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Abstract

Objectives—Tourette syndrome is a neurodevelopmental disorder commonly associated with
involuntary movements, or tics. We currently lack an ideal animal model for Tourette syndrome. In
humans, clinical manifestation of tics cannot be captured via functional imaging due to motion
artifacts and limited temporal resolution, and electrophysiological studies have been limited to the
intraoperative environment. The goal of this study was to identify electrophysiological signals in
the centromedian (CM) thalamic nucleus and primary motor (M1) cortex that differentiate tics
from voluntary movements.

Methods—The data was collected as part of a larger NIH sponsored clinical trial. Four
participants (2 males, 2 females) underwent monthly clinical visits for collection of physiology for
a total of six months. Participants were implanted with bilateral CM thalamic macroelectrodes and
M1 subdural electrodes that were connected to two neurostimulators, both with sensing
capabilities. MRI scans were performed pre-operatively and CT scans post-operatively for
localization of electrodes. Electrophysiological recordings were collected at each visit from both
the cortical and subcortical implants.

Results—Recordings collected from the CM thalamic nucleus revealed a low-frequency power
(3-10 Hz) increase that was time-locked to the onset of involuntary tics but was not present during
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voluntary movements. Cortical recordings revealed beta power decrease in M1 that was present
during tics and voluntary movements.

Conclusion—We conclude that a human physiological signal was detected from the
centromedian thalamus that differentiated tic from voluntary movement, and this physiological
feature could potentially guide the development of neuromodulation therapies for Tourette
syndrome that could utilize a closed-loop based approach.

Keywords
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motor cortex

Introduction

Tourette syndrome (TS) is a chronic neurodevelopmental disorder characterized by motor
and phonic tics[1]. TS is commonly associated with other neuropsychiatric comorbidities
(e.g., attention deficit hyperactivity disorder (ADHD), obsessive compulsive features (OCD),
and other behavioral manifestations). For a majority of TS cases, motor manifestations can
be managed using a combination of medications [2,3], and behavioral therapies (i.e.
comprehensive behavioral intervention for tics (CBIT)) [4,5]. The expected progression of
TS would anticipate that most patients will experience significant improvements of tics in
late adolescence or early adulthood. However, experts now recognize that there is a subset of
patients who will continue to experience disabling tics despite optimal medication and
behavioral management. For these severely affected patients, deep brain stimulation (DBS)
has been recently applied to address refractory and disabling tics.

Over the past two decades, DBS has been used as a promising treatment option for
medication refractory and severely affected TS patients [6-8]. Evidence from neuroimaging
[9-11], stereotactic lesions [12-14], and animal models [15-17] have collectively
demonstrated that the thalamo-striatal-cortical circuit [18] is involved in the pathophysiology
of TS. Based on these findings, thalamic and pallidal nuclei in the circuits have been
selected as DBS targets for treatment of TS. Although multiple brain targets have been
targeted for the treatment of tics, we chose the centromedian (CM) thalamic nucleus because
it is the most widely published TS DBS target with promising outcomes worldwide [6].
Intraoperative electrophysiological recordings of CM thalamic nucleus from our group and
others have revealed that pathological low-frequency activity was correlated with tic severity
[19-21]. Our a priori hypothesis was that network physiology recorded from the CM
thalamic nucleus and the primary motor (M1) cortex could be used to differentiate tic from
voluntary movement. This study captured the physiology of tic in awake behaving humans.
Unique to this study from previous TS physiological recordings was the use of chronically
implanted depth and surface electrocorticogram (ECoG) recording and stimulation devices,
which captured chronic real time local field potentials (LFPs) from the CM thalamic nucleus
and M1 cortex [22].
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Participants

