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Responsive deep brain stimulation
for the treatment of Tourette
syndrome

Michael S. Okun?**, Jackson Cagle?, Julieth Gomez3, Dawn Bowers*, Joshua Wong?,
Kelly D. Foote? & Aysegul Gunduz+*

To report the results of ‘responsive’ deep brain stimulation (DBS) for Tourette syndrome (TS) in a
National Institutes of Health funded experimental cohort. The use of ‘brain derived physiology’ as
amethod to trigger DBS devices to deliver trains of electrical stimulation is a proposed approach

to address the paroxysmal motor and vocal tic symptoms which appear as part of TS. Ten subjects
underwent bilateral staged DBS surgery and each was implanted with bilateral centromedian thalamic
(CM) region DBS leads and bilateral M1 region cortical strips. A series of identical experiments and
data collections were conducted on three groups of consecutively recruited subjects. Group 1 (n=2)
underwent acute responsive DBS using deep and superficial leads. Group 2 (n=4) underwent chronic
responsive DBS using deep and superficial leads. Group 3 (n=4) underwent responsive DBS using only
the deep leads. The primary outcome measure for each of the 8 subjects with chronic responsive DBS
was calculated as the pre-operative baseline Yale Global Tic Severity Scale (YGTSS) motor subscore
compared to the 6 month embedded responsive DBS setting. A responder for the study was defined
as any subject manifesting a = 30 points improvement on the YGTSS motor subscale. The videotaped
Modified Rush Tic Rating Scale (MRVTRS) was a secondary outcome. Outcomes were collected at

6 months across three different device states: no stimulation, conventional open-loop stimulation,
and embedded responsive stimulation. The experience programming each of the groups and the
methods applied for programming were captured. There were 10 medication refractory TS subjects
enrolled in the study (5 male and 5 female) and 4/8 (50%) in the chronic responsive eligible cohort met
the primary outcome manifesting a reduction of the YGTSS motor scale of 230% when on responsive
DBS settings. Proof of concept for the use of responsive stimulation was observed in all three groups
(acute responsive, cortically triggered and deep DBS leads only). The responsive approach was safe
and well tolerated. TS power spectral changes associated with tics occurred consistently in the low
frequency 2-10 Hz delta-theta-low alpha oscillation range. The study highlighted the variety of
programming strategies which were employed to achieve responsive DBS and those used to overcome
stimulation induced artifacts. Proof of concept was also established for a single DBS lead triggering
bi-hemispheric delivery of therapeutic stimulation. Responsive DBS was applied to treat TS related
motor and vocal tics through the application of three different experimental paradigms. The approach
was safe and effective in a subset of individuals. The use of different devices in this study was not
aimed at making between device comparisons, but rather, the study was adapted to the current state
of the art in technology. Overall, four of the chronic responsive eligible subjects met the primary
outcome variable for clinical effectiveness. Cortical physiology was used to trigger responsive DBS
when therapy was limited by stimulation induced artifacts.
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Deep brain stimulation (DBS) has received full Food and Drug Administration approval for essential tremor
and Parkinson’s disease and an Humanitarian Device Exemption approval for dystonia and obsessive compulsive
disorder. DBS research has recently been expanding to include other neuropsychiatric indications' . Approved
indications, with the exception of epilepsy, have focused on the continuous delivery of electrical stimulation.
Feedback-loop based systems capable of detecting ‘pathological brain physiology’ have been proposed as
attractive alternatives®.

Our laboratory initiated a series of National Institutes of Health (NIH) funded experiments in 2006 to develop
an early ‘responsive’ DBS system capable of suppressing Tourette syndrome (TS) related motor and vocal tics”4.
The system was designed to be triggered by tic-related brain physiology to address the hallmark paroxysmal
tics of TS'. Further, we opined that if physiological changes could be associated with the occurrence of tics, we
could feed this information into the design of a responsive DBS paradigm.

