signi cantly algorithms to assist with the selection of stimulation
(>1-1.3mm) o target. Models also suggest that axonal tracts parameters.
oriented parallel, in comparison to perpendicular, to the applied

electrical eld will have lower activation thresholdsehto et al.,
2017. Such orientation selectivity might help with structural DBS TARGETING AND METRICS

leads design and avoid adverse side e ects with DBS. NonlnvaSIVe Blomarkers to Advanced

Once a DBS lead is implanted, stimulation settings ar%merging DBS Electrode Technologies
typically tested in a trial-and-error process by StirnulatingDirectional DBS electrode technology, as available frontipie
through combinations of electrode contacts to identify : . ¢
. . . - . vendors, is now entering the commercial market. Howevearéh
stimulation settings that optimize the therapeutic e ect bése . . . ; .
is a lack of robust tools with which to e ciently implement

upon clinical outcome measuregdlkmann et al., 2006 Recent . ; .
developments in subject-specic computational bioelectriclncreasmglyadaptaple an.d complex DBSsystems.T.oaddress'thls
roblem, new putative biomarkers to measure patient-specic

models and visualization of the predicted neuronal pathwayg : o - . :
activated have shown promise in identifying DBS settings thacorucal activation patterns elicited by DBS with combined

avoid inducing side e ectsirankemolle et al., 2010; Chaturvedi effgﬁggﬁ?ﬁc:slzgﬁggy and electrocorticography (EEG/BCoG
et al., 201p Leveraging these computational models, severan o Hgated. . .

. ) . Clinical applicability of e ective contacts with a new
novel semi-automated programming algorithms have been. ~ . . . .

. . . - . directional lead incurs a number of challenges, includihg t
advanced to assist with the selection of stimulation paramnset number of contacts to be used. potential combinations of
These algorithms have a basis in machine learninga{urved contacts, and complex interaction's \E)vith anatomical struesur
et al, 2013; Teplitzky et al., 2Ql6convex optimization ’ P

. . Therefore, a goal is to innovate new approaches to tailor
theory (Xiao et al., 201); and most recently particle swarm - . s
Sk - . S DBS programming adjustments in individuals and to more
optimization (Pefia et al., 20) which allow clinicians to

use multiple objectives in their identi cation of optimal DBS “’%‘p'd'.y arrive at e ective, well-tolgrated stimulator se’ng{th
settings directional lead technology by using software to remove shirs

artifacts. This should facilitate measurement of fast dyitarof
Highlights and Future Directions brain responses where there is a short latency to stimuladion
the cortex. Such knowledge will be important and useful (1) to
Computational models support the safety of designgetter understand the concept of DBS dose, and this may have
incorporating 3-4 radial electrodes used in conceryroad applications for the development of minimally invasive
with  multi-channel  independent current controlled piomarkers: (2) to re ne surgical targeting of the DBS elede

stimulation. in real time; and (3) to inform emerging closed loop stimudati
Computational bioelectric models and visualization of thestrategies.

predicted neuronal pathways activated have shown promise in
identifying DBS settings to deliver therapy and avoid inchggi Highlights and Future Directions

side e ects.

Orientation selective DBS that leverages directional lead Technological advances are aimed at developing
technology is poised to improve clinical outcomesi(to et al., adaptable devices and biomarkers to measure patient-
2017%. speci c cortical activation patterns elicited by DBS with

Future clinical implementation of direction leads will combined electroencephalography and electrocorticography
likely leverage novel semi-automated programming (EEG/ECo0G).
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There is a need to continuously develop and improvepattern of stimulation might be a new dimension of therapy
e ective and simple stimulation settings, surgical targgtin parameter adjustment that can be exploited in other applications
and manipulation of the eld of stimulation. of neuromodulation.

