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Abstract

Introduction: Previous studies found subthalamic nucleus deep brain stimulation
(STN-DBS) has clinical effect on Parkinson's disease, dystonia, and obsessive com-
pulsive disorder. It is noteworthy that only a few studies report the STN-DBS for
Tourette's syndrome (TS). Globus pallidus interna (GPi)-DBS is the one of the most
common targets for TS. So, this paper aims to investigate the neural oscillations in
STN and GPi as well as the DBS effect between these two targets in same patients.
Methods: The local field potentials (LFPs) were simultaneously recorded from the
bilateral GPi and STN in four patients with TS. The LFPs were decomposed into neu-
ral oscillations, and the frequency and time-frequency characteristics of the neu-
ral oscillations were analyzed across the conditions of resting, poststimulation, and
movement.

Results: No difference of resting LFP was found between the two targets. The post-
stimulation period spectral power revealed the high beta and gamma oscillations
were recovered after GPi-DBS but remained attenuated after STN-DBS. The STN
beta oscillation has fewer changes during tics than voluntary movement, and the
gamma oscillation was elevated when the tics appeared.

Conclusion: The high beta and gamma oscillations in GPi restored after GPi-DBS, but
not STN-DBS. High beta and gamma oscillations may have physiological function in
resisting tics in TS. The cortex compensation effect might be interfered by the STN-
DBS due to the influence on the hyper-direct pathway but not GPi-DBS.
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1 | INTRODUCTION

Tourette's syndrome (TS) is a neurological disorder manifested by
motor and vocal or phonic tics. TS is often accompanied by obsessive
compulsive disorder, attention-deficient hyperactive disorder, poor
impulse control, and other comorbid behavioral problems (Albin,
2017; Albin & Mink, 2006). Patients with TS have impairments in im-
pulse inhibition which might relate to the reduced inhibitory output
of the basal ganglia (Ganos, 2016; Jackson, Draper, Dyke, Pépés, &
Jackson, 2015; Jahanshahi & Rothwell, 2017).

Deep brain stimulation (DBS) in the thalamus and basal gan-
glia has been introduced for the treatment of movement disorders
(Zhao, Zhang, & Meng, 2016). The most common targets for TS
include the center median thalamic region and the globus pallidus.
One study reported a Parkinson's disease (PD) patient who also
has a history of TS in whom bilateral subthalamic nucleus (STN)-
DBS improved both PD syndrome and tics. The curative effect of
STN-DBS on dystonia and other hyperkinetic disease has been
proved (Schjerling et al., 2013), and the STN-DBS also shows clin-
ical effect on obsessive compulsive disorder (OCD; Mallet et al.,
2008). Overall, STN is a promising target for TS, but the clinical
effect and local field potential (LFP) of STN in TS have less been
investigated.

Perioperative LFP recordings and intraoperative single-neuron
recordings provide insights into neural activities. The power of low
frequency over 1-10 Hz oscillations in the thalamus increases with
the occurrence of frequent tics (Shute et al., 2016), and low-fre-
quency oscillations over 3-12 Hz were found in the pallidus-thala-
mus circuit, which were correlated with the preoperative motor tic
score (Neumann et al., 2018). Moreover, low-frequency oscillations
were found in the thalamus of TS patients with severe compulsive
behaviors (Priori et al., 2013). Microelectrode recording in the thal-
amus of patients with TS further confirmed that the firing patterns
were within the low-frequency range (2.5-8 Hz). DBS at the thala-
mus tended to attenuate alpha oscillations in the contralateral thal-
amus and increase theta oscillations in the ipsilateral thalamus in a
case study (Bour et al., 2015; Marceglia et al., 2017). Alternatively, in
the globus pallidus interna (GPi), attenuated beta oscillation and ele-
vated gamma and high-frequency oscillations were seen along with
frequent tics (Jimenez-Shahed, Telkes, Viswanathan, & Ince, 2016).
Low-frequency (4-12 Hz) and high-frequency (>150 Hz) phase-
amplitude couplings in the GPi were seen at rest (Ji et al., 2016).
So, combining the evidence above, the low-frequency oscillation
is pathological because it related to the clinical scores. The other

frequency band might reflect the more complicated cross-effect
when tics appeared.

What are the characteristic oscillatory activities in the GPi and
STN of patients with TS? How do STN and GPi-DBS modulate these
activities? This paper aims to answer these questions through an in-
vestigation of LFPs recorded simultaneously from the ipsilateral GPi
and STN in patients with TS under the conditions of rest, movement,
and after high-frequency stimulation to find explanations for the dif-
ference clinical effect of STN and GPi-DBS on TS.

2 | MATERIAL AND METHODS

2.1 | Subjects and surgery

All patients gave written informed consent to participate in this
study, which was approved by the local ethics committees of Beijing
Tiantan Hospital of Capital Medical University under the principles
of the Declaration of Helsinki. Four patients (four males, age 24.8 + 4
[mean + SD] years, disease duration 18.5 + 3.4 [mean + SD] years)
with TS underwent bilateral GPi and STN implantation of DBS elec-
trodes. Preoperative clinical evaluations using the Yale Global Tic
Severity Scale (YGTSS) and the Yale-Brown Obsessive Compulsive
Scale (Y-BOCS) were performed before and after the surgery
(Table 1). The patients were followed up for 6 months.

All patients underwent stereotactic frame preoperative 3.0T
magnetic resonance imaging (MRI). The electrodes were targeted to
posterior GPi and the lateral area of STN. The targets and trajec-
tory of the electrode implantation were calculated and determined
using the Leksell SurgiPlan station (Elekta). The DBS electrodes were
PINS L301 for STN with four platinum-iridium cylindrical surface
contacts, and each contact was 1.27 mm in diameter and 1.5 mm in
length and separated by 0.5 mm. The electrodes for GPi were PINS
L302, which had contacts of the same size but separated by 1.5 mm
(PINS). The subjects underwent surgery with local anesthesia to
allow for intraoperative microelectrode recording and stimulation
tests (Starr, 2002). The placement of DBS electrodes was confirmed
by postoperative CT scans.

2.2 | Paradigm and recording

All patients underwent experiments on the 3-5th day after the
surgery. The stimulation was turned off at least 4 hr before the
recording. Three channels of bipolar LFPs were recorded from the
adjacent four contacts (contact pairs: 0-1, 1-2, and 2-3) of each
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electrode. The LFPs of patient 1 were amplified, notch filtered to
remove 50 Hz line noise, band-pass filtered over 1-500 Hz using a
Digitimer amplifier (model D360; Digitimer Ltd.), and recorded with
a sampling frequency of 1,000 Hz using a CED 1401 (Cambridge
Electronic Design). The signal was down-sampled to 500 Hz for
further analysis. The LFPs, electromyography (EMG) of symptom-
involved muscles, and forearm flexors of patients 2-4 were ampli-
fied and band-pass filtered over 1-250 Hz using a custom-developed
amplifier and recorded with a sampling frequency of 500 Hz. This
amplifier is a wearable eight-channel wide-scale electrophysiological
monitor with a wireless connection using Wi-Fi.

