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ToureTTe syndrome (TS) is a neuropsychiatric dis-
order characterized by involuntary tic movements 
and psychiatric comorbidities. Although symptoms 

are likely to be subtle and tend to subside spontaneously 
in childhood, some patients suffer from severe, debilitat-

ing involuntary movements throughout their life. Common 
treatment options for TS include medical and behavioral 
therapies, and deep brain stimulation (DBS) may be in-
dicated for severe cases. Since the first report on the suc-
cessful application of DBS therapy for TS,1 reports on its 
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OBJECTIVE Deep brain stimulation (DBS) of the centromedian thalamic nucleus has been reportedly used to treat 
severe Tourette syndrome, yielding promising outcomes. However, it remains unclear how DBS electrode position and 
stimulation parameters modulate the specific area and related networks. The authors aimed to evaluate the relationships 
between the anatomical location of stimulation fields and clinical responses, including therapeutic and side effects.
METHODS The authors collected data from 8 patients with Tourette syndrome who were treated with DBS. The au-
thors selected the active contact following threshold tests of acute side effects and gradually increased the stimulation 
intensity within the therapeutic window such that acute and chronic side effects could be avoided at each programming 
session. The patients were carefully interviewed, and stimulation-induced side effects were recorded. Clinical outcomes 
were evaluated using the Yale Global Tic Severity Scale, the Yale-Brown Obsessive-Compulsive Scale, and the Hamil-
ton Depression Rating Scale. The DBS lead location was evaluated in the normalized brain space by using a 3D atlas. 
The volume of tissue activated was determined, and the associated normative connective analyses were performed to 
link the stimulation field with the therapeutic and side effects.
RESULTS The mean follow-up period was 10.9 ± 3.9 months. All clinical scales showed significant improvement. 
Whereas the volume of tissue activated associated with therapeutic effects covers the centromedian and ventrolateral 
nuclei and showed an association with motor networks, those associated with paresthesia and dizziness were associ-
ated with stimulation of the ventralis caudalis and red nucleus, respectively. Depressed mood was associated with the 
spread of stimulation current to the mediodorsal nucleus and showed an association with limbic networks.
CONCLUSIONS This study addresses the importance of accurate implantation of DBS electrodes for obtaining stan-
dardized clinical outcomes and suggests that meticulous programming with careful monitoring of clinical symptoms may 
improve outcomes.
https://thejns.org/doi/abs/10.3171/2021.2.JNS204026
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clinical efficacy have been repeatedly published.2,3 Previ-
ous studies concerning DBS for severe TS have reported 
mixed results, although overall clinical outcomes were 
favorable.2–4 Additionally, a recent long-term follow-up 
study showed a loss of benefit after several years of con-
tinuous thalamic stimulation.5

Several DBS targets including the centromedian (CM) 
thalamic nucleus, globus pallidus interna (GPi), and an-
terior limb of the internal capsule have been proposed 
for the treatment of TS, and stimulation of these targets 
is reportedly equally effective.2,3 The heterogeneity of the 
therapeutic effects is, however, potentially associated with 
the patient selection criteria, surgical technique, and DBS 
programming used. A potential factor associated with 
DBS failure is lead misplacement,6 and a recent study re-
ported that the incidence of DBS lead misplacement in 
a Parkinson disease (PD) cohort was higher than 15%.7 
Even though the incidence of lead misplacement in a TS 
cohort has not been reported, we suspect its occurrence in 
some patients with TS refractory to DBS in the reported 
cohorts.

Because the identification of each thalamic nucleus on 
the imaging studies has been challenging, it is difficult 
to determine the occurrence of lead misplacement in a 
patient with TS showing poor outcome. Additionally, de-
tailed subdivisions of the thalamus associated with favor-
able stimulation outcome have not been identified as in the 
case of the GPi or subthalamic nucleus stimulation for the 
treatment of PD, although a multicenter analysis report-
ed preferred stimulation points for TS.8 A subtle differ-
ence in the lead position and electrically stimulated areas 
theoretically results in the activation of different neuronal 
networks; however, it remains unclear how DBS electrode 
position and stimulation parameters modulate the specific 
area and related networks.