This study was approved by both the Institutional Review Board (IRB) of the University of
Florida (UF) and the U.S. Food and Drug Administration (FDA) through an Investigational
Device Exemption (IDE). Patients with medication refractory TS were screened, consented
and enrolled into the study at UF Fixel Institute for Neurological Diseases. All patients were
consented as according to the Declaration of Helskinki and the written consent form was
approved by the local ethical committee. The study was registered at clinicaltrials.gov
(NCT02056873) with detailed inclusion/exclusion criteria: A DSM-V diagnosis of TS, Yale
Global Tic Severity Scales (YGTSS) of >35/50 for at least 12 months, and a motor tic
subscore >15 [23]. The TS diagnosis was required to cause incapacitation with severe
distress, self-injurious behavior, and/or quality of life disruption. OCD, depression, and
ADHD were not exclusionary criteria provided the tics were the major issue prompting
potential surgical intervention. Subjects were required to have trials of at least three
dopamine blocking drugs and a minimum of a single trial with an alpha-2 adrenergic
agonist. Subjects were required to be on stable doses of TS medications throughout the trial.
Subjects with unstable psychiatric disorders were excluded.

Surgical Procedure

Subjects enrolled in the study underwent two stages of stereotactic surgical intervention
[24]. The first stage was performed awake and the surgeon implanted bilateral depth
electrodes in the CM thalamic region and subdural ECoG strips over the hand motor cortex.
The second stage of the operation was performed approximately 30 days following the first
stage and was used to implant the bidirectional Activa PC+S neurostimulator (Medtronic
PLC, Minneapolis, MN). Medtronic Model 3387 DBS leads were implanted bilaterally in
CM nuclei, each with 4 1.5mm contacts and 3.0 mm center-to-center spacing. The electrode
target trajectories into the CM nuclei were identified using direct visualization and
manipulation of a modified digital Schaltenbrand-Bailey atlas [25]. The atlas was morphed
onto the pre-operative magnetic resonance imaging (MRI) FGATIR image [26] and the co-
registered pre-operative computed tomography image (CT) was used as a reference.
Microelectrode recordings were performed to confirm the target area. Medtronic RESUME
Il Model 3587A 4-contact subdural strips with 4.0 mm diameter and 10.0 mm center-to-
center distances were placed over the hand M1 region using real-time functional mapping of
local high broadband activity (70-110Hz)[27]. During the second stage surgery, two
Medtronic Activa PC+S neurostimulators were implanted bilaterally under the skin in the
subclavicular region. Each neurostimulator was connected to one depth electrode and one
subdural strip each implanted in the ipsilateral hemisphere.

Postsurgical Visits and Behavioral Tasks

During six monthly post-surgical visits, subjects participated in behavioral tasks, and
recordings were separated into three conditions: tic suppression, voluntary movements, and
tics (Figure 1). The subjects were instructed to suppress tics to their best ability for 4
minutes. Any unsuppressed tics were removed from analysis. Next, subjects were instructed
to voluntarily move body parts most inflicted by severe tics repetitively for 10 seconds and
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to rest for 10 seconds. Finally, the subjects were instructed to freely tic for 4 minutes [21].
Previous studies have shown that active tic suppression conditions may not be representative
of the default state of the brain [28], therefore, segments of tic-free periods during tic
recordings were selected as the baseline for comparison.

Data Recordings

Local field potentials (LFPs) from the CM thalamic nuclei and M1 cortex were recorded
using the Activa PC+S with a bipolar recording configuration. LFPs were recorded with a
sampling rate of 422Hz during three task conditions. A second set of resting state data was
recorded with a sampling rate of 800Hz to perform phase-amplitude coupling analysis. The
bipolar configuration was setup such that one bipolar subdural strip contact was in direct
contact with M1 cortex and one bipolar depth contact was within the CM thalamic nucleus.
The second reference contact was located 2 contacts away to improve the signal-to-noise
ratio. The thalamic contact pair was selected by enclosing the optimal therapeutic
stimulation contact with the sensing contacts (i.e., if the best treatment was found by
monopolar stimulation at EQ1 location, recording was done with EO0-E02 contact pairs).
Motor tic kinematics were recorded using 8 wireless electromyographic (EMG) sensors
embedded with inertia sensors (Delsys Inc., Natick, MA). Eight EMG sensors were placed
symmetrically over the upper extremities of the patient. Sensors were selected to include
areas with the most perceptible motor and phonic tics. Videotaping was concurrently used
with kinematic recordings for labeling of motor and vocal tics collected during behavioral
tasks. The Activa PC+S recordings were aligned with the kinematic recordings as follows. A
5-second long 5Hz pulse train was delivered to the CM at the beginning of each recording
session, which can be detected from thalamic recordings, as well as from a wireless EMG
sensor was placed on the patient’s neck (over the implanted connector cable). This pulse
train allowed us to align signals from two systems. Additionally, we synchronized video
recordings to the EMG system by delivering a pulse train from a microcontroller to the
EMG base station and a light emitting diode (LED) placed in front of the camera.