The regular clinical test stopped for a whole night before ex-
periments. Three experiments were performed for cases 2-4 on
the 3-5th day after DBS electrodes implantation. Case 1 does not
perform the voluntary movement test due to the experiment de-
sign change. The detailed paradigms were as follows: (a) rest: pa-
tients sat at rest without support and the motor/phonic tics were
not restricted. The LFPs and EMG of the symptom-involved muscles
were recorded simultaneously for 30 min. During the recording, the
patients were asked to avoid voluntary movements. (b) Voluntary
movement: patients sat with hands resting on the laps and per-
formed self-paced wrist-folding movements for at least 30 trials.
The voluntary movements were performed by left and right hands
separately. (c) Stimulation test: A pair of contacts was selected for
stimulation based on the images and stimulation effects (Table 1).
The stimulation was delivered to the active contact with 130 Hz,
60 ps, and amplitudes at 1, 2, and 2.5 V amplitudes. The stimula-
tion was applied bilaterally in the GPi or STN. The duration of stim-
ulation at each amplitude was 180 s with a 180-s interval between

2.3 | Signal preprocessing

Signal processing and statistical analysis were performed with
MATLAB scripts (MathWorks Inc.). The channels with the selected
pair of contacts for the stimulation test were used for analysis
(Table 1). For the resting state, a continuous 150-s signal was se-
lected for case 1. Continuous 1,200-s signals were selected for cases
2-4. Three poststimulation segments form the pair of contacts se-
lected for stimulation were chosen, and the stimulation period was
excluded due to the noise and uncertain stimulation effect caused by
relatively close distance. LFPs were band-pass filtered over 3-90 Hz
and adaptively band-stop filtered to reject the 50 Hz line noise. EMG
was first high-pass filtered at 20 Hz and then smoothed with a 5 Hz

2.4 | Spectral analysis and statistical analysis

Power spectral density (PSD) was calculated using Welch's method
(Welch, 1967) with a 1-s sliding window, 0.5-s overlap, and 2,048
points. The spectral power over 4-8, 8-20, 20-45, and 60-90 Hz
frequency bands were integrated to evaluate the sustained effects
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of stimulation. The 45-60 Hz bands were excluded due to the line
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noise. For comparison across states at the group level, the integrated
oscillatory power during stimulation and poststimulation were nor-
malized to the resting power over the same frequency bands. Paired
T-tests were performed between resting and poststimulation in the
STN, and resting and poststimulation in the GPi, respectively. The
comparison would be considered as significantly different if the
p-value is <.00833 (Bonferroni corrected for multiple comparisons

across four cases).

2.5 | Extracting oscillatory modulations by the
tics and voluntary movement

The pallidal and subthalamic neural activities modulated by tics and
voluntary movement were compared in the time-frequency domain
to explore the dynamic changes in multiple frequency ranges. To
compare different motor conditions, the spectrograms around the
movements were normalized by subtracting and being divided by
the resting spectral power at each frequency point. The normalized
time-frequency spectrogram was segmented into trials that had a
time window over [-1, 1.5] s and was centered at the time of the
maximum muscle contraction. The segmented spectrograms were
then averaged across trials. As shown in Figure S1, the time of maxi-
mum muscle contraction was defined at the peak of the contraction
burst. To evaluate the movement-modulated neural oscillations over
frequency bands, the time-varying dynamics over 4-8, 8-15, 15-30,
and 60-75 Hz were integrated.

The subthalamic and pallidal LFPs during movements were re-
corded simultaneously. We did not calculate the time difference of
movement response in the STN and GPi for two reasons. (a) The
event-related desynchronization/event-related synchronization

(a)
10
EMG OF —tt Ll___|___‘+_“,_
10l B
4
GPi %m'm
2
i
4
o7 AN o
K| ; A k ghlh :
0 30 60 90 120 150

Time(s)

STN 0

) L L L |
17 17.5 118 118.5 119

Time(s)

(ERD/ERS) in the GPi is less clear than in the STN, and they are not
consistently found in every trial; (b) It is difficult to define a start
time of power change in LFPs due to fluctuations and dynamics.
Thus, it is not reliable in methodology to calculate the synchronicity
between the nucleus responses to the movements.

3 | RESULTS

3.1 | Clinical evaluation

All patients had prodromal symptoms related to motor or vocal
tics and comorbidities including obsessions, anxiety, and depres-
sion. One patient had stimulation-induced dyskinesia during STN-
DBS. Patients 1 and 3 had a history of medication treatment with
aripiprazole and haloperidol. The YGTSS score is decreased after
the STN and GPi-DBS in two patients, but the YGTSS score is in-
creased after STN-DBS in one patient in electrode externalized
period. The GPi-DBS also showed a better clinical effect on OCD
than STN-DBS. Postoperative follow-ups showed that that GPi
stimulation effectively improved the symptoms in cases 1-3. Case 4
withdrew all electrodes and hence was not implanted with the pulse
generator due to the relative's opposition as clinical efficacy did not
meet expectations. All patients preferred the GPi. The average im-
provements of YGTSS and Y-BOCS were 41 + 11% (mean + SD) and
21 + 19% (mean + SD) of the other three patients at the final fol-
low-up. All details are shown in Table 1. Note that the Y-BOCS >25 is

considering as dominated OCD syndrome in that patient.
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FIGURE 1 Signals and the power spectral density. The electromyography (EMGs) recorded from the symptom-involved muscle and local
field potentials (LFPs) recorded from ipsilateral globus pallidus interna (GPi) and subthalamic nucleus (STN) in case 2 are shown, respectively,
in the time range of 0-150 and 117-119 s in panel (a). The percentage power spectra over 0-90 Hz of LFPs recorded at resting state and
averaged across all cases are shown in panels (b and c). The alpha power peaks and high beta power peaks were found in both GPi and STN
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from case 2. The percentage power spectra over 0-90 Hz showed

distinct power peaks around low frequency and high beta fre-

Figure 1a shows the surface EMGs of the symptom-involved mus- quency (Figure 1b,c). Specifically, the power peaks over low fre-
cle and the pallidal and subthalamic LFPs simultaneously recorded quency were found in six GPi with 13 + 1.5 Hz (mean * SD) and
a GPi STN
@),s. ®),,
ol Rest ) o Rest
_ Post—st!mulat!on!ntheSTl.\l 200 Post-stimulationin the GPi
g Post-stimulation in the GPi g - Post-stimulationin the STN
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power over 4-8Hz in the GPi power over 4-8Hz in the STN