Questions remain regarding the e ects of di erent stimulatio

settings among di erent structures in the basal ganglia (andHighlights and Future Directions

elsewhere).
) The e ects of DBS were strongly dependent on the temporal

pattern of stimulation and computational models can provide
Temporal Pattern of Stimulation Is a New optimized patterns to improve e cacy or improve e ciency.
Dimension of Therapeutic Innovation Optimized patterns improved bradykinesia more e ectively
In the course of experiments intended to test the hypothesis thaq cgnventional regularly pattemed int.raoperative DBS.
that the reductions of symptoms by DBS required regularizati Preliminary results §h0wed that stimulation was well tqleda
of the ring patterns of neurons @rill et al., 200% it was and proc_iuced equivalent or bet_ter sym_ptom reduc_tlon and
discovered that the e ects of DBS were strongly dependent on Substantial reduced energy requirement in some patients.
the temporal pattern of stimulation. Speci cally, random paiig .
of subthalamic nucleus DBS were not as e ective as reguiddSINg Human Connectome Data to Map
frequency DBS at relieving motor symptoms in the 6-OHDADeep Brain Stimulation Targets
lesioned rat model of PD\(cconnell et al., 200)6or in humans  Stereotactic targeting of the anterior limb of the internal
with PD (Dorval et al., 2010 Similarly, random patterns of capsule (ALIC) has been used for decades to treat patients
thalamic DBS were not as e ective as regular frequency DBS wfith refractory OCD, depression, and other neuropsychiatric
relieving tremor in persons with essential tremda@i(dno et al., disorders. However, there is uncertainty about optimal éirgg
2007, 2008, 20)2In addition to supporting the importance within the ALIC, as di erent locations appear to have variable
of regularization of neural ring to the e cacy of DBS, this e cacy/e ectiveness. Using diusion tensor imaging (DTI),
nding inspired the idea of explicitly designing temporal patts  the ALIC was anatomically segmented based on prefrontal
of stimulation to increase the e cacy and energy e ciency connectivity in order to evaluate the e ect of various stessic
of DBS. targets.

However, the design space for temporal patterns is ALIC segmentations based on frontal Brodmann area (BA)
enormous—for example a 200ms duration train, composedonnectivity were generated and combined for 40 subjeots fr
of 1 ms bins each which may or may not contain a pulse, resulthle Human Connectome Project (HCP) using connectivity-
in 10°° dierent possible patterns of stimulation. Therefore, based seed classi catiohlénda et al., 209)7A literature review
a model-based design approach employing computationakvealed ve stereotactic targets within the ALIC. Targetre
evolution to design optimized temporal patterns of stimulatio modeled as 5mm spheres and were evaluated for overlap with
was developed. Computational evolution works analogouslyarious DTI-de ned ALIC segments. Deterministic tractograph
to biological evolution, and the organisms in this approachwas performed on an 842-subject HCP DTI template using
are temporal patterns of stimulation, and the tness of anymodeled targets as seeds to identify involved connectomic
particular pattern is evaluated using a model-based proxy fonetworks Eigure 9).
symptoms Brocker et al., 2097 Thus, an innovative approach
to make a temporary direct connection to the brain lead during
surgical replacement of the battery-depleted implantableepuls
generator (IPG) $wan et al.,, 20)4 and to conduct short-
term intraoperative testing of the model-optimized patterns
The results demonstrated that the optimized patterns eithe
addressed bradykinesia more e ectively than conventiona
regularly patterned DBSB(ocker et al., 20)3 or enabled
equivalent treatment of bradykinesia but with a substdntia
reduction in the required energyB(ocker et al., 207 This
latter nding is important, as it enables increases in thetegat
life of IPGs, reduction in IPG size, or longer intervals beén
recharging.

Subsequently a start-up company, Deep Brain Innovations,
Inc. conducted a multi-center double-blinded trial compayi
temporally optimized patterns of stimulation to conventional
high frequency DBS. The results of this study demonstrated
that temporally optimized patterns of stimulation produced
equivalent or better symptom reduction and substantially FIGURE 9 | DTI modeled structural connectivity. Tracts running thragh the
reduced energy requirements. In addition to their promise tq ¢ Modeled targets (colored spheres in the diagram) accordig to the HCP
. 42-subject diffusion data template.
improve DBS therapy for PD, these data suggest that the tempo a?