Our group has previously demonstrated that a marker for tics was present in human basal ganglia
electrophysiological signals which were collected in the operating room and in the clinic settings’'". In the
current study, we provide data which was derived from a prospective consecutive experimental series including
ten medication refractory TS subjects. This single cohort underwent the implantation of bi-directional DBS
devices which were capable of both sensing physiology and stimulating the target through the same DBS lead.
The aim of the study was to demonstrate the safety and proof of concept for effectiveness of a responsive DBS
approach to reduce motor and vocal tics in the setting of TS. Each subject underwent implantation of bilateral
centromedian nucleus (CM) region DBS and bilateral primary motor cortex (M1) motor strip implantations.
We tested acute responsive DBS using both deep and superficial leads (n=2), chronic responsive DBS using
deep and superficial leads (n=4) and responsive DBS using only the deep leads (n=4). We collected the
primary effectiveness outcome for individual subjects and we also calculated a combined responder rate for the
responsive cohort. We collected and summarized the individualized programming methodologies applied for
each participant to enable a TS responsive DBS approach. We compiled a summary of subject specific physiology
enabling a responsive TS DBS approach.

Methods

Participants

TS subjects were recruited from the Fixel Institute for Neurological Diseases Campus at the University of Florida.
The inclusion criteria were previously published and can be summarized by*! (1) a minimum of 21 years old with
a diagnosis of TS based on DSM-V criteria, (2) a total tic score based on the YGTSS greater than 35 points of a
possible 50, (3) a history of trials of multiple classes of tic medications with evidence of lack of effectiveness in
managing tic symptoms, (4) offered botulinum toxin injections if focal tics were present, and (5) offered cognitive
behavioral interventional therapy.

Ten subjects signed informed consent (IRB 201300850) and met FDA and Investigational Device Exemption
(IDE) criteria and were recruited for the study (G130253). (Clinicaltrials.gov registration NCT02056873,
registered 06/02/2014; first subject enrolled 20/03/14, trial completed 30/06/2023). Each subject underwent
multidisciplinary review prior to consideration of an implant (neurology, psychiatry, neurosurgery). There was
also an independent ethics review conducted by Dr. William Allen an ethicist at the University of Florida.

The CONSORT diagram for the study design is provided in Fig. 1. All the methods were carried out in
accordance with institutional guidelines and regulations. All experimental protocols were approved by the IRB
and FDA.

All subjects underwent bilateral staged DBS surgery. Each subject was implanted with bilateral CM region
DBS leads and bilateral M1 cortical strip leads. The cortical strips were placed over the hand motor cortices or
alternatively could be adjusted by the neurosurgeon to better align with body parts most affected by tics. Strip
placement was limited to the size of the electrodes and the size of what could be positioned through a burr hole.
The cortical leads were used for sensing but not used for stimulation. Thirty days following lead implantations,
the neurostimulator(s) were subclavicularly implanted in a separate operation.

Devices

The study used first generation bidirectional DBS devices, which included a sensing engine to access neural
signals, a classifier to detect pathological signals, and finally a stimulation engine. The first two subjects
received the Activa PC+ S (Medtronic, Minneapolis) neurostimulators without chronic embedded responsive
DBS capabilities. Responsive DBS for these two subjects was tested using the Nexus-D system (Medtronic,
Minneapolis). Nexus-D is a telemetry interface that facilitates communication between the neurostimulator and
a computer. Nexus-D enables streaming of neural data onto a computer, and the computer transfers commands
to the stimulation engine'®. The next four subjects enrolled in the study had Activa PC+ S DBS systems with a
firmware upgrade, known as Nexus-E, which facilitated the sensing engine’s classifier output and was capable of
directly communicating with the stimulation engine. This upgrade enabled chronic embedded responsive DBS
therapy'®. The final four subjects in the study received a new second generation bidirectional neurostimulator,
the Summit RC + S system (Medtronic, Minneapolis), which supported embedded responsive DBS. The Summit
RC+ S was rechargeable and the system was capable of delivering active biphasic stimulation pulses which were
employed as a method to reduce stimulation artifacts.

Application of responsive stimulation

PC+S devices have an onboard linear discriminant analysis (LDA) classifier that initiates or terminates
stimulation based on the spectral power of neural signals. This classifier requires programming of symptom
neuromarkers. Both thalamic and motor cortex signals were analyzed to identify the spectral features of tics.
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Figure 1. CONSORT Diagram summarizing the study design.

When using Nexus-D, the classifier output was sent to a computer which initiated CM stimulation when tic
physiology was detected. The computer closed the loop in order to create responsive neurostimulation paradigm.
This type of system was useful for in clinic prototyping and for development of a fully embedded closed-loop
system. (Fig. 2). Only subjects 1-2 used the Nexus-D system.