FIGURE 2 Statistical comparison
across resting and poststimulation
conditions. Group-averaged spectral
power over 0-90 Hz and oscillatory bands
compared across resting, stimulation

with 2.5 Vin the other nuclei and
poststimulation in the other and the same
nuclei. Each colored circle represented
the integrated frequency power of an
individual nucleus. Spectral power over
20-45 and 60-90 Hz in the globus
pallidus interna (GPi) was significantly
attenuated by subthalamic stimulation and
stayed attenuated after the subthalamic
stimulation. Spectral power over 20-45
and 60-90 Hz in the subthalamic nucleus
(STN) was significantly attenuated by
pallidal stimulation and stayed attenuated
by the subthalamic stimulation. Moreover,
the spectral power over 20-45 Hz
significantly increased after the pallidal
stimulation compared to the resting state.
The statistical analyses were performed
with the paired T-test between the resting
state and the stimulation/poststimulation
states. **p < .008. Abbreviations: PS-GPi,
poststimulation in the GPi; PS-STN,
poststimulation in the STN; S-GPi,
stimulation in the GPi; S-STN, stimulation
in the STN
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FIGURE 3 Oscillations modulated

by tics and voluntary movement. (a)
Power spectra of the local field potential
signals in the subthalamic nucleus (STN)
and the globus pallidus interna (GPi)
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six STN with 12 + 2.5 Hz (mean * SD). The high beta power peaks
were found in five GPi with 26 + 2 Hz (mean = SD) and six STN
with 26 + 2 Hz (mean + SD; see Figure S2). Moreover, the high beta
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power peaks were clearer in cases 1 and 3 than in cases 2 and 4.
No significant LFP difference was found between the two nuclei
at rest.
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3.3 | Poststimulation pallidal and subthalamic
oscillations

The stimulation effects to the pallidal and subthalamic oscilla-
tions were compared with the poststimulation conditions against
the resting condition. As shown in Figure 2, the spectral power
over 20-45 Hz in the GPi was significantly attenuated after STN-
DBS compared with rest state (p = .005); The spectral power over
60-90 Hz in the GPi after STN-DBS has descendent tendency, but
not significant (p = .017). The above two frequency band powers
in GPi returned to the resting level after turning off the pallidal
stimulation.

The spectral power over 20-45 Hz in STN was elevated after
GPi-DBS (p = .004) but attenuated after STN-DBS (p = .0004). The
spectral power over 60-90 Hz in STN was attenuated after STN-
DBS (p = .0002). The spectral power over 60-90 Hz in STN have an
ascendant tendency after GPi-DBS, but not significant (p = .0002).
No significant change in the other frequency bands after stimulation
in either nucleus can be found in this study (All p > .05). All individual

LFPs are shown in Figure S2.

3.4 | Comparison of tic and voluntary movement-
related oscillations

The pallidal and subthalamic activities related to the involuntary
movement of tics were compared with those related to voluntary
movement in the time-frequency domain to explore the dynamic
changes in multiple frequency ranges. The spectral power over alpha
and beta bands was lower at rest with frequent tics compared to
rest with rare tics. The movement ERD and the postmovement ERS
over the beta (15-30 Hz) band were seen in both the GPi and STN
during voluntary movement. The beta ERD/ERS around tics was also
found in the GPi but was less clear. The movement ERS over gamma
(60-75 Hz) was found in the STN during voluntary movement and
tics and was not different between the two conditions. All results
are shown in Figure 3.

4 | DISCUSSION

Distinct low-frequency (~12 Hz) and high beta (~26 Hz) oscilla-
tions exist in the GPiand STN. The STN-DBS attenuated high beta
(20-45 Hz) and gamma (60-90 Hz) oscillations in both the GPi and
STN after the stimulation. The GPi-DBS elevated the high beta
oscillations in the STN and do not influence high beta and gamma
oscillations in the GPi after the stimulation. Movement-related
beta modulations were found during voluntary movement and
tics in both nuclei and were stronger during voluntary movement
than during tics. Gamma modulations were found during tics in the
STN which might be related to the inhibition compensation effect.
With the clinical evaluation that GPi-DBS showed better clinical
effect, we deduced the GPi-DBS might retain the physiology oscil-
lation while inhibiting the pathological oscillation. On the contrary,

Open Access,

the STN might interfere with the cortex compensation effect via

the hyper-direct pathway.

4.1 | Low-frequency neural oscillations in TS

Low-frequency oscillations of approximately 12 Hz were detected in
the GPi and the STN in this study. These oscillations over similar fre-
guency bands are found in the thalamus (Bour et al., 2015; Maling,
Hashemiyoon, Foote, Okun, & Sanchez, 2012; Marceglia et al., 2010;
Zauber, Ahn, Worth, & Rubchinsky, 2014) and GPi (Jimenez-Shahed
et al., 2016; Neumann et al., 2018). The spectral power and burst
length of the oscillations are correlated with the severity of tics
(Neumann et al., 2018).

The low-frequency oscillations in the basal ganglia are consid-
ered as a hyperactive biomarker in dystonia and in PD with dys-
kinesia (Chen et al., 2006; Geng et al., 2017). In the thalamus, the
power of the oscillations over 1-10 Hz increases with the occur-
rence of frequent tics (Shute et al., 2016). An increased power of
the oscillations over <10 Hz was also observed in the GPi but not
in the STN in case 2 at rest with frequent tics. Moreover, the in-
crease in low-frequency power in the basal ganglia is associated
with impulse control disorders in PD (Rodriguez-Oroz et al., 2010).
Similarly, patients with TS have impairments in impulse inhibition
and the occurrence of tics reflects the disinhibition of the cortical-
basal ganglia network (Almeida et al., 2015; Hashemiyoon, Kuhn, &
Visser-Vandewalle, 2017; Jahanshahi & Rothwell, 2017). The low-
frequency oscillations may contribute to the abnormal hyperactiv-
ity and impulsivity in TS.

Deep brain stimulation in the GPi suppresses pallidal low-fre-
quency oscillations in patients with dystonia and correlates with
symptom relief (Barow et al., 2014). In a primate TS model, McCairn
et al. showed that the GPi-DBS disrupts the coherence between
neurons and suppresses the synchronized low-frequency oscillation
(McCairn, Iriki, & Isoda, 2015). Excessive stimulation in the STN may
induce dyskinesia together with the elevated low-frequency power
(Giannicola et al., 2013). However, after STN or GPi-DBS, we did not
observe the low-frequency band power was inhibited. The phenom-
enon might result from the tics do not like rigidity and bradykinesia
which is status and DBS have aftereffect on the status, we did not

observe the tics in the short poststimulation period.

4.2 | High beta neural oscillation in TS

High beta oscillations were found in the GPi and STN in this study.
Beta oscillation is widely explored in the cortical-basal ganglia net-
work and is considered related to hypoactivity. These oscillations
desynchronize before and during the movement onset and reflect
effort, velocity, and force of the movement (Anzak et al., 2012;
Joundi et al., 2012; Kiihn et al., 2004). The power of beta oscillations
over 13-35 Hz in the GPi in TS is not correlated with the severity of
motor tics but contributes to the prediction of preoperative YGTSS
scores (Neumann et al., 2018). Here in this study, the 15-30 Hz beta
band power has fewer changes in tics than in voluntary movement,
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which might also imply that this frequency band is involved in TS.
During the occurrence of tics, broadband attenuations over the
beta frequency were seen in the STN (Figure 3a). The frequency-
integrated dynamics showed that tics and voluntary movement-re-
lated beta ERD existed in both the GPi and STN, while the degree
of power attenuation was lower around tics than around voluntary
movement. Considering that facial tics are much smaller in size than
a voluntary wrist-folding movement, this result confirms that beta
oscillation is physiologically related to motor behavior and may not
be pathological in TS.