—_ =
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All 40 ALIC segmentations exhibited a dorsal-ventral axis
of organization. On average, the combined segmentation was
accurate for 66.2% of individuals. The region assigned th1BA
(orbitofrontal cortex, OFC) exhibited the greatest coteigy
across individuals, with 12.1% being consistently assigmed Adverse
40 subjects. According to the segmentation, a mean of 63.9% effects*
of modeled lesion volume within the ALIC intersected witteth
BA11 region. All ve modeled targets exhibited connectivib
OFC in the 842-subject HCP template.

These results clarify the organization and variability of
the ALIC. This variability suggests that patients may bene t Qol/ Health
from pre-operative tractography for individualized targeting economics*
although current stereotactic targets tend to involve thesm
consistent ALIC sub-regions. These ndings also suggest th
stereotactic targeting within the ALIC likely involves mddtion
of prefrontal-subcortical tracts connecting the OFC, whiggrars
relevance to the cortico-striato-thalamo-cortical (C9T@odel
of neuropsychiatric pathophysiology.

Demo-
graphics/
social*

/" RAD-PD PD hx/ medical
data and surgical
elements inter-ventions

Motor

function*

Highlights and Future Directions

The Anterior limb of the internal capsule (ALIC) is a frequent
DBS target for treatment of psychiatric diseases. FIGURE 10 | RAD-PD: Registry for the Advancement of DBS in Parkinson's
Using a DTI-based template from the Human Connectome, a Disease. The RAD-PD data elements include clinician-meased and
study was undertaken to map this region to better understand patient-reported outcomes (indicated by *), which will be allected at baseline
these tracts for DBS application (pre-operatively), 6 months, 1 year, and annually through $ears. The total

. . roject period will last 10 years.
This research demonstrated that the ALIC has a gener ProreetP Y
axis of orientation but variability is present and can be

probabilistically quanti ed (some loci show di erences). for funding. Once implemented, the potential exists to extemal t
) RAD-PD infrastructure for the capture and analysis of simila
RAD-PD: Registry for the Advancement of data from patients with other conditions being treated witB5.

DBS in Parkinson's Disease o o
PD DBS is well known to improve motor function and Highlights and Future Directions

quality of life in patients e'xperiencing motor complicatior!s. The Registry for the Advancement of DBS in Parkinson's
However, numerous questions remain about best practices pisaase (RAD-PD) is a DBS Registry for PD to address
related to DBS, which cannot be answered through traditiona - .

L . . numerous clinical questions.
chmca} trials rnethcles. 'The Registry for the Advancement of The registry would integrate dierent groups for analysis
DBS in Parkln_sons Disease (RAD_'PD) has been proposed including Neurotargeting, Neuropoint Alliance, and the
as a partnership between the Parkinson Study Group (PSG), Parkinson's Study Group (PSG).
Neuropoint Alliance (NPA) and Neurotargeting, LLC, to
establish a quality improvement (QI) registry for DBS.

The QI design of RAD-PD will allow for continuous
benchmarking of selected data and the opportunity to reviews. . .
those ndings via regular dash-boarding and discussion ;plagnostlc Data Management_m
periodic study group meetings. The registry can support resear Closed-Loop Cortical Stimulation for
functions, secondary analysis, linkage to other databasés Epilepsy
studies analysis, data collection and use of a de-identiagset The RNS System is an FDA approved therapy for treating
to answer research questions. Multiple clinical questiorst th medically refractory partial onset epilepsy in individuals 18
cannot otherwise be practically answered will be investijateyears of age or olderBergey et al., 20)J5The RNS System
regarding the best practices surrounding DBS therapy, adversonsists of an implantable neurostimulator and leads (depths
e ects of DBS (and their determinants), the health economic®r strips), a physician operated programmer, a patient operated
of PD DBS, as well as the correlates of disparities in outcomesmote monitor and a secure website referred to as the
among individuals receiving the theraplyigure 10. Patient Data Management System (PDMS). The neurostimulator