The position of DBS electrodes is conventionally re-
ported using cartesian coordinates relative to the mid-
commissural point, but recent studies have addressed the 
importance of considering anatomical variations while 
determining the optimal DBS electrode position.9 To ana-
lyze patient-specific electrode positions, various authors 
have used a common population-based standard Montreal 
Neurological Institute (MNI) space,8,10 and recent stud-

ies have reported the utility of 3D anatomical atlases and 
structural connectome.11,12 Using these neuroimaging tech-
niques, we aimed to evaluate the relationships between the 
anatomical location of implanted DBS leads and clinical 
responses. We also evaluated stimulation-induced side ef-
fects because they interfere with optimizing stimulation 
settings for symptom suppression.

Methods
Study Design

We prospectively recorded the clinical course of the pa-
tients and reviewed the charts to obtain detailed informa-
tion. To interpret the DBS lead positions associated with 
clinical benefits and stimulation-induced adverse events, 
we evaluated the DBS lead position in the postoperative 
images. This study was approved by our institutional re-
view board, the Fukuoka University Medical Ethics Re-
view Board, and informed consent was obtained from the 
participants. This study was conducted in accordance with 
the Declaration of Helsinki.

We included 8 patients who underwent DBS surgery 
at our department between May 2018 and January 2020, 
and all patients completed at least a 6-month follow-up. 
DBS therapy was indicated for patients with severe, medi-
cation-refractory symptoms who were older than 12 years 
of age. One patient (case 7) underwent DBS surgery be-
cause of severe cervical tic with the risk of spinal cord 
injury despite relatively low clinical scoring. All patients 
underwent multidisciplinary evaluation performed by a 
team consisting of a neurologist, psychiatrist, pediatrician, 
and neurosurgeon, as recommended by a recent guidelines 
paper.13 The demographics of patients are summarized in 
Table 1.

We evaluated the clinical outcomes using the Yale 
Global Tic Severity Scale (YGTSS),14 Yale-Brown Obses-
sive-Compulsive Scale (YBOCS),15 and Hamilton Depres-
sion Rating Scale (HAM-D)16 (Table 2). These evaluations 
were performed preoperatively and at 6 months and 1 year 
after surgery by a psychiatrist (H.I.) who was blinded to 
DBS lead location and programming. Additionally, we 
recorded the adverse events associated with surgery and 
neurostimulation. Mood changes were recorded in the 

TABLE 1. Demographic data in 8 patients with TS

Case No. Sex Age (yrs) at Onset Age (yrs) at Dx Age (yrs) at Surgery Medications Tried Prior to DBS

1 M 7 22 39 Haloperidol, aripiprazole, clonazepam, bromazepam
2 M 14 16 26 Risperidone, aripiprazole, fluvoxamine, atomoxetine
3 F 5 10 26 Aripiprazole, haloperidol, risperidone, fluvoxamine,  

pimozide, clonazepam, olanzapine, chlorpromazine
4 M 5 12 18 Aripiprazole, haloperidol, risperidone
5 M 8 8 12 Aripiprazole, fluvoxamine, biperiden
6 M 7 8 17 Aripiprazole, haloperidol, risperidone, fluvoxamine
7 M 5 14 19 Aripiprazole, haloperidol, risperidone
8 M 9 10 18 Aripiprazole, clonazepam, etizoram

Mean ± SD 7 M, 1 F 7.5 ± 3.0 12.5 ± 4.8 21.9 ± 8.3

Dx = diagnosis. 
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medical records on the basis of self-reported complaints 
of the patients.

Surgical Procedure
Given that we have reported our DBS procedures pre-

viously,17,18 we describe our method briefly herein. MRI 
was performed in all patients for stereotactic planning by 
using an MRI scanner (Ingenia 1.5 T; Philips), and the 
MRI sequences included volumetric T1-weighted imag-
ing (T1WI) with contrast, and volumetric fast gray mat-
ter acquisition T1 inversion recovery (FGATIR). Using 
commercialized software (iPlan stereotaxy; Brainlab), 
we planned the trajectory of DBS lead implantation. The 
above-mentioned MRI sequences were automatically 
fused, and the cartesian coordinate system was anchored. 
The tentative target was initially set at 5 mm lateral and 
4 mm posterior to the midcommissural point on the ante-
rior commissure–posterior commissure plane. The trajec-
tory was planned such that the DBS lead would not injure 
the blood vessels, lateral ventricle, and sulci during T1WI 
with contrast, and the target (presumed lead tip position 
at the ventral surface of the CM nucleus) was modified 
in each case. The CM nucleus was identified as a rela-
tively high-intensity area on FGATIR images, as reported 
previously.18 The target was meticulously checked using 
the mammillothalamic tract and the red nucleus (RN) as 
landmarks (Supplementary Fig. 1). The DBS lead place-
ment was performed under the guidance of a C-arm.