Data Analysis and Statistical Testing

LFP recordings were processed offline using MATLAB (Cambridge, MA). A 3"-order
infinite impulse response (IIR) band-pass filter between 1Hz and 100Hz was implemented to
remove DC offset and high-frequency noise. Videotapes were blindly rated by movement
disorders neurologists for tic labeling. If unsuppressed tics were identified during baseline
recordings, the segment of data 1 second before the tic and 3 seconds after the tic were
removed from analysis. If tics were identified in tic recordings, 1 second before the tic and 3
seconds after the tic were segmented into epochs for analysis of tic physiology. The tics
selected for the analysis include both simple tics and complex tics, motor tics and vocal tics.

Spectrograms of tic epochs drawn from the M1 cortex and the CM thalamic nuclei were
computed using the maximum entropy method (MEM) with a 500ms window and 50%
overlap with a model order of 30 [29]. Afterward, the tic spectrograms were transformed to
unit of decibel by log-scale transformation. The baseline spectrograms were computed using
tic-free periods during tic recordings with an identical MEM setting as the tic spectrogram
and these were transformed into decibel. Tic spectrograms were referenced to baseline by
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subtracting the average baseline power spectral density (PSD), which was calculated by
averaging baseline spectrograms across time. To address potential bias due to movement
execution, spectrograms of voluntary movements were computed similarly, with the onset
programmed to the onset of the voluntary movement.

The group-level tic feature was computed by averaging the tic spectrograms for all four
patients in both the CM thalamic nuclei and M1 cortex. Statistical tests were performed on
the group-level average tic spectrograms to identify significant features of tic onset. Two-
sided student’s t-tests were computed for each time-frequency pair against baseline, and the
significance values were corrected for multiple comparison using false discovery rate (FDR)
[30].

Data Availability

Results

The electrophysiological data and imaging data used in the paper are available from the
corresponding author upon reasonable request. Electrophysiological analysis were
performed using the maximum entropy method provided by BC12000 package [31], and
imaging analysis was done using the FreeSurfer package [32].

Electrophysiology and Functional Mapping

Table 1 summarizes the subjects’ baseline characteristics. Four subjects were implanted and
studied (2 males, 2 females) with an average age of 35.8 + 4.1 (mean + standard error),
mean baseline YGTSS Total Tic Score (TTS) of 42.8 +1.1, and mean disease duration of
21.8 + 8.3. All 4 subjects completed 6 months of post-operative visits. There were no serious
unexpected adverse events or surgical complications. The final optimal therapeutic
stimulation settings have been summarized in Table 1. The thalamic region-of-interest was
selected based on the optimal stimulation location identified by the DBS programmer who
was optimizing the patient to reduce the motor and vocal tics. The raw electrophysiological
characteristics of neuronal activity recorded from the subdural strips and depth electrodes
prior to signal processing is summarized in Figure 2. The subdural strips revealed higher
frequency activity and larger amplitude while the depth electrodes showed predominantly
slow wave activity and lower amplitude (Figure 2A). Due to device memory failure in
Subject 04’s left Activa PC+S system, no physiology recordings were available from the left
hemisphere. The root mean square (RMS) amplitudes were significantly higher in the
subdural strips as compared to the depth electrodes; however, the values were not
statistically different between left (n=3) and right (n=4) hemisphere recordings (Figure 2B).
The power spectrum did not reveal narrow-band noise in the recordings (Figure 2C). Of 4
subjects, Subject 02’s bilateral electrodes were surgically repositioned for suboptimal
placement and the repositioning resulted in improved therapeutic effects. The results in this
paper focus on the physiological signals after electrodes were repositioned. The types of tics
each patient manifested were different, and these subtypes are outlined in Figure 3A with the
dominant tic location highlighted in red. Three out of 4 patients had dominant vocal tic and
facial tics, 2 out of 4 patients had dominant shoulder and neck tics, and 1 out of 4 patients
had dominant hand tics.
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DBS Active Contact Localization and Time-Frequency Features of Tic Onset