The project design has potential to gather longitudinal,records data of frequency, timing, and location of electapipic
prospective data from over 1,000 participants with PD across activity speci c to each patient. The neurostimulator also ssore
5-year period of DBS therapy, with a data collection and anglyselectrocorticograms (ECOGs) as well as counts and timing
period of up to 10 years. The project is currently under reviewof various events (detected patterns, long duration events,

The registry will focus on a Quality Improvement Registry
utilizing a data-driven approach.
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high amplitude events and magnet placements). These daltEDERAL INITIATIVES
are collected via the physician programmer and the patien . .
operated remote monitoﬁtg provid(fa I?)ng-term record of pgtien Updates on DBS Directions from the NIH
electrographic activity. These data are then organized aadem P50 Udall Program
available for clinician review via the PDMBigure 11). NIH Udall Center grants aim to foster multidisciplinary work

In the clinical care environment, physicians must be ablvith nine centers around the United States. Despite years
to quickly assess data trends and make programming changek clinical success and e orts to improve clinical outcomes,
within the constraints of a typical clinic visit. The PDMS prdes  the degree of therapy achieved with DBS varies widely
concise summary data and capabilities to quickly sort and/vie @among patients for both STN DBS and GPi DBSe¢p-Brain
classes of ECOGs and graph trends of various events. It al§gmulation for Parkinson's Disease Study Group et al., 001
allows physicians to determine detection settings by diigki Such variability across centers and within any given celikely
on ECOG locations of epileptiform activity they intend to stems from multiple factors, including patient phenotype(s),
detect. The system then runs a series of algorithms to stiggedssessment protocol, patient health, DBS target, DBS lead
initial settings. The clinician can rapidly review the sustgel location within the target, and the stimulation parametersed
settings performance against the library of stored ECOGH deliver the therapyKleiner-Fisman etal., 2006

and make adjustments to achieve the detection performance TO address these challenges, the NIH recently awarded a
desired. Morris K. Udall Center of Excellence for Parkinson's Disease

Research grant to the University of Minnesota (PI: Jerrold L.
. . . Vitek). The University of Minnesota's (UMN) NIH Udall Center
ngh“ghts and Future Directions is focused on understanding the electrophysiological festthiat

NeuroPace PDMS (Patient Data Management System) allow#derlie individual motor signs of PD and developing new DBS
remote storage on data bank and can simulate detection ragérategies to treat these motor signs more e ectively andenor
based on the parameter selection and previously data. consistently. This is being accomplished in humans through a
The PDMS provides concise summary data capabilities teombination of intra-operative microelectrode, externatizead
quickly sort and view classes of ECOGs and to graph trend&cordings, post-operative LFP recordings using the Medtronic
of various events to determine detection settings by aligki RCCS “Brain Radio,” and DBS therapy implemented through

on ECOG locations of epileptiform activity. the lens of novel targets and stimulation paradigms. These
: Channel 3
Define Pattern -z i =
Gain: 1x v Zoom: 10 sec v Nov 17, 2017 07:56:47, Long Episode

® 20
«
Pattern 1 Pattern 2
Detection: Detection; "ot selected
Detect: Rhythmic Activity ¥  (7.31 Hz - 41.67 Hz) More
Controls

Amplitude: < CEEEEEE——— >17
Higt

Duration; < G > 051 se

Month: All v Trigger: Long Episod v C ation: All

Dec 21, 2017 06:38:51 Long Episode Dec 18,2017 18:53:48  Long Episode Dec 13,2017 07:01:30  Long Episode
I R AN e e " P & S AW D 2k o S W W TS - ool 5
Ll