The Nexus-E upgrade (subjects 3-6) facilitated the use of a classifier output which could communicate directly
with the stimulation engine and could enable embedded chronic responsive therapy. The Nexus-E firmware’s
spectral power computation was low resolution (10-bit) and was prone to be influenced by stimulation artifacts.

If the physiology and clinical tic features in an individual subject manifested unilaterally, a different detection
and stimulation paradigm was employed. One neurostimulator was used to identify tic related signals, while
the other neurostimulator which was programmed at an offset stimulation frequency, detected the changes in
stimulation state of the first neurostimulator and automatically triggered the DBS therapy to be deployed to the
contralateral hemisphere.

The final hardware used in the study was the Summit RC+ S (Medtronic, Minneapolis) and the technology
was based on a similar architecture of the PC+S. The upgraded design was able to more efficiently suppress
stimulation artifacts when using the same DBS lead which facilitated the device to be used for both feature
detection and for stimulation. Subjects 7-10 received both acute in clinic and chronic responsive DBS through
the RC+S device. Subject 7 received responsive DBS at 6 months, Subjects 8 and 9 did not receive responsive
DBS, and Subject 10 had a trial of responsive DBS at 24 months.

In both hemispheric devices, during quiescent periods of the embedded responsive therapy, the device could
be set to be deactivated or alternatively could be set to a lower stimulation level. It was never set to 0 mA.
A chronic low stimulation level setting was utilized in all subjects to reduce ramping time and to improve
tolerability. When the classifier detected neural signatures of tic, stimulation was incremented at a clinician-
defined rate until reaching a therapeutic stimulation level. Stimulation could be delivered with a fixed duration
(subjects 3-6), or could be guided by the pathological tic signal if it was not obscured by artifacts (subjects 7-10).

Clinical programming

Each clinician who programmed the DBS devices documented improvements or worsening in tics, decreases
or increases in anxiety and each clinician used the presence and absence of stimulation induced adverse effects
as a guide for device optimization. When tics were reported to improve, the settings were empirically adjusted
using longer pulse widths, increased frequencies and/or higher milliamps to optimize the benefit without
adjusting the location of the active stimulation contacts. If no improvement in tics was reported, the four
possible stimulation contacts on the DBS lead were empirically changed by the clinician. If no, or mild benefit
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Figure 2. The use of the neural marker to trigger responsive deep brain stimulation. Time domains signals
from multiple modalities aligned to the onset of tic (red line). Brain signals are streamed to a computer via
Nexus-D. (A) Time domain signal from the CM thalamus. (B) The low frequency power in the signal that is
inputted to the tic detector (threshold in green). (C) Acceleration of hand affected by tic. We can observe that
the neuromarker appears prior to the motor tic execution. (D) The EMG/inertia system used to align all signals.
Stimulation artifact observed in the brain signal can also be captured by an EMG signal placed on the neck,
where the connector cables are tunneled.

was reported, the stimulation mode was trialed in a monopolar and in a bipolar configuration. The responsive
DBS setting was selected based on the optimal “open-loop” continuous DBS setting. The initial programming
settings were provided by the clinical programmer following the first month visit, where a stimulation sweep was
performed across all contacts. The contact with the most immediate response and largest therapeutic window
(high tolerability of stimulation) was chosen as the initial contact. A secondary contact, or bipolar stimulation,
was only be chosen if no clinical responses were observed after 1-2 months of continuous therapy. The contact
selection was purely clinically driven without input from the neurophysiology team.

Subjects were only switched to responsive stimulation chronically, if open-loop settings were considered
optimized. During each programming visit, subjects were examined by a psychiatrist using the Yale Global Tic
Severity Scale (YGTSS) and the Modified Rush Videotape Rating Scale for Tic (MRVRST). These visits included
collection of a validated score of the clinical effects which was drawn from the prior months DBS settings. The
primary clinical outcome measure for this pilot study was the comparison of pre-operative baseline YGTSS to
continuous DBS and embedded responsive DBS settings for each participant (e.g. to be deemed a responder each
subject had to meet the criteria). The videotaped MRVTRS was recorded as a secondary outcome. The outcomes
were collected 6 months after the initial implants. For the MRVRST, during the primary outcome visit, the
psychiatrist recorded three sets of video recordings with three different stimulation paradigms: no stimulation,
conventional open-loop stimulation, and embedded responsive stimulation. The order of the stimulation mode
was randomized for each subject. Neither the psychiatrist nor the subjects were aware of the type of stimulation
which was administered when scoring. The scores were cross-compared using one-way analysis of variance
(ANOVA), and then by post-hoc comparison using a Wilcoxon signed-rank test between baseline, open-loop,
and embedded responsive conditions. Secondary outcomes included the Hamilton Depression Scale, the Young
Mania Rating Scale, the Conners’ Adult ADHD Rating Scale, the Yale Brown Obsessive Compulsive Scale and
the MOS-36 Quality of life.