The placements of the bilateral subdural strips are shown in Figure 3B. All four patients had
bilateral subdural strips placed over the hand M1 cortex, and the strips were purposely
overlapped in the areas of the premotor and somatosensory cortex. It is noted that the
subdural strip over the right hemisphere of Subject 03 was placed more posterior than the
other subjects and only the most anterior contact interfaced with the edge of the M1 cortex;
therefore, the right hemisphere of Subject 03 was excluded from the analysis when
computing the M1 cortex tic feature. The placements of the bilateral CM thalamic depth
hand tics. electrodes are shown in Figure 3D. All four subjects were shown to have bilateral
depth electrodes placed within the CM thalamic region as defined by the modified digital
morphable Schaltenbrand-Bailey atlas.

The time-frequency features of tic onset drawn from the M1 cortex to the CM thalamic
region is shown in Figure 3C. The cortical electrode contacts used to analyze the time-
frequency features were extracted and highlighted in the figure as orange for each
participant. The cortical tic features were more diverse in M1 across subjects compared to
CM, partly due to variability in subjects’ tics and cortical electrode placement. Cortical beta
(12-30Hz) power decrease was identified in 2 of 4 patients (Subject 02 and Subject 03), and
a low frequency power increase was identified in 3 of 4 patients (Subject 01, Subject 03, and
Subject 04). The beta features were not statistically significant (FDR > 0.01) at a group level
analysis (Figure 3C). The thalamic features were conserved across all four subjects. Low
frequency (3 — 10Hz) power increase with respect to tic onset was observed in all four
subjects while 1 subject had broadband power increases in all frequency bands partly due to
sharp evoked potentials observed in CM thalamic regions. The low frequency feature
remained statistically significant (FDR < 0.01) after group average analysis (Figure 3E).

The spectrogram of a voluntary movement task was shown in the same manner as a tic
spectrogram to contrast their features (Figure 4). Although the center frequency differs, the
subdural strip recordings revealed strong beta power decrease among all patients. In addition
to the beta power decrease, a subtle low frequency power increase was observed slightly
before the onset of movement. Both features were statistically significant (FDR < 0.01). In
the depth electrode recordings, some subjects revealed slight low frequency power decrease,
but this was not statistically significant (FDR > 0.01). Overall, the depth electrode
recordings revealed no significant correlates with voluntary movement. The CM and M1
signals did not yield any coherence during baseline, movement, or tics.

Discussion

In the current study, we recorded and analyzed the neural correlates of human tics in the CM
thalamic nucleus and the M1 cortex using a sensing-enabled implanted neurostimulator. The
implanted neurostimulator facilitated an investigation of TS physiology outside of the acute
intraoperative condition and allowed us to differentiate tic from voluntary movement. The
data strongly suggest that LFPs from the CM region but not from M1 can be used to separate
tic from voluntary movement. Unique to this study was the acquisition of chronic neural
activity from awake behaving humans up to 6 months after surgery, which characterized the
physiological underpinnings of human tic and facilitated a differentiation from voluntary
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movement. These chronic recordings of thalamic and motor cortical activity provide
additional insights into TS pathology and improve upon the limited existing MER and
intraoperative LFP recordings [19,33].