In this study, all patients underwent simultaneous bilat-
eral implantation of DBS leads (model 3387; Medtronic) 
and implantation of an implantable pulse generator (Ac-
tiva RC; Medtronic) on the same day. The first 4 patients 
underwent DBS lead implantation under local anesthesia; 
however, 3 of them could not tolerate the fixed head posi-
tion during the awake procedure. Thus, we used general 
anesthesia throughout the surgical procedure for all sys-
tem implantations for the remaining 4 cases (cases 5–8).

DBS Programming
Electrical stimulation was delivered immediately fol-

lowing DBS system implantation in the first 6 patients and 
2 weeks after DBS lead implantation in the remaining 2 
patients (cases 7 and 8). The initial stimulation was de-
livered using the monopolar setting, which activates the 
second most ventral contacts (contacts 1 and 9) bilater-
ally, with the following parameters: amplitude, 2.0 V or 
milliamperes; pulse width (PW), 60 microseconds; and 
frequency, 130 Hz.

One month following surgery, we measured the thresh-
old levels of stimulation-induced side effects in each con-
tact at a fixed PW of 60 µsec and a frequency of 130 Hz. 
We carefully interviewed the patients at each program-
ming session, and we increased the stimulation intensity 
within the therapeutic window such that acute side effects 
could be avoided. At each programming visit new pro-
gramming parameters were saved as a new group of set-
tings, so that patients could go back to the previous setting 
in case they experienced chronic stimulation-induced side 
effects, such as mood changes. In cases in which stimula-
tion resulted in both tic suppression and adverse effects, TA
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we prioritized avoiding adverse effects. If the clinical 
response was insufficient, with maximum intensity at a 
single monopolar setting, we activated another contact to 
apply interleaving stimulations by using multiple contacts. 
The frequency of programming depends on the patients’ 
accessibility and their clinical response.

DBS Lead Localization
Stereotactic CT scans were performed to determine the 

lead location, typically on postoperative day 9, at the point 
when the pneumocephalus was resolved. The CT image 
was fused to a preoperative scan to measure the DBS lead 
trajectory and contact positions relative to the midcom-
missural point in each case. We compared the stereotactic 
planning and DBS lead locations to measure the stereo-
tactic errors. Stereotactic targeting error was calculated as 
the distance between the planned target point and trajec-
tory of the implanted lead.19

All imaging data were preprocessed using the Lead-
DBS software (www.lead-dbs.org).20 Briefly, all (pre- and 
postoperative) CT and MRI scans were linearly coreg-
istered to the preoperative T1WI using SPM software 
(https://www.fil.ion.ucl.ac.uk/spm/software/spm12/). 
Registration between postoperative CT and preoperative 
T1WI was further refined using the linear registration 
within the subcortical target region of interest to mini-
mize nonlinear bias caused by the surgery.21 All data were 
normalized into the standard MNI space. This procedure 

was carried out with the whole-brain nonlinear symmet-
ric normalization (SyN) registration implemented in ad-
vanced normalization tools (ANTs; http://stnava.github.io/
ANTs/)22 by using the “effective (low variance)” setting 
with subcortical refinement as implemented in Lead-
DBS.20 Electrode trajectories and contacts were automati-
cally prereconstructed using the PaCER algorithm23 and 
manually refined using Lead-DBS software. We also de-
termined the lead trajectory and contact positions by using 
subject-independent 3D atlases of the thalamic nuclei.24 
We considered that contacts existed within those thalamic 
nuclei when spherical regions of 0.2-mm radius around 
contacts overlapped with each nucleus: CM, mediodor-
sal (MD), ventrolateral (VL), and ventroposterior nuclei. 
Detected electrodes and thalamic nuclei were visualized 
using Lead-DBS.