Approval statement
The University of Florida Institutional Review board reviewed and approved IRB 201300850. The FDA also

reviewed the proposal and provided an Investigational Device Exemption (IDE) (G130253). The ethics for the
study were overseen by Dr. William Allen an ethicist on faculty at the University of Florida.
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Results

Cohort description

The mean age of the 10 subjects in the TS cohort at the time of surgery was 30.1+8.2 and the mean disease
duration was 22.6 + 6.9 years (Table 1). There were 5 males and 5 females in the cohort.

A series of identical experiments and data collections were conducted in all three groups of consecutively
recruited subjects. Group 1 (n=2) used acute responsive DBS using deep and superficial leads. Group 2 (n=4)
used chronic responsive DBS using deep and superficial leads. Group 3 (n=4) used responsive DBS with only
deep leads. Figure 3 summarizes the lead locations reconstructed using LEAD DBS for the ten subjects in the
study.

Results of chronic responsive deep brain stimulation

The outcomes data for all 10 subjects in the study is provided in Table 2. Eight subjects in the study had devices
capable of chronic responsive DBS (subjects 2-10). Four of the 8 subjects in the cohort (50%) met the pre-
defined primary outcome change of > 30 point change on the YGTSS motor scale (Table 3). There was a 43.5%
improvement in motor tics and a 62.2% improvement in vocal tics. There was also a YGTSS global impression
improvement of 62.5%. The secondary outcome of the MRVRST improved 63.8% (Table 2). Since the YGTSS is
measured over the prior weeks of therapy it was impossible to compare continuous DBS to responsive DBS at
the 6 month primary outcome variable.

1 8 23 F Y (Acute)
2 8 25 F Y (Acute)
3 8 33 F Y

4 12 39 M Y

5 7 26 F Y

6 11 45 M G

7 6 24 M Y

8 5 24 M Y

9 4 21 M N®

10 6 41 F Y

Table 1. Tourette DBS cohort characteristics. *Responsive DBS tested at the 6 month outcome, "double
negative bipolar was an open loop setting which could not be used for closed loop testing.
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Figure 3. Locations of the Tourette deep brain stimulation leads. Lead DBS software was used to reconstruct
the lead locations for the each of the subjects in this study and they are displayed in several axial representations
(A-C).
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YGTSS global
YGTSS—motor score | YGTSS—vocal score | impression MRVRST—open MRVRST—closed
Subject Baseline | 6 Month | Baseline | 6 Month | Baseline | 6 Month | Baseline | 6 Month | Baseline |6 Month
TS01 25 18 20 16 50 30 20 13 20 N/A
TS02 21 14 23 13 40 30 17 8 17 N/A
TS03 20 11 22 11 40 20 17 8 17 5
TS04 21 17 20 10 40 30 11 8 11 6
TS05 20 6 21 8 40 0 10 3 10 3
TS06 18 24 17 23 30 40 12 9 12 7
TS07 25 15 23 3 40 10 13 N/A 13 4
TS08 23 25 17 12 40 40 N/A 15 N/A N/A
TS09 23 21 22 16 40 40 16 14 16 N/A
TS10 19 16 19 17 30 30 11 10 11 N/A
All subjects -21.78% —34.43% -28.17% - 35.59% -59.39%
Table 2. Outcomes for all TS DBS subjects.
YGTSS global MRVRST—closed
YGTSS—motor score | YGTSS-vocal score | impression loop
Patient ID Baseline | 6 Month | Baseline | 6 Month | Baseline | 6 Month | Baseline | 6 Month
TS03 20 11 22 11 40 20 17 5
TS04 21 17 20 10 40 30 11 6
TS05 20 6 21 8 40 0 10 3
TS07 25 15 23 3 40 10 13 4
Percent improvement 43.51% 62.22% 62.50% 63.82%

Table 3. Responder outcomes for TS responsive deep brain stimulation. The abbreviations in the table: Yale
Global Tic Severity Scale (YGTSS) and the Modified Rush Videotape Rating Scale for Tic (MRVRST). Closed
loop refers to the responsive DBS condition.