Based on previous intraoperative LFP recordings, low frequency power is known to be
elevated in TS patients, and such low frequency power is correlated with symptom severity
[20]. Given the intermittent nature of TS symptoms, we hypothesized that the low frequency
power increase was associated with tic onsets. Our analysis of the tic onset spectrogram
confirmed this notion (Figure 3). We identified a strong low frequency (<10Hz) activity that
persisted in chronic post-operative LFP recordings in the CM thalamic nucleus. The low
frequency activity was time-locked to tic onset and was observable throughout multiple
months of chronic recordings. This low frequency power increase and its relationship to tic
onset was consistently observed in all subjects (n=4) and resulted in a statistically significant
feature after correction for false discovery. To eliminate the possibility of machine
interference or motion artifacts causing a low frequency power increase, we performed the
same analysis with voluntary movement onset. When the subjects were voluntarily moving
and mimicking tics, we observed no statistically significant features in the CM thalamic
region. Therefore, we concluded within our cohort that the low frequency power increase
was a tic-related feature and was independent from voluntary movement.

Furthermore, the cortical spectrogram across all patients was more diverse than those of the
CM thalamus (Figure 3). A broadband beta (12 — 30Hz) power decrease was observed in 2
of 4 subjects, beta power increase was observed in 1 of 4 subjects, and low frequency
(<10Hz) power increase was observed in 3 of 4 subjects during tics. These differences in
cortical features are limitations possibly due to the placement of the strip and to the diversity
of tic morphologies. Figure 3A demonstrates not only that the dominant tics varied between
subjects, but the cortical placement also differed. Recordings in the CM thalamic nucleus
were more consistent, likely due to its smaller volume. However, one feature that appeared
as statistically significant, despite manifesting different tic morphology and recording
locations was the low frequency (<10Hz) power increase. The usefulness of that feature was
however diminished. Voluntary movement tasks are associated with a low frequency power
increase associated with movement onset meaning, that the feature was not tic specific.

One of the limitations of our study was the limited coverage provided by the subdural strips.
The 4-contact subdural strip used in the study facilitated recording over a small area of the
motor cortex. Tics are often in multiple body regions and the size of our grid could not
provide adequate spatial coverage. Prefrontal cortex, in particular, has been a potentially
critical location for understanding TS limbic circuitry and tic sensory premonitory urge,
however, we did not target this area in this study cohort [34]. Additionally, the depth
electrodes were targeted based on pure anatomical mapping using a modified digital
morphable Schaltenbrand-Bailey atlas. Functional mapping of the CM thalamic nucleus
during DBS surgery has yet to be fully optimized. Finally, the targeting trajectory was
selected to avoid damaging blood vessels during DBS lead insertion. Another limitation was
the signal quality of the Activa PC+S system. Due to stimulation artifacts generated by
therapeutic stimulation, it is difficult to resolve low-frequency signals in thalamic nuclei
during stimulation. This limitation prevented us from verifying the above-mentioned tic
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features during stimulation and understanding the effect of DBS in the CM thalamic nucleus
region as applied for TS patients. Finally, the tic-related feature identified in this study most
commonly occurred at, or slightly after, the onset of the tic as opposed to a premonitory urge
that occurs prior to tic onset. Responsive stimulation based on this signal may not therefore
be detected prior to tic and be used exclusively to stimulate and to prevent tic prior to onset.
However, since tics are intermittent and repetitive and occur over an extended period of time,
this physiology could still be useful to prevent tic flurries following the initial onset. The
improvement in tic, similar to what has been observed in responsive stimulation for epilepsy,
seems to be twofold. First, when we observe a signal prior to the tic (the minority of cases),
the device can stimulate and suppress it. Second, as the device discharges more times during
a 24 hour epoch, there seems to be a normalization of the resonant oscillatory activity. This
change in oscillatory activity is associated with less tics. More data will be required to
understand and to evaluate the usefulness of this feature for responsive stimulation therapy
and how it may potentially improve the therapeutic outcome for TS patients. Collectively,
these factors were important limitations to the current study.