Volume of Tissue Activated Mapping
We calculated the volume of tissue activated (VTA) 

under the conditions with the optimized stimulation pa-
rameters (Table 3) and those with stimulation-induced 
side effects (Tables 3 and 4). All VTA calculations were 
conducted using Lead-DBS software.25 A volume con-
ductor model was constructed on the basis of a tetrahe-
dral volume mesh that included the DBS electrode and 
surrounding tissues. Conductivities of 0.14 S/m were as-
signed to gray and white matter.26 On the basis of the vol-
ume conductor model, the electric field distribution was 

TABLE 3. The stimulation parameters at last follow-up and induced side effects in 8 patients with TS

Case 
No.

Time 
Point

Lt Side Rt Side
Long-Term Stimulation-

Induced Side EffectsCathode Anode
PW 

(µsec)
Frequency 

(Hz)
Amplitude 
(V or mA) Cathode Anode

PW 
(µsec)

Frequency 
(Hz)

Amplitude 
(V or mA)

1 12 mos* 0 Case 60 100 3.8 V 9 Case 60 100 3.8 V None
2 Case 60 100 2.5 V 11 Case 60 100 2.5 V

2 mos 0 Case 120 125 3.0 V 9 Case 120 125 3.5 V Depressed mood
2 12 mos 2 Case 90 130 4.0 mA 10 Case 90 130 4.0 mA None

11 mos 1 Case 90 125 4.0 V 9 Case 90 125 3.9 V Depressed mood; aggres-
siveness; slurred speech

3 12 mos* 1 Case 90 110 2.5 V 9 Case 90 110 2.0 V None
3 Case 90 110 3.0 V 11 Case 90 110 3.0 V

11 mos 2 Case 90 130 3.5 mA 11 Case 90 130 2.9 mA Depressed mood & anxiety
4 18 mos 3 1 100 125 3.5 mA 11 9 100 125 3.5 mA None

8 mos* 0 Case 90 125 4.2 V 9 Case 90 125 4.2 V Depressed mood &  
suicidal ideation2 Case 120 125 4.0 V 11 Case 120 125 4.0 V

14 mos 2 Case 100 130 4.0 mA 10 Case 100 130 4.0 mA Depressed mood
5 12 mos* 1 Case 60 125 2.8 mA 9 Case 60 125 2.8 mA None

2 Case 120 125 3.0 mA 10 Case 120 125 3.0 mA
6 9 mos* 2 Case 100 125 3.2 mA 10 Case 100 125 3.2 mA None

3 Case 100 125 4.0 mA 11 Case 100 125 4.0 mA
7 6 mos* 2 Case 90 125 3.1 mA 10 Case 90 125 3.1 mA None

3 Case 90 125 3.0 mA 11 Case 90 125 3.0 mA
8 6 mos 2 Case 90 130 3.8 mA 10 Case 90 130 4.2 mA None

All side effects were reversed by reducing the stimulation intensity. 
* Interleaving stimulation settings were applied.
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simulated using the FieldTrip-SimBio pipeline that was 
integrated into Lead-DBS (https://www.mrt.uni-jena.de/
simbio/index.php/; http://fieldtriptoolbox.org). The electric 
field distribution was thresholded for magnitudes above a 
commonly used value of 0.2 V/mm27,28 to define the extent 
of VTA. Following all VTA calculations, VTAs, including 
all areas with each effect from all subjects, were created 
(e.g., VTA of therapeutic effect includes all therapeutic 
VTA from all subjects). Considering the limited volume 
of data, the VTAs in the right hemisphere were nonlinear-
ly transformed into those in the left hemisphere by using 
ANTs, and all VTAs were pooled across hemispheres as 
a left-sided VTA. Next, the overlapping regions between 
multiple effects (e.g., both therapeutic and mood change 
effects) were excluded to characterize each effect.

Normative Connectome
To characterize the brain connectome differences from 

very adjacent VTAs and to elucidate the brainwide mech-
anism of therapeutic stimulation and side effects, we used 
the population-averaged atlas of the macroscale human 
structural connectome derived from diffusion-weighted 
imaging data (N = 842, Human Connectome Project).29 
We depicted the 300 fibers