Results for the cohort receiving chronic continuous deep brain stimulation

There were 2 subjects with devices which were not enabled for responsive DBS and 4 subjects who had enabled
devices however were stimulated in open loop chronic continuous DBS settings. Tourette subjects 6, 8, 9 and
10 were considered non-responders to responsive DBS. Across this cohort the YGTSS motor scores improved
by 7.3% the vocal scores by 15.9% and the global impression score by 5.3%. There was a 15.5% improvement
in the videotaped MRVRST however the two acute subjects (#1 and 2) did not have MRVRST scales (Table 4).

Secondary behavioral and mood outcomes

There were no significant changes in the Hamilton Depression Scale, the Young Mania Rating Scale, the Conners’
Adult ADHD Rating Scale, and the Yale Brown Obsessive Compulsive Scale when comparing baseline to 6 month
outcomes (Table 5). Notably, on the CAARS scale only 5 subjects had a score of > 60 indicating clinically relevant

ADHD at baseline. Two of those subjects worsened and 3 improved.

YGTSS global

YGTSS—motor score | YGTSS—vocal score | impression MRVRST—open
Patient ID Baseline | 6 Month | Baseline | 6 Month | Baseline | 6 Month | Baseline | 6 Month
TS01 25 18 20 16 50 30 20 13
TS02 21 14 23 13 40 30 17 8
TS06 18 24 17 23 30 40 12 9
TS08 23 25 17 12 40 40 N/A 15
TS09 23 21 22 16 40 40 16 14
TS10 19 16 19 17 30 30 11 10
All 7.30% 15.90% 5.28% 15.53%

Table 4. Outcomes for cohort on chronic continuous DBS.

Modified Rush Tic Rating Scale Score.

YGTSS, Yale Global Tic Severity Score; MRTRS,
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HAM-D YMRS CAARS Y-BOCS
Subjects Baseline | 6 Month | Baseline | 6 Month | Baseline | 6 Month | Baseline | 6 Month
TS01 2 12 0 7 N/A 66 7 8
TS02 3 6 0 6 74 97 0 5
TS03 4 9 2 0 19 69 0 0
TS04 4 N/A 3 0 89 59 28 22
TS05 7 1 1 0 56 40 0 0
TS06 0 1 0 4 62 59 0 0
TS07 8 0 0 0 71 54 0 0
TS08 8 11 0 0 140 126 32 9
TS09 9 0 0 0 15 31 0 18
TS10 N/A N/A N/A N/A N/A N/A N/A N/A
Percent improvement 0.13 1.22 113 0.56

Table 5. Depression, Mania, attention deficit and hyperactivity and obsessive compulsive outcomes. HAM-D,
Hamilton Depression Scale; YMRS, Young Mania Rating Scale; CAARS, Conners’ Adult ADHD Rating Scale;
Y-BOCS, Yale Brown Obsessive Compulsive Scale (Y-BOCS).

Quality of life outcomes

The MOS Short Form Survey (MOS-36) outcomes comparing baseline to 6 months revealed > 10 point
improvements in physical functioning, role limitation due to physical health, role limitation due to emotional
problems, social functioning, pain and health change. However when controlling for multiple comparisons, the
group changes were not significant (Table 6).

Physiology features for responsive DBS and ramp dynamics
A summary of the CM physiology, the cortical physiology, the tic onset, the features selected for trials of
responsive DBS and the ramp dynamics of the settings selected have been summarized in Fig. 4.

Safety

One subject was explanted and reimplanted secondary to infection (Subject #8). One cortical lead was not
replaced in this subject due to cortical scarring from the first implantation (Subject #8). A second subject had
the deep DBS leads repositioned due to suboptimal lead locations (Subject #4). See supplementary Table 1 and
2 for a summary of all adverse events.