This study revealed the thalamic and cortical correlates of tic pathology recorded from
human adult TS patients. Recordings from multiple nodes in the human TS network
contributed to a better understanding of the phenomenon of human tic. The low frequency
power feature in the CM thalamic nucleus region was not a persistent pathological rhythm
(such as the beta band observed in Parkinson’s disease, or PD [35,36]), but was closely
associated with and time-locked to the tic symptoms. The PD literature has shown that
delivering stimulation adaptively based on a pathological beta signal can improve many
disease related features [37,38]. Delivering stimulation based on the pathological low
frequency TS power burst may possibly provide a similar improvement. The tic-onset
feature observed in the CM thalamic nucleus region, which can be differentiated from
voluntary human movement, is therefore one potential candidate marker for a responsive
DBS trial.
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Figure 1. Study timeline.
Recordings were performed in the absence of stimulation, which was turned off at least 30

minutes prior to recording sessions.
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Figure 2. The electrophysiological characteristics of TS subjectsrecorded using the Medtronic
Activa PC+S system.

A)-Raw recordings from the subdural strip and depth electrode implants from a segment of
baseline data in one subject. B) The root-mean-square (RMS) amplitude of neural signals
recorded from bilateral depth electrodes and subdural strips for all 4 subjects. C) The
average power spectrum for all subjects’ bilateral subdural strip and depth electrodes.
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Figure 3. Neural correlates of tic generation in M1 cortex and CM thalamic nucleus.
A) Dominant tic locations as marked on pictograms. B) The localization of bilateral

subdural strips from all 4 patients. The blue and red overlay indicate primary motor (M1)
cortex and primary somatosensory (S1) cortex respectively. The cyan dots indicate the center
of each of the 4 contacts on subdural strips, whereas the orange dots represent bipolar
recording electrodes. C) The individual tic onset spectrogram recorded from M1 cortex. D)
The localized depth electrodes with digitized atlas. Yellow and blue nuclei represent CM
thalamic nucleus and Vim thalamic nucleus respectively. Active contacts for recording are
marked in red. E) The individual tic onset spectrogram recorded from CM thalamic nucleus.
Area within black contour is statistically significant (FDR < 0.01) in group analysis.
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Figure 4. Neural correlates of voluntary movement generation in M1 cortex and CM thalamic

nucleus.

A) The individual movement onset spectrogram recorded from M1 cortex. B) The individual
movement onset spectrogram recorded from CM thalamic nucleus. Area within black
contour is statistically significant (FDR < 0.01) in group analysis.
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Subject Baseline Characteristic and Therapeutic Setting
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Patient Sex Age Disease MRVRS YGTSS YGTSS Medications at Therapeutic Information
ID (years) Duration (tics/min) Motor Vocal the time of study

TS03 Female 33 16 21-40 22 20 Clonazepam L: E0O1-CAN, 160Hz,
Adderall XR 240uS, 2.9V R: E01-CAN,

Percocet Prolixin 160Hz, 240uS, 3.5V

Clonidine

TS04 Male 39 17 21-40 22 20 Zyprexa Paxil L: EO1-CAN, 160Hz,
CoQ10 300us, 4.0V R: E01-E00,

160Hz, 300uS, 3.5V

TS05 Female 26 20 21-40 22 24 Venlafaxine L: E02-CAN, 160Hz,
180uS, 4.0V R: E02-CAN,

160Hz, 150uS, 3.5V

TS06 Male 45 34 41-60 23 18 Topiramate L: E01-CAN, 160Hz,

240uS, 2.5V R: E01-CAN,
160Hz, 240uS. 2.4V

MRVRS: Modified Rush Video Rating Scale

YGTSS: Yale Global Tic Severity Scale
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