Nov 25, 2017 10:53:34 Long Episode Nov 20, 2017 09:33:55  Long Episode
TN ) ) ) - P W o8 98\ Bl o} S

FIGURE 11 | De ning Pattern feature in PDMS. The clinician clicks on the EOG in the top panel and the PDMS suggests initial detectioneitings that are
immediately simulated in the bottom panel. Sliders in the mddle panel allow the physician to make adjustments to achievthe desired performance.
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data will be complemented by electrophysiological studies in initiative initially focused on achieving decoding acotygand
preclinical animal models of Parkinson's disease with dioeal this is being extended by research into improvements in the
DBS implants, and by the development and electrophysiological e ciency of Iter calibration and adaptation.

characterization of optimization tools for improving subjec Future challenges include designing of devices that are

speci ¢ precision of DBS therapy. portable, fully implanted, compact, wireless, and available
around-the-clock to support useful applications and activities
Highlights and Future Directions of daily living.

Important questions and challenges remain regarding the
number and con guration of electrodes, methods to assess th
stability of decoders, personal assessments (to each patient
that balance the risks vs. potential performance as compared
the risk/bene t provided by BCls that record from the scalp.

The UMN NIH Udall Center is focused on understanding the
electrophysiological features that underlie individual toro
signs of PD and in developing and advancing new DBS targets
and stimulation paradigms through a combination of intra-
operative microelectrode and post-operative LFP recordings.

Speci ¢ goals of the UMN Udall Center include: Updates from DARPA: Restoring Active
Project 1 (Human): Understand PD pathophysiology as itMemory (RAM)
relates to DBS. Neurotechnology: Bridging the Gap between Mind
Project 2 (Human): Identify mechanisms and pathwaysand Machine
mediating the motor e ects of pallidal DBS. DARPASs innovations in neurotechnology are making possible
Project 3 (Pre-clinical Research): real-time, seamless translation between human brains and

Identify electrophysiological mechanisms underlyingmachines. These technologies have enabled initial appreache
the clinical variability with DBS therapy for Parkinson's that enable analyses of the ways that diuse and varied

disease. signals from arrays of ring neurons aect brain function.
DARPAs current investments in neural interfaces and relate

High Bandwidth Wireless Interfaces in technologies build upon this understanding of neural encgdin
Quadraplegia and decoding, developing multi-scale computational models

The BrainGate consortium is a multi-center e ort to restore With high spatial and temporal resolution to target a variety
communication and movement capabilities to people withof neurologic functions, and these research approaches are
paralysis and to develop next generation neurotechnologies ~ Synergized by studies that address engineering challeafjes
study has recruited 13 participants with over 9,310 total impla designing implantable, closed-loop systems. Key DARPA-fdnde
days. A completely implantable brain computer interface ha§apability demonstrations include controlling and recaiyi
also been developed for potential future human use, towarffedback from a prosthetic arm using sensors in the motor and
neurally controlled point-and-click (keyboard, communican ~ Somatosensory cortices; receiving feedback from a vitiaad
devices) and for multi-dimensional control of robotic astsie  USing implants in peripheral nerves; and improving declarative
devices or one's own arm and hand. Patients with sever@emory through stimulation of speci ¢ brain regions. DARPAs
neurological motor disability from ALS, brainstem stroke, WOrkis establishing a basis of what is currently possiblesang

or cervical spinal cord injury have demonstrated impressivé!oW neurotechnology could facilitate symbiotic human-rhiae:
control of communication and mobility technologies. Thereo interfacing, and engaging assessment and address of the
technology, consisting of the decoding of ensembles oflsingethical, legal, social, and policy issues fostered by entergi
neurons, could provide a neurophysiological signature toat¢ ~ Neurotechnologies (see also, below).

be deployed as part of a closed loop neuromodulation devic . . . .