Discussion

The results of this trial revealed that 4/8 (50%) of the refractory TS subjects met the primary outcome of a motor
tic score reduction of>30% during chronic responsive DBS. The data suggested that for these 8 subjects, the
approach employed was feasible. Additionally, when stimulation induced artifacts were encountered cortical
beta power was used to trigger the responsive paradigm. Two of the subjects in the study used an externally
triggered responsive DBS strategy and four used the chronic embedded DBS system. Across subjects TS power
spectrum changes associated with tics occurred in the low frequency 2-10 Hz delta-theta-low alpha oscillation
range. Subject #4 data revealed a correlation of premonitory urges to cortical beta power decreases and there was
no associated thalamic beta change. The beta power decrease was used as a control signal for the application of
chronic embedded responsive therapy. In subject #5 who had predominantly vocal tics, we observed a cortical
beta power decrease, and this feature was used to implement chronic responsive stimulation. Another innovation
introduced in this study was the use of one CM region DBS device to sense a tic and then serve as a trigger
for bi-hemispheric delivery of therapeutic stimulation'’. Finally, and most promising, improvements in both
hardware and technology in the final 4 subjects led to the use of the CM DBS leads for both sensing and
stimulation without the previous electrical artifact induced limitations. This study thus revealed the possibility
that a single lead responsive DBS approach may be possible in TS.

Our TS DBS cohort will likely be useful for guiding a translatable approach for the implementation of
responsive TS DBS technology. The first step we employed in programming was to identify tic features, especially
those associated with a dominant or disabling tic. Next, we employed a process for aligning and labeling tics that
were associated with brain physiology, using both video and motion sensors. Once labeled, tics of interest were
analyzed by computing changes in spectral power and these were compared to baseline tic-free epochs. The DBS
hardware employed in the study limited the choice of stimulation contact to the ‘middle’ contacts on each DBS
lead, with the implementation of bipolar sensing electrode arrays set up on either side of the stimulation contact;
also referred to as a ‘sandwich configuration’ Alternatively, monopolar DBS configurations could be employed
but only if recording contacts were not used for stimulation. The choice of configuration was important for the
limitation of side effects. The combination of avoiding stimulation induced side effects, and the use of a sandwich
configuration can in some cases result in the use of a suboptimal contact for delivery of the electrical stimulation.
The next step in programming was to determine the ramp tolerability. A manual closed-loop trigger test was
used to determine whether an individual stimulation setting was associated with a side effect. The clinician used
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Figure 4. Physiology features for responsive deep brain stimulation and programming ramp dynamics. The
electrophysiology represent the average spectrograms of the individual signals from each subject. X axis is time
(seconds) and y axis is frequency (Hz). Tic onset is denoted by the arrow and black vertical line The feature used
was the feature selected for responsive stimulation trials and the ramp on and off time were the values used to
program the DBS device in responsive mode.
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this information to choose and to test a ramp time. Once the ramp parameters were optimized, the clinician
deployed the closed loop algorithm, using one or more features and by setting thresholds for detection of the tic
feature. Once setup, DBS programming was an iterative process, taking weeks to months to empirically adjust
thresholds, to monitor for side effects, to optimize models for tic detection and to suppress vocal and motor tics.

The identification of the physiology underpinning tics will remain a rate limiting step for the successful
implementation of a responsive DBS TS therapy. Past work from our laboratory, and from other expert groups,
has revealed that duty cycle DBS and continuous DBS are options when open or responsive loop paradigms
may not be practically implemented'®. Our previous experience using duty cycle DBS revealed that tics could be
suppressed despite a device being inactivated for the majority of a 24-h period'>'®. In the current study, though
the device was programmed to be triggered by tic related activity, we hypothesized that the longer lasting tic
suppression would be more likely to be related to effects on the neural network, however more data will be
required to clarify this point.

This cohort was important for defining the underlying physiology of human tic. We aimed to use
electrophysiology to differentiate tic from voluntary movement. Our first proof of concept for a responsive
DBS device in TS was deployed in a single subject (2017) with a different device than used the current study
(Neuropace, Mountainview, CA)™. In that subject, we used bilateral CM region DBS and we found that the device
could sense and deliver DBS without artifact generation. Unfortunately, we could not replicate this capability
with the newer hardware until the final four subjects in our current study, who had more advanced technology
implanted. One critical observation, previously published from this cohort, was the more formal characterization
of human tic physiology derived from the CM region'. Collectively, we learned that the CM region proved
the preferable target for differentiating tic from voluntary movement, when we compared the physiology to
that derived from the motor cortex. We were consistently able to identify tic as associated with low frequency
(1-10 Hz) power increases in the CM region. We further observed that the occurrence of a tic was not associated
with a typical oscillation, but rather was more commonly associated with a small evoked potential that occurred
within 100-200 ms of a motor or vocal tic!"'*!°. Finally, we were able to sample the tic physiology and to align
the physiology with electromyogram recordings and the videotaped analyses to confirm baseline human tic
physiology.