Beta oscillation can be subdivided into low beta (<20 Hz) and high
beta (>20 Hz) oscillations. In PD, the low beta oscillation is most likely
correlated with motor severity and suppressed on levodopa (Little &
Brown, 2014; Ray et al., 2008). Alternatively, high beta oscillation
is less related to parkinsonian bradykinesia and rarely correlated
with the amount of dopamine. High beta oscillation may result from
the hyper-direct pathway (Neumann et al., 2016, 2018; Oswal et
al., 2016) and is predominantly driven by the cortex (Hirschmann et
al., 2011; Litvak et al., 2010; Williams et al., 2002). The hyper-direct
pathway transfers cortical action in shorter latencies via the STN
with high beta activity (Botvinick, Cohen, & Carter, 2004; Brittain et
al.,, 2012) and therefore assists in situations that require rapid stop
responses to external and internal triggers (Aron et al., 2007; Eagle
et al., 2007). In this regard, relative beta increases are found in mul-
tiple cortical areas and STN during reactive and proactive inhibition.
Successful impulse control shows higher beta power than unsuc-
cessful impulse control in the STN and downstream nuclei, the GPi
(Alegre et al., 2013; Brittain et al., 2012; Briicke et al., 2008; Kiihn et
al., 2004). Thus, the high beta oscillation in TS may reflect success-
ful impulse control of the internal urge to express tics. Interestingly,
more high beta oscillations were seen in cases 1 and 3, which also
had fewer tics after the surgery and better improvements during the
acute phase, while cases 2 and 4 had fewer high beta oscillations
and rapid occurrence of motor and vocal tics. In fact, the high beta
oscillation in the basal ganglia might be a compensation that stabi-
lizes the physiological function of the cortical-basal ganglia network
(Leventhal et al., 2012; Martin-Rodriguez & Mir, 2018).

4.3 | Gamma neural oscillation in TS

Gamma oscillation arises in the subthalamic-globus pallidus feed-
back loop and occurs during movement. The pallidal and subthalamic
gamma synchrony increases during the preparation and execution
of voluntary movement in dystonia and PD. The strength of syn-
chronization correlates with the size and force of the movement
and arousal state (Anzak et al., 2012; Briicke et al., 2008; Litvak et
al., 2012; Tan et al., 2013). Jimenez-Shahed et al. found that pallidal
gamma oscillation over 40-150 Hz enhances during tics (Jimenez-
Shahed et al., 2016). In this study, the subthalamic gamma oscil-
lation can be observed during the onset of tic. In contrast to the
movement-related modulations over the beta band, the wrist-fold-
ing voluntary movement, which is stronger than facial tics, was not

accompanied by more gamma synchronization. So, we hypothesize

that the high gamma oscillation is also involved in the compensation
effect of brain under TS. While the high beta does not change when
the tics appeared, this might result from the highly complexity of
the modulation effect of the cortex; the high beta might reflect a
sustained status maintain which is elevated in TS. The high gammais
related to a sudden inhibition attempt.

4.4 | Different effects of pallidal stimulation and
subthalamic stimulation

In PD, both pallidal and subthalamic stimulations suppress exces-
sive beta synchronization in the stimulated nucleus and alleviate
symptoms (Blumenfeld & Bronté-Stewart, 2015; Bronte-Stewart
et al., 2009). Stimulation in the subthalamic area suppresses pal-
lidal beta oscillation (Brown et al., 2004). Subthalamic stimulation
has sustained effects on beta attenuation (Blumenfeld & Bronté-
Stewart, 2015; Eusebio, Cagnan, & Brown, 2012). The parkinso-
nian motor outcomes from subthalamic and pallidal DBS have been
reported as equivalent or different (Rodriguez-Oroz et al., 2005;
Volkmann, 2004). The results suggest that in PD, DBS attenuates
the oversynchronized beta oscillation to normal levels and “free
up” the neurons to allow task-related behaviors (Garcia-Munoz,
Carrillo-Reid, & Arbuthnott, 2010). In contrast, elevated beta os-
cillation in the cortical-basal ganglia network introduced by stimu-
lation slows the movement (Pogosyan, Gaynor, Eusebio, & Brown,
2009).

The stimulation effects of DBS on the oscillations of basal
ganglia in TS have not been widely investigated. The signals in
brain is not always “pathology”; it has many physiology functions,
like the beta is related to the motor control and gamma is related
to the movement speed and vigilance, and the signals help peo-
ple stop fast to the sudden danger, which is an inhibition effect
(Brown & Williams, 2005). Compared to purely inhibition theory,
the filter effect of deep brain stimulation is more and more rec-
ognized. A moderate function is good (Ashkan, Rogers, Bergman,
& Ughratdar, 2017; Chiken & Nambu, 2016; Mclintyre, Savasta,
Kerkerian-Le Goff, & Vitek, 2004). In this study, high beta and
gamma oscillations restore in the circuit after GPi-DBS but exhib-
ited sustained suppression after STN-DBS. Considering the role
of high beta oscillation in impulse control, the restored high beta
oscillation may reflect a compensation of the cortical-basal gan-
glia network in stabilizing the physiological functions and inhib-
iting the tics. This finding suggests that pallidal stimulation may
preserve the physiological high beta and gamma oscillations in
the cortical-basal ganglia network, thereby stabilizing the normal
function of the network. However, STN-DBS in TS might interfere
with the physiology inhibition effect of cortex by interfering with
the hyper-direct pathway to STN from cortex. In the clinical eval-
uation, we also found the GPi-DBS is more superior in controlling
the obsession in TS patients. The STN-DBS might lead to impulse
control dysfunction such as gambling and hypersexuality in PD
(Merola et al., 2017), which might also relate to the compromised
physiology inhibition function.
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After STN-DBS

High Beta
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attenuated Sustained inhibition effect

After GPi-DBS
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FIGURE 4 Schematic illustration of the possible mechanism of the different effect of globus pallidus interna-deep brain stimulation (GPi-
DBS) and subthalamic nucleus (STN)-DBS for TS. The low-frequency oscillation in STN and GPi implicates the pathological state of tics. The

high beta oscillation underlines a compensatory sustained inhibition effect, and the gamma oscillation underlines a sudden inhibition effect.

The high beta and gamma oscillations in STN and GPi remained attenuated after STN-DBS, while recovering after GPi-DBS

4.5 | Limitations

Due to the small sample size of this study, it is not reliable to evaluate
the relationship between the oscillatory activities and the severity
of tics. Hence, it is difficult to determine whether stimulation-modu-
lated high beta and gamma oscillations are correlated with symptom.
However, the aim of the present study was conducted to identify
the different effect of GPi and STN-DBS on the circuits. Consistent
STN and GPi-DBS-modulated oscillatory activities were seen in indi-
vidual cases and at the group level, combined with the clinical effect
that all patients chose GPi. The hypothesis seems reasonable. The
other limitations are that we can only observe the high gamma in
the STN when the tics appeared, and the high beta does not change
when the tics appeared; we hypothesize that the high beta might
reflect a sustained inhibition status which is elevated in TS. We want
to conduct the further experiments focusing on the difference be-
tween the TS and other movement disorders in the STN to clarify the
above questions, but we could not conduct more STN-DBS in TS due
to the limited clinical effect. We also analyzed the LFP change under
the stimulation and found STN stimulation (1 V 130 Hz 60 ps) sig-
nificantly attenuated the high beta and low gamma oscillation power
in GPi, but GPi stimulation (1 V 130 Hz 60 ps) do not influence the
STN-LFP, which might relate to the STN-GPi circuits anatomy. But
when the voltage is higher, more complicated phenomenon was ob-
served, since more nuclei and tracts were influenced. Considering
the relatively close distance between the two targets, we do not in-
clude this part in the result and compare the poststimulation effect.
As far as we know, this is the first work on STN-LFP and STN-GPi
circuit in TS. We feel that with the data available to us, we have gen-
erated important information on issues relating to the TS. The find-

ings might be important for the further studies.