in bot?n r)1/eurologFi)c or psychiatric digorders. Wireless agay Elt?r?]lljllg?lgg Human Memory Using Direct Brain

record broad band intracortical physiology and are able tq . . . .
provide external responsive stimulation to contracting imyi&d The Restoring Active Memory (RAM) project aims to develop

muscles. In the future, wirelessly connected cortical yarra implantable therapies to treat veterans with TBI by incregsin

capable of recording broadband intracortical signals widbdbe their ability to encode information. In this study, the hygsis

able to direct the movement of functionally electrical sfiliation that dt_argeted elec(:jtncatl) stimulation can modulate neural d
systems for the restoration of limb movement. The long termp1c0dINg stat_es and subsequent memory_outcomes_ was te;te )
sing recordings from neurosurgical epilepsy patients with

aims of the BrainGate trial are to neuroengineer improved BC}J . . o .

capabilities; communicate the validity and viability of Bised mtracranlall_y 'mp'?”‘e" electrodes,_ mulnva_rlate clases svere

approaches to both the medical community and representativg"’“ned to d|scr|m|nate spectral a_ct|V|ty during the encagliof

stake-holders (i.e., patients and the public), and assistestdre words that predicted Whether pqtlents Would.later rem.ember or

function to patients in need. forget these words; and stimulation was applied to variousbrai
regions to modulate performance.

It was found that stimulation modulates performance,
with large variability across the population and across the
BrainGate is a multicenter e ort dedicated to restoringvarious brain regions stimulated. Hippocampal stimulation
movement capabilities to motor-impaired individuals. Thetended to impair recall performance while lateral temporal

Highlights and Future Directions
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FIGURE 12 | The effect of stimulation is dependent on brain state. Rechl
performance increased if stimulation was delivered when thbrain was in a
low encoding state p < 0.03) and decreased if delivered in a high encoding
state (p < 0.05). The difference between low and high stimulation waslso
signi cant (p < 0.003). Red bars show mean SE of the difference.

cortex stimulation signi cantly improved recall performaacin
addition, stimulation increased recall performance if detad
when the classier indicated low encoding e ciency but

closed-loop DBS systems, it consists of a recording unit,(e.g.
multi-electrode array), a signal processing/control umihd a
stimulator (e.g., stimulating electrodes). Diering from B3
systems, which typically deliver stereotypical stimulatiotgras
(e.g., HFS or LFS) to target regions to modulate neural ety
hippocampal memory prostheses utilize neural code-based
stimulation patterns to reinstate neural signal transmiasand
thus mimic brain functions. Hippocampal memory prostheses
have been developed and tested in roderdsg et al., 2007,
2009; Berger et al.,, 2011, 2012; Hampson et al., 20Q12a,b
nonhuman primatesklampson et al., 20)3and human epilepsy
patients Gong et al., 201 &Hampson et al., in preparation).

This technique is now being applied to human studies
in which multi-electrode “macro-micro” depth electrodesear
implanted in the hippocampus of epilepsy patients undergoing
Phase Il invasive monitoring for seizure localizatiétigure 13.
Hippocampal CA3 and CA1 neural ensembles are recorded while
patients perform a delayed match-to-sample (DMS) task. Multi-
input, multi-output (MIMO) nonlinear dynamical models are
built to describe the transformation from CA3 (input) spatio-
temporal patterns (codes) of spikes to CA1l (output) spatio-
temporal patterns (codes) of spikes using CA3 and CAl data
recorded from success trials of DMS tasks, and further drive
stimulations to the CAl regionSong et al., 2013, 201dn
combination with the modeling from human data, results from
preclinical testing in rodents and nonhuman primatésafnpson
et al., 201B demonstrate that (1) MIMO models accurately
predict CAl codes in real-time from ongoing CA3 codes; and
(2) closed-loop electrical microstimulation of CA1l usingeth
MIMO-predicted CA1 codes improves DMS performance in
those same subjects, indicating improvement of working megmo
function.

had the reverse e ect if stimulation was delivered when the

classi er indicated high encoding e ciencyHigure 12. These
data suggest strategies for therapeutically treating mgmo
dysfunction using closed-loop brain stimulation.