Within the cohort, only the final 4 subjects could be successfully programmed to both record and to stimulate
from the same DBS lead without the induction a limiting stimulation induced artifact. Adverse events and
surgical morbidity from this procedure will likely be decreased if we can develop a consistent single sense and
stimulation paradigm which could avoid unnecessary ‘sense only’ hardware.

The results from this study demonstrated the potential to safely apply chronically embedded DBS hardware
into multiple brain targets, beyond a standard approach, which is commonly limited to two DBS leads. Our
approach was to implant deep leads bilaterally in the thalamus along with superficial leads placed over the M1
motor cortex. Unfortunately, due to technology limitations, our first 2 subjects had only acute closed loop DBS.
These 2 subjects did however, provide the information necessary for the refinement of a ‘sense from one brain
target and stimulate from another brain target’ paradigm. This paradigm, though requiring two extra cortical DBS
leads, overcame the serious issue of stimulation related artifacts. We utilized data from the next four subjects from
this cohort (subjects 3-6) to show that when recording from leads located in CM versus the motor cortex, tic was
more precisely differentiated from voluntary movement'®. The cortical DBS leads were thus critically important
for these 4 TS DBS subjects. The final 4 subjects in the cohort were implanted with technology which facilitated
recording and stimulation from the same CM region DBS lead, thus eliminating the need for the cortical strip.

There were important technical and patient selection issues which emerged in the final 4 subjects. The
rechargeable battery technology proved troublesome for two subjects, and this resulted in the unintended
automatic reset of the adaptive stimulation settings to the device factory default settings. Additionally, the data
from this study will be most informative to the CM DBS target and not the aGPi or other emerging TS DBS
applications. One major limitation was that ramp time was purposely slow in order to avoid adverse effects. This
slow ramp time prevented continuous responsive stimulation, especially during flurries of tics. One important
observation from many years of work in TS DBS is that responsive stimulation may be effective as a result of
‘resetting of the neural network’ It may not be necessary for the device to detect every tic event in this paradigm,
and this may explain why outcomes tend to be better over time. Though not tracked in this cohort it is possible
that we will learn that responsive paradigms in Tourette have obvious advantages in battery consumption and
possible in reduction of side effects. A final limitation for the group who used cortical sensing was that although
they had similar effectiveness there may have been slightly more overstimulation due to feature overlap between
tic and movement.

In summary, this study revealed that tic related physiology enabled the potential in some participants for
responsive TS DBS. Overall, four of the subjects enrolled in the study met the primary outcome. TS power
spectrum changes associated with tics occurred consistently in the low frequency 2-10 Hz delta-theta-low alpha
oscillation range. The use of different devices in this study was not aimed at making between device comparisons,
but rather, the study was adapted to the current state of the art in technology. Cortical physiology proved a useful
marker to trigger responsive DBS especially when therapy was limited by stimulation induced artifacts. The
novel use of one hemispheric device sensing a tic and then triggering both bilateral devices to deliver a train of
stimulation could be important for use in future studies. Our data revealed that the presence of a low frequency
physiological signal detectable in CM before and/or after tic onset. Both continuous and responsive TS DBS
may be possible and we have yet to identify optimal candidates for each approach. The responsive DBS strategy,
if possible, offers possible advantages in reducing side effects and using less energy, however it also introduces
the disadvantage of a long ramp time, which may negate the possibility of employing therapy prior to tic onset.
Improvements in technology which occurred during the course of this study may in the future facilitate a single
target ‘sense and stimulate’ approach.
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The datasets generated and/or analyzed during the current study are available in Clinicaltrials.gov. Any other
datasets used and/or analyzed during the current study available from the corresponding author on reasonable
request.