5 | CONCLUSION

The LFP in TS represents more complicated functions than PD

because the TS involves the psychologic factors. High beta and

gamma oscillations in TS may have physiological function in resist-
ing tics in TS. The physiology inhibition function is interfered by
the STN-DBS but not GPi-DBS which might relate to the limited
clinical effect of STN-DBS (Figure 4), which implies more circuit
feedback compensation function are needed to be considered in
the development of intelligent neuromodulation for neuropsychi-

atric diseases like TS.

ACKNOWLEDGMENTS

The authors express great appreciation to Prof. Edmund T Rolls at
Institute of Science and Technology for Brain-Inspired Intelligence,

Fudan University, for his valuable comments and language revisions.

CONFLICT OF INTEREST

We wish to confirm that there are no known conflicts of interest
associated with this publication and there has been no significant fi-
nancial support for this work that could have influenced its outcome.
We confirm that the manuscript has been read and approved by all
named authors and that there are no other persons who satisfied the
criteria for authorship is missed. We further confirm that the order
of authors listed in the manuscript has been approved by all of us.
We confirm that we have given due consideration to the protection
of intellectual property associated with this work and that there are
no impediments to publication, including the timing of publication,
with respect to intellectual property. In so doing, we confirm that we
have followed the regulations of our institutions concerning intellec-
tual property. We further confirm that any aspect of the work cov-
ered in this manuscript that has involved either experiment animals
or human patients has been conducted with the ethical approval of
all relevant bodies and that such approvals are acknowledged within
the manuscript. We understand that the corresponding author is the
sole contact for the editorial process (including editorial manager
and direct communications with the office). He/she is responsible
for communicating with the other authors about progress, submis-

sions of revisions, and final approval of proofs. We confirm that we



ZHU ET AL,

10 of 12 WI LEy_Brain and Behavior

Open Access,

have provided a current, correct email address which is accessible by
the corresponding author and which has been configured to accept

email from zjguo65@163.com.

AUTHOR CONTRIBUTION

Guan-Yu Zhu conducted the experiments, collected MRI and clini-
cal information, analyzed and interpreted the data, and drafted the
manuscript. Xin-Yi Geng conducted the experiment, collected the
electrophysiological data, analyzed and interpreted the data, and
drafted the manuscript. Rui-Li Zhang conducted the experiments
and helped to collect the data, and analyzed the data. Ying-Chuan
Chen and Yu-Ye Liu helped to evaluate the effects of postoperative
stimulation. Jian-Guo Zhang supervised the design of the experi-
ments, performed the surgery for DBS and the clinical evaluation,
and revised the manuscript. Shou-Yan Wang supervised the design
of experiment and data analyses, and revised the manuscript.

DATA AVAILABILITY STATEMENT

Data were made available to all interested researchers upon request.

ORCID

Jian-Guo Zhang https://orcid.org/0000-0003-0777-4685

REFERENCES

Albin, R. L. (2017). Tourette syndrome: A disorder of the social decision-
making network. Brain, 141(2), 332-347. https://doi.org/10.1093/
brain/awx204

Albin, R. L., & Mink, J. W. (2006). Recent advances in Tourette syn-
drome research. Trends in Neurosciences, 29(3), 175-182. https://doi.
org/10.1016/j.tins.2006.01.001

Alegre, M., Lopez-Azcarate, J., Obeso, I., Wilkinson, L., Rodriguez-Oroz,
M. C., Valencia, M, ... Obeso, J. A. (2013). The subthalamic nucleus is
involved in successful inhibition in the stop-signal task: A local field
potential study in Parkinson's disease. Experimental Neurology, 239,
1-12. https://doi.org/10.1016/j.expneurol.2012.08.027

Almeida, L., Martinez-Ramirez, D., Rossi, P. J., Peng, Z., Gunduz, A., &
Okun, M. S. (2015). Chasing tics in the human brain: Development
of open, scheduled and closed loop responsive approaches to deep
brain stimulation for Tourette syndrome. Journal of Clinical Neurology,
11(2), 122-131. https://doi.org/10.3988/jcn.2015.11.2.122

Anzak, A., Tan, H., Pogosyan, A., Foltynie, T., Limousin, P., Zrinzo, L., ...
Brown, P. (2012). Subthalamic nucleus activity optimizes maximal
effort motor responses in Parkinson's disease. Brain, 135(9), 2766-
2778. https://doi.org/10.1093/brain/aws183

Aron, A. R., Durston, S., Eagle, D. M., Logan, G. D., Stinear, C. M., &
Stuphorn, V. (2007). Converging evidence for a fronto-basal-gan-
glia network for inhibitory control of action and cognition. Journal of
Neuroscience, 27(44), 11860-11864. https://doi.org/10.1523/JNEUR
0SCl.3644-07.2007

Ashkan, K., Rogers, P., Bergman, H., & Ughratdar, I. (2017). Insights into
the mechanisms of deep brain stimulation. Nature Reviews Neurology,
13(9), 548-554. https://doi.org/10.1038/nrneurol.2017.105

Barow, E., Neumann, W.-J., Briicke, C., Huebl, J., Horn, A., Brown, P, ...
Kihn, A. A. (2014). Deep brain stimulation suppresses pallidal low

frequency activity in patients with phasic dystonic movements.
Brain, 137(11), 3012-3024. https://doi.org/10.1093/brain/awu258

Blumenfeld, Z., & Bronté-Stewart, H. (2015). High frequency deep
brain stimulation and neural rhythms in Parkinson's disease.
Neuropsychology Review, 25(4), 384-397. https://doi.org/10.1007/
s11065-015-9308-7

Botvinick, M. M., Cohen, J. D., & Carter, C. S. (2004). Conflict monitoring
and anterior cingulate cortex: An update. Trends in Cognitive Sciences,
8(12), 539-546. https://doi.org/10.1016/j.tics.2004.10.003

Bour, L. J., Ackermans, L., Foncke, E. M. J., Cath, D., van der Linden, C.,
Visser Vandewalle, V., & Tijssen, M. (2015). Tic related local field po-
tentials in the thalamus and the effect of deep brain stimulation in
Tourette syndrome: Report of three cases. Clinical Neurophysiology,
126(8), 1578-1588. https://doi.org/10.1016/j.clinph.2014.10.217

Brittain, J.-S., Watkins, K. E., Joundi, R. A, Ray, N. J., Holland, P., Green,
A. L., ... Jenkinson, N. (2012). A role for the subthalamic nucleus in
response inhibition during conflict. Journal of Neuroscience, 32(39),
13396-13401. https://doi.org/10.1523/JNEUROSCI.2259-12.2012