Highlights and Future Directions

Electrical stimulation can modulate neural encoding stated
subsequent memory outcomes.
The timing of stimulation and strict anatomical targeting

appear critical to enhance memory. Developing patient-

speci ¢ classi ers and stimulation patterns that adjust over
time might provide sustained bene ts.

Current work provides proof of concept for the future of
cognitive enhancement in other areas, including attention
focus, using closed-loop neurostimulation technologies.

Future steps include determining the number of contacts
needed for sensing and stimulation, and the translation

of these technologies into patients with mild cognitive
impairment (MCI) and/or Alzheimer's dementia (AD).

Hippocampal Memory Prostheses: Neural

Code-Based DBS

A hippocampal memory prosthesis is dened as a closed
loop system that bypasses damaged hippocampal region(s)
restore or enhance memory function8€rger et al., 20)1Like

Highlights and Future Challenges

r

Hippocampal neurostimulators implanted in epilepsy
patients, multi-input, multi-output (MIMO) nonlinear
dynamical models have been built to describe the

transformation from CAS3 (input) spatio-temporal patterns
(codes) of spikes to CA1 (output).

MIMO models accurately predict CA1l codes in real-time
from ongoing CA3 codes and improve DMS performance and
delayed recognition of DMS visual stimuli.

An increased level of complexity in memory decoding is
expected going forward. Certain limitations apply to current
stimulating electrode and improved electrode design might b
necessary to facilitate research.

Future research to determine the most e ective location for
stimulation, changes in plasticity and stimulating paramgte
is needed.

ETHICAL AND POLICY ISSUES

As evidenced in the this report, there are ample new

developments in DBS technology. These include increasingly
tophisticated electrodes and electrode arrays (that erimtile
stimulation and recording), iterative BCI systems' hardida
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FIGURE 13 | Hippocampal memory prosthesis.(A) Hippocampal prosthesis restores memory functions by reirtating neural signals and thus bypassing damaged
brain region.(B) A MIMO model serves as the computational basis of hippocampahemory prostheses.(C) A MIMO model accurately predicts CA1 (output) codes
based on CAS3 (input) codes in human(D) MIMO-stimulation enhances memory functions in preclinicalnimal testing.

software, and closed-loop adaptive systems. As well, a bgildi both the short and long term. Current problems in the
body of research—as presented here - demonstrates the e casybsidy of DBS treatment of certain movement and psychiatric
of various forms of DBS in mitigating signs and symptomsdisorders undergird the importance and need for continuing
of disorders beyond PD, dystonia and epilepsy (e.g., Touret@iscourse and deliberation focal to these issuesséi et al.,
syndrome; depression; OCD; memory loss in TBI and AD). Thi017).