Received: 6 December 2023; Accepted: 14 March 2024
Published online: 18 March 2024

References
1. De Salles, A. et al. Modern neurosurgical techniques for psychiatric disorders. Prog. Brain Res. 270(1), 33-59 (2022).
2. Messina, G., Vetrano, I. G., Bonomo, G. & Broggi, G. Role of deep brain stimulation in management of psychiatric disorders. Prog.
Brain Res. 270(1), 61-96 (2022).
3. Hitti, E L. et al. Future directions in psychiatric neurosurgery: Proceedings of the 2022 American Society for Stereotactic and
Functional Neurosurgery meeting on surgical neuromodulation for psychiatric disorder. Brain Stimul. 16(3), 867-878 (2023).
4. Cif, L. & Hariz, M. Seventy years with the globus pallidus: Pallidal surgery for movement disorders between 1947 and 2017. Moyv.
Disord. 32(7), 972-982 (2017).
5. Johnson, K. A. et al. Tourette syndrome: Clinical features, pathophysiology, and treatment. Lancet Neurol. 22(2), 147-158 (2023).
6. Almeida, L. et al. Chasing tics in the human brain: Development of open, scheduled and closed loop responsive approaches to
deep brain stimulation for tourette syndrome. J. Clin. Neurol. 11(2), 122-131 (2015).
7. Mitchell, K. T. & Starr, P. A. Smart neuromodulation in movement disorders. Handb. Clin. Neurol. 168, 153-161 (2020).
8. Priori, A. et al. Adaptive deep brain stimulation (aDBS). Int. Rev. Neurobiol. 159, 111-127 (2021).
9. Cagle, J. N. et al. Lead repositioning guided by both physiology and atlas based targeting in Tourette deep brain stimulation. Tremor
Other Hyperkinet. Mov. (N. Y.) 10, 18 (2020).
10. Cagle, J. N. et al. A novel local field potential-based functional approach for targeting the centromedian-parafascicular complex
for deep brain stimulation. Neuroimage Clin. 30, 102644 (2021).
11. Cagle, J. N. et al. Embedded human closed-loop deep brain stimulation for Tourette syndrome: A nonrandomized controlled trial.
JAMA Neurol. 79(10), 1064-1068 (2022).
12. Gunduz, A. & Okun, M. S. A review and update on Tourette syndrome: Where is the field headed?. Curr. Neurol. Neurosci. Rep.
16(4), 37 (2016).
13. Molina, R. et al. Report of a patient undergoing chronic responsive deep brain stimulation for Tourette syndrome: Proof of concept.
J. Neurosurg. 129(2), 308-314 (2018).
14. Shute, J. B. et al. Thalamocortical network activity enables chronic tic detection in humans with Tourette syndrome. Neuroimage
Clin. 12, 165-172 (2016).
15. Afshar, P. et al. A translational platform for prototyping closed-loop neuromodulation systems. Front. Neural Circ. 6, 117 (2012).
16. Stanslaski, S. et al. A chronically implantable neural coprocessor for investigating the treatment of neurological disorders. IEEE
Trans. Biomed. Circ. Syst. 12(6), 1230-1245 (2018).
17. Gunduz, A., Cagle, J. N. Okun, M. S. & Foote, K. D. Simultaneous bilateral stimulation using neurostimulator World Patent.
Publication number: 20230166112 (2021).
18. Rossi, P. J. et al. Scheduled, intermittent stimulation of the thalamus reduces tics in Tourette syndrome. Parkinson. Relat. Disord.
29, 35-41 (2016).
19. Cagle, J. N. et al. Differentiating tic electrophysiology from voluntary movement in the human thalamocortical circuit. J. Neurol.
Neurosurg. Psychiatry 91(5), 533-539 (2020).

Acknowledgements
We would like to acknowledge the support of the NIH R01 NR014852 and ROINS096008.

Author contributions

MSO and AG wrote the main manuscript, performed critical revisions, revised figures and also provided grant
support. JC, JG, DB, JW, KF provided critical revisions, revised figures and collected as well as analyzed data. All
authors reviewed the manuscript and agree with its contents.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-024-57071-5.

Correspondence and requests for materials should be addressed to M.S.O.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:6467 | https://doi.org/10.1038/s41598-024-57071-5 nature portfolio


https://doi.org/10.1038/s41598-024-57071-5
https://doi.org/10.1038/s41598-024-57071-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Responsive deep brain stimulation for the treatment of Tourette syndrome
	Methods
	Participants
	Devices
	Application of responsive stimulation
	Clinical programming
	Approval statement

	Results
	Cohort description
	Results of chronic responsive deep brain stimulation
	Results for the cohort receiving chronic continuous deep brain stimulation
	Secondary behavioral and mood outcomes
	Quality of life outcomes
	Physiology features for responsive DBS and ramp dynamics
	Safety

	Discussion
	References
	Acknowledgements