Bronte-Stewart, H., Barberini, C., Koop, M. M., Hill, B. C., Henderson, J.
M., & Wingeier, B. (2009). The STN beta-band profile in Parkinson's
disease is stationary and shows prolonged attenuation after deep
brain stimulation. Experimental Neurology, 215(1), 20-28. https://doi.
org/10.1016/j.expneurol.2008.09.008

Brown, P., Mazzone, P., Oliviero, A., Altibrandi, M. G., Pilato, F., Tonali,
P. A, & Di Lazzaro, V. (2004). Effects of stimulation of the subtha-
lamic area on oscillatory pallidal activity in Parkinson's disease.
Experimental Neurology, 188(2), 480-490. https://doi.org/10.1016/j.
expneurol.2004.05.009

Brown, P., & Williams, D. (2005). Basal ganglia local field potential ac-
tivity: Character and functional significance in the human. Clinical
Neurophysiology, 116(11), 2510-2519. https://doi.org/10.1016/j.
clinph.2005.05.009

Briicke, C., Kempf, F., Kupsch, A., Schneider, G.-H., Krauss, J. K,
Aziz, T., ... Kihn, A. A. (2008). Movement-related synchroniza-
tion of gamma activity is lateralized in patients with dystonia.
European Journal of Neuroscience, 27(9), 2322-2329. https://doi.
org/10.1111/j.1460-9568.2008.06203.x

Chen, C. C., Kiihn, A. A,, Trottenberg, T., Kupsch, A., Schneider, G.-H., &
Brown, P. (2006). Neuronal activity in globus pallidus interna can be
synchronized to local field potential activity over 3-12 Hz in patients
with dystonia. Experimental Neurology, 202(2), 480-486.

Chiken, S., & Nambu, A. (2016). Mechanism of deep brain stimulation:
Inhibition, excitation, or disruption? Neuroscientist, 22(3), 313-322.
https://doi.org/10.1177/1073858415581986

Eagle, D. M., Baunez, C., Hutcheson, D. M., Lehmann, O., Shah, A. P., &
Robbins, T. W. (2007). Stop-signal reaction-time task performance:
Role of prefrontal cortex and subthalamic nucleus. Cerebral Cortex,
18(1), 178-188. https://doi.org/10.1093/cercor/bhm044

Eusebio, A., Cagnan, H., & Brown, P. (2012). Does suppression of os-
cillatory synchronisation mediate some of the therapeutic effects
of DBS in patients with Parkinson's disease? Frontiers in Integrative
Neuroscience, 6, 47. https://doi.org/10.3389/fnint.2012.00047

Ganos, C. (2016). Tics and Tourette's: Update on pathophysiology and tic
control. Current Opinion in Neurology, 29(4), 513-518.

Garcia-Munoz, M., Carrillo-Reid, L., & Arbuthnott, G. W. (2010).
Functional anatomy: Dynamic states in basal ganglia circuits. Frontiers
in Neuroanatomy, 4, 144. https://doi.org/10.3389/fnana.2010.00144

Geng, X., Zhang, J., Jiang, Y., Ashkan, K., Foltynie, T., Limousin, P, ...
Wang, S. (2017). Comparison of oscillatory activity in subthalamic
nucleus in Parkinson's disease and dystonia. Neurobiology of Disease,
98, 100-107. https://doi.org/10.1016/j.nbd.2016.12.006

Giannicola, G., Rosa, M., Marceglia, S., Scelzo, E., Rossi, L., Servello, D,, ...
Priori, A. (2013). The effects of levodopa and deep brain stimulation
on subthalamic local field low-frequency oscillations in Parkinson's


mailto:zjguo65@163.com
https://orcid.org/0000-0003-0777-4685
https://orcid.org/0000-0003-0777-4685
https://doi.org/10.1093/brain/awx204
https://doi.org/10.1093/brain/awx204
https://doi.org/10.1016/j.tins.2006.01.001
https://doi.org/10.1016/j.tins.2006.01.001
https://doi.org/10.1016/j.expneurol.2012.08.027
https://doi.org/10.3988/jcn.2015.11.2.122
https://doi.org/10.1093/brain/aws183
https://doi.org/10.1523/JNEUROSCI.3644-07.2007
https://doi.org/10.1523/JNEUROSCI.3644-07.2007
https://doi.org/10.1038/nrneurol.2017.105
https://doi.org/10.1093/brain/awu258
https://doi.org/10.1007/s11065-015-9308-7
https://doi.org/10.1007/s11065-015-9308-7
https://doi.org/10.1016/j.tics.2004.10.003
https://doi.org/10.1016/j.clinph.2014.10.217
https://doi.org/10.1523/JNEUROSCI.2259-12.2012
https://doi.org/10.1016/j.expneurol.2008.09.008
https://doi.org/10.1016/j.expneurol.2008.09.008
https://doi.org/10.1016/j.expneurol.2004.05.009
https://doi.org/10.1016/j.expneurol.2004.05.009
https://doi.org/10.1016/j.clinph.2005.05.009
https://doi.org/10.1016/j.clinph.2005.05.009
https://doi.org/10.1111/j.1460-9568.2008.06203.x
https://doi.org/10.1111/j.1460-9568.2008.06203.x
https://doi.org/10.1177/1073858415581986
https://doi.org/10.1093/cercor/bhm044
https://doi.org/10.3389/fnint.2012.00047
https://doi.org/10.3389/fnana.2010.00144
https://doi.org/10.1016/j.nbd.2016.12.006

ZHU ET AL,

disease. Neurosignals, 21(1-2), 89-98. https://doi.org/10.1159/00033
6543

Hashemiyoon, R., Kuhn, J., & Visser-Vandewalle, V. (2017). Putting the
pieces together in Gilles de la Tourette syndrome: Exploring the
link between clinical observations and the biological basis of dys-
function. Brain Topography, 30(1), 3-29. https://doi.org/10.1007/
s10548-016-0525-z

Hirschmann, J., Ozkurt, T. E., Butz, M., Homburger, M., Elben, S.,
Hartmann, C. J., ... Schnitzler, A. (2011). Distinct oscillatory STN-cor-
tical loops revealed by simultaneous MEG and local field potential
recordings in patients with Parkinson's disease. Neurolmage, 55(3),
1159-1168. https://doi.org/10.1016/j.neuroimage.2010.11.063

Jackson, G. M., Draper, A., Dyke, K., Pépés, S. E., & Jackson, S. R. (2015).
Inhibition, disinhibition, and the control of action in Tourette syn-
drome. Trends in Cognitive Sciences, 19(11), 655-665. https://doi.
org/10.1016/j.tics.2015.08.006

Jahanshahi, M., & Rothwell, J. C. (2017). Inhibitory dysfunction contrib-
utes to some of the motor and non-motor symptoms of movement
disorders and psychiatric disorders. Philosophical Transactions of the
Royal Society B: Biological Sciences, 372(1718), 20160198. https://doi.
org/10.1098/rstb.2016.0198

Ji, G.-J,, Liao, W,, Yu, Y., Miao, H. H., Feng, Y. X., Wang, K., ... Zang, Y.
F. (2016). Globus pallidus interna in tourette syndrome: Decreased
local activity and disrupted functional connectivity. Frontiers in
Neuroanatomy, 10, 93.