suggests, if not supports, an expanding translational vigbili  As well, questions persist as to whether and how implantable
and potential value of such approaches. This widening scopeeuromodulation might a ect aspects of neuropsychological
of capability and use fosters ethical and policy issues, whidiunction that are associated with identity, “free will” and
can be parsed into (1) those inherent to the characteristicautonomy, and what this incurs and infers for the ethically
of the technology and/or technique, and (2) those derivedsound use of DBS both to treat de ned medical conditions,
from the uses of such technologies in medicine and otheas well as to potentially optimize/enhance particular aspects
applications in the social sphere (for complete address of speciaf cognition, emotion and/or behaviorJiordano, 201p We
neuroethico-legal and social issues, séeniak et al.,, 2014; have posited that any new developments in neurotechnology
Darragh et al., 2015; Giordano, 201These are not mutually entail e ort to de ne and address the neuroethico-legal and
exclusive: the relative novelty of technologies and teqies  social issues that may, and are likely to be generated by such
spawns questions about the intermediate and ongoing safetgsearch and its trsanslation in medical and/or other appidrest
and e ects in practical use@iordano, 201p The prompts (Shook and Giordano, 20)5and unapologetically reiterate
questions of if and when these approaches will represeithat assertion here. To e ect such e ort, it will be therefore
an accepted standard of care for certain disorders; wheienportant—and necessary—to both employ extant ethical and
and under what conditions/contingencies DBS will be sitdate policy constructs and to revisit, and in some cases revisgethe
in the plan/algorithm of care for these pathologies, and ifconcepts and processes so as to better meet the exigencies
and to what extent medical and/or socio-economic and legaborne of emerging technology and techniques, and of theasoci
means of support will be provided to enable such care—imontingencies and concerns that aect and are aected by
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FIGURE 14 | Representation of the anonymous annual survey results, goig the participants of the DBS Think Tank on the hype cyclegsitions of different DBS
related neurotechnological advances and indications. Orhe right side, the hype cycle graph (adapted Jackie Fenn, “Wén to leap on the hype cycle,” Decision
Framework DF-08-6751, Research Note, GartnerGroup RAS Seites, June 30, 1999 with permission) that represents the fferent stages of development. On the left
side, a table summarizing the weighted averages of the posin of the different neurotechnological indications or useon the hype cycle graph. Positions 0 to 6 are
color coded as noted.

their use in international contextsShook and Giordano, 2014; non-neurological indications and the development of newer
Giordano, 201 Our ongoing work remains dedicated to thesetechnologies.
tasks. In conclusion, the Fifth Annual DBS Think Tank provided
a nexus for discussion and vector for the exchange of ideas
about the current and near-term state and direction of DBS
SUMMARY AND CONCLUSION research, ongoing technological, scienti ¢ and clinicalmges
and opportunities, and ethical and policy concerns and possible

In this paper, we have provided views to the relevant topic h . .
and updates discussed at The Fifth Annual DBS Think Tanllzesolutlons important to shaping the future of DBS researcth an

in Atlanta, GA. Similar to prior years' ThinkTank meetings, use in practice.

an anonymous 40 question poll was sent online to assess

participants' perspectives and attitudes toward the currerd an ETHICS STATEMENT

near-term future developments and applications in the eldtix o ] o

two participants respondedrigure 14 presents a summary of Individual studies were approved by the local Institutional
these responses, compares them to last years responses, gﬁzglevy Bogrd of participating mstltutlopsmthls techmcgpprt
depicts this year's responses as positioned in various points up@nd written informed consent was obtained from all participgn
the hype cycle graph. Itis notable that some participants' vigws

DBS applications (e.g., closed loop feedback) moved to the peA{UTHOR CONTRIBUTIONS

of in ated expectations, while, others (e.g., DBS for Totgs}t

dropped from this position on the hype cycle graph, and yetAR-Z, JG, AG, PB, JS, KF, LA, PhS, HB-S, WH, CM, WG,
others (e.g., Imaging to guide surgical targeting and sginadl DK, WMG, HW, MJ, JV, DG, DR, DS, TB, RH, SD, LH, NS,
stimulation for pain management) remained in the trough ofPaS, GW, VT, HM, JJ-S, PN, SS, RG, SFL, LL, WD, and MO
disillusionment. Consistently, the use of DBS for PD an@esal  ful lled the authorship criteria by substantial contribigins to the
tremor has reached the plateau of productivity and amongonception of the work, providing data for the work, revisgin
most participants, cautious optimism remains regarding that critically for important intellectual content, approvingpé nal
use of neuromodulation for several neuropsychiatric caodis,  version, and agreeing to be accountable for all aspects ofdhie
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in ensuring that questions related to the accuracy or intggr RH, and SD: this work was supported by DARPA RAM
of any part of the work are appropriately investigated andprogram (N66001-14-2-4032, N66001-14-C-4016). The views,

resolved. opinions and/or ndings expressed are those of the author
and should not be interpreted as representing the o cial
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