Jimenez-Shahed, J., Telkes, I., Viswanathan, A., & Ince, N. F. (2016). GPi
oscillatory activity differentiates tics from the resting state, volun-
tary movements, and the unmedicated Parkinsonian state. Frontiers
in Neuroscience, 10, 436. https://doi.org/10.3389/fnins.2016.00436

Joundi, R. A., Brittain, J.-S., Green, A. L., Aziz, T.Z., Brown, P., & Jenkinson,
N. (2012). Oscillatory activity in the subthalamic nucleus during arm
reaching in Parkinson's disease. Experimental Neurology, 236(2), 319-
326. https://doi.org/10.1016/j.expneurol.2012.05.013

Kihn, A. A., Williams, D., Kupsch, A., Limousin, P., Hariz, M., Schneider,
G.-H., ... Brown, P. (2004). Event-related beta desynchronization in
human subthalamic nucleus correlates with motor performance.
Brain, 127(4), 735-746. https://doi.org/10.1093/brain/awh106

Leventhal, D. K., Gage, G. J., Schmidt, R., Pettibone, J. R, Case, A. C.,
& Berke, J. D. (2012). Basal ganglia beta oscillations accompany
cue utilization. Neuron, 73(3), 523-536. https://doi.org/10.1016/j.
neuron.2011.11.032

Little, S., & Brown, P. (2014). Focusing brain therapeutic interventions
in space and time for Parkinson's disease. Current Biology, 24(18),
R898-R909. https://doi.org/10.1016/j.cub.2014.08.002

Litvak, V., Eusebio, A., Jha, A., Oostenveld, R., Barnes, G., Foltynie, T., ...
Brown, P. (2012). Movement-related changes in local and long-range
synchronization in Parkinson's disease revealed by simultaneous
magnetoencephalography and intracranial recordings. Journal of
Neuroscience, 32(31), 10541-10553. https://doi.org/10.1523/JNEUR
0SCI.0767-12.2012

Litvak, V., Jha, A., Eusebio, A., Oostenveld, R., Foltynie, T., Limousin, P,, ...
Brown, P. (2010). Resting oscillatory cortico-subthalamic connectiv-
ity in patients with Parkinson's disease. Brain, 134(2), 359-374. https
://doi.org/10.1093/brain/awq332

Maling, N., Hashemiyoon, R., Foote, K. D., Okun, M. S., & Sanchez, J.
C. (2012). Increased thalamic gamma band activity correlates
with symptom relief following deep brain stimulation in humans
with Tourette's syndrome. PLoS One, 7(9), e44215. https://doi.
org/10.1371/journal.pone.0044215

Mallet, L., Polosan, M., Jaafari, N., Baup, N., Welter, M.-L., Fontaine, D.,
... Pelissolo, A. (2008). Subthalamic nucleus stimulation in severe
obsessive-compulsive disorder. The New England Journal of Medicine,
359(20), 2121-2134. https://doi.org/10.1056/NEJM0a0708514

Marceglia, S., Rosa, M., Servello, D., Porta, M., Barbieri, S., Moro, E., &
Priori, A. (2017). Adaptive deep brain stimulation (aDBS) for Tourette

B H dB h . 0 11 0f 12
rain an enavior Wl LEYJ—

Open Access,

syndrome. Brain Sciences, 8(1), 4. https://doi.org/10.3390/brainsci80
10004

Marceglia, S., Servello, D., Foffani, G., Porta, M., Sassi, M., Mrakic-Sposta,
S., ... Priori, A. (2010). Thalamic single-unit and local field potential
activity in Tourette syndrome. Movement Disorders, 25(3), 300-308.
https://doi.org/10.1002/mds.22982

Martin-Rodriguez, J. F., & Mir, P. (2018). Automatic and voluntary motor
inhibition: Intact processes for tic suppression? Movement Disorders,
33(11), 1667-1669. https://doi.org/10.1002/mds.27500

McCairn, K. W,, Iriki, A., & Isoda, M. (2015). Common therapeutic mech-
anisms of pallidal deep brain stimulation for hypo-and hyperkinetic
movement disorders. Journal of Neurophysiology, 114(4), 2090-2104.
https://doi.org/10.1152/jn.00223.2015

Mclintyre, C. C., Savasta, M., Kerkerian-Le Goff, L., & Vitek, J. L. (2004).
Uncovering the mechanism(s) of action of deep brain stimulation:
Activation, inhibition, or both. Clinical Neurophysiology, 115(6), 1239~
1248. https://doi.org/10.1016/j.clinph.2003.12.024

Merola, A., Romagnolo, A., Rizzi, L., Rizzone, M. G., Zibetti, M., Lanotte,
M., ... Lopiano, L. (2017). Impulse control behaviors and subthalamic
deep brain stimulation in Parkinson disease. Journal of Neurology,
264(1), 40-48. https://doi.org/10.1007/s00415-016-8314-x

Neumann, W. J., Degen, K., Schneider, G. H., Briicke, C., Huebl, J.,
Brown, P., & Kihn, A. A. (2016). Subthalamic synchronized oscil-
latory activity correlates with motor impairment in patients with
Parkinson's disease. Movement Disorders, 31(11), 1748-1751. https://
doi.org/10.1002/mds.26759

Neumann, W. J., Huebl, J., Briicke, C., Lofredi, R., Horn, A, Saryyeva, A.,
... Kiihn, A. A. (2018). Pallidal and thalamic neural oscillatory patterns
in Tourette's syndrome. Annals of Neurology, 84(4), 505-514. https://
doi.org/10.1002/ana.25311

Oswal, A., Beudel, M., Zrinzo, L., Limousin, P., Hariz, M., Foltynie, T, ...
Brown, P. (2016). Deep brain stimulation modulates synchrony within
spatially and spectrally distinct resting state networks in Parkinson's
disease. Brain, 139(5), 1482-1496. https://doi.org/10.1093/brain/
aww048

Pogosyan, A., Gaynor, L. D., Eusebio, A., & Brown, P. (2009). Boosting
cortical activity at beta-band frequencies slows movement in hu-
mans. Current Biology, 19(19), 1637-1641. https://doi.org/10.1016/j.
cub.2009.07.074

Priori, A., Giannicola, G., Rosa, M., Marceglia, S., Servello, D., Sassi, M., &
Porta, M. (2013). Deep brain electrophysiological recordings provide
clues to the pathophysiology of Tourette syndrome. Neuroscience &
Biobehavioral Reviews, 37(6), 1063-1068. https://doi.org/10.1016/j.
neubiorev.2013.01.011

Ray, N. J., Jenkinson, N., Wang, S., Holland, P., Brittain, J. S., Joint, C.,
... Aziz, T. (2008). Local field potential beta activity in the subtha-
lamic nucleus of patients with Parkinson's disease is associated
with improvements in bradykinesia after dopamine and deep brain
stimulation. Experimental Neurology, 213(1), 108-113. https://doi.
org/10.1016/j.expneurol.2008.05.008

Rodriguez-Oroz, M. C., Lopez-Azcarate, J., Garcia-Garcia, D., Alegre, M.,
Toledo, J., Valencia, M., ... Obeso, J. A. (2010). Involvement of the
subthalamic nucleus in impulse control disorders associated with
Parkinson's disease. Brain, 134(1), 36-49. https://doi.org/10.1093/
brain/awq301

Rodriguez-Oroz, M. C., Obeso, J. A., Lang, A. E., Houeto, J.-L., Pollak, P.,
Rehncrona, S., ... Van Blercom, N. (2005). Bilateral deep brain stim-
ulation in Parkinson's disease: A multicentre study with 4 years fol-
low-up. Brain, 128(10), 2240-2249. https://doi.org/10.1093/brain/
awh571

Schjerling, L., Hjermind, L. E., Jespersen, B., Madsen, F. F., Brennum, J.,
Jensen, S. R., ... Karlsborg, M. (2013). A randomized double-blind
crossover trial comparing subthalamic and pallidal deep brain stimu-
lation for dystonia. Journal of Neurosurgery, 119(6), 1537-1545. https
://doi.org/10.3171/2013.8.JNS13844


https://doi.org/10.1159/000336543
https://doi.org/10.1159/000336543
https://doi.org/10.1007/s10548-016-0525-z
https://doi.org/10.1007/s10548-016-0525-z
https://doi.org/10.1016/j.neuroimage.2010.11.063
https://doi.org/10.1016/j.tics.2015.08.006
https://doi.org/10.1016/j.tics.2015.08.006
https://doi.org/10.1098/rstb.2016.0198
https://doi.org/10.1098/rstb.2016.0198
https://doi.org/10.3389/fnins.2016.00436
https://doi.org/10.1016/j.expneurol.2012.05.013
https://doi.org/10.1093/brain/awh106
https://doi.org/10.1016/j.neuron.2011.11.032
https://doi.org/10.1016/j.neuron.2011.11.032
https://doi.org/10.1016/j.cub.2014.08.002
https://doi.org/10.1523/JNEUROSCI.0767-12.2012
https://doi.org/10.1523/JNEUROSCI.0767-12.2012
https://doi.org/10.1093/brain/awq332
https://doi.org/10.1093/brain/awq332
https://doi.org/10.1371/journal.pone.0044215
https://doi.org/10.1371/journal.pone.0044215
https://doi.org/10.1056/NEJMoa0708514
https://doi.org/10.3390/brainsci8010004
https://doi.org/10.3390/brainsci8010004
https://doi.org/10.1002/mds.22982
https://doi.org/10.1002/mds.27500
https://doi.org/10.1152/jn.00223.2015
https://doi.org/10.1016/j.clinph.2003.12.024
https://doi.org/10.1007/s00415-016-8314-x
https://doi.org/10.1002/mds.26759
https://doi.org/10.1002/mds.26759
https://doi.org/10.1002/ana.25311
https://doi.org/10.1002/ana.25311
https://doi.org/10.1093/brain/aww048
https://doi.org/10.1093/brain/aww048
https://doi.org/10.1016/j.cub.2009.07.074
https://doi.org/10.1016/j.cub.2009.07.074
https://doi.org/10.1016/j.neubiorev.2013.01.011
https://doi.org/10.1016/j.neubiorev.2013.01.011
https://doi.org/10.1016/j.expneurol.2008.05.008
https://doi.org/10.1016/j.expneurol.2008.05.008
https://doi.org/10.1093/brain/awq301
https://doi.org/10.1093/brain/awq301
https://doi.org/10.1093/brain/awh571
https://doi.org/10.1093/brain/awh571
https://doi.org/10.3171/2013.8.JNS13844
https://doi.org/10.3171/2013.8.JNS13844

12 of 12 WI LEy_Brain and Behavior

ZHU ET AL,

Open Access,

Shute, J. B., Okun, M. S., Opri, E., Molina, R., Rossi, P. J., Martinez-
Ramirez, D., ... Gunduz, A. (2016). Thalamocortical network ac-
tivity enables chronic tic detection in humans with Tourette syn-
drome. Neurolmage: Clinical, 12, 165-172. https://doi.org/10.1016/j.
nicl.2016.06.015

Starr, P. A. (2002). Placement of deep brain stimulators into the sub-
thalamic nucleus or globus pallidus internus: Technical approach.
Stereotactic and Functional Neurosurgery, 79(3-4), 118-145. https://
doi.org/10.1159/000070828

Tan, H., Pogosyan, A., Anzak, A., Ashkan, K., Bogdanovic, M., Green,
A. L., ... Brown, P. (2013). Complementary roles of different oscil-
latory activities in the subthalamic nucleus in coding motor effort
in Parkinsonism. Experimental Neurology, 248, 187-195. https://doi.
org/10.1016/j.expneurol.2013.06.010

Volkmann, J. (2004). Deep brain stimulation for the treatment of
Parkinson's disease. Journal of Clinical Neurophysiology, 21(1), 6-17.
https://doi.org/10.1097/00004691-200401000-00003

Welch, P. (1967). The use of fast Fourier transform for the estimation of
power spectra: A method based on time averaging over short, mod-
ified periodograms. IEEE Transactions on Audio and Electroacoustics,
15(2), 70-73. https://doi.org/10.1109/TAU.1967.1161901

Williams, D., Tijssen, M., Van Bruggen, G., Bosch, A., Insola, A., Di
Lazzaro, V., ... Brown, P. (2002). Dopamine-dependent changes in the
functional connectivity between basal ganglia and cerebral cortex
in humans. Brain, 125(7), 1558-1569. https://doi.org/10.1093/brain/
awf156

Zauber, S. E., Ahn, S., Worth, R. M., & Rubchinsky, L. L. (2014). Oscillatory
neural activity of anteromedial globus pallidus internus in Tourette
syndrome. Clinical Neurophysiology, 125(9), 1923. https://doi.
org/10.1016/j.clinph.2014.01.003

Zhao, X.-M., Zhang, J.-G., & Meng, F.-G. (2016). Internal pallidum and
subthalamic nucleus deep brain stimulation for oromandibu-
lar dystonia. Chinese Medical Journal, 129(13), 1619. https://doi.
org/10.4103/0366-6999.184475

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Zhu G-Y, Geng X-Y, Zhang R-L, et al.
Deep brain stimulation modulates pallidal and subthalamic
neural oscillations in Tourette's syndrome. Brain Behav.
2019;9:€01450. https://doi.org/10.1002/brb3.1450



https://doi.org/10.1016/j.nicl.2016.06.015
https://doi.org/10.1016/j.nicl.2016.06.015
https://doi.org/10.1159/000070828
https://doi.org/10.1159/000070828
https://doi.org/10.1016/j.expneurol.2013.06.010
https://doi.org/10.1016/j.expneurol.2013.06.010
https://doi.org/10.1097/00004691-200401000-00003
https://doi.org/10.1109/TAU.1967.1161901
https://doi.org/10.1093/brain/awf156
https://doi.org/10.1093/brain/awf156
https://doi.org/10.1016/j.clinph.2014.01.003
https://doi.org/10.1016/j.clinph.2014.01.003
https://doi.org/10.4103/0366-6999.184475
https://doi.org/10.4103/0366-6999.184475
https://doi.org/10.1002/brb3.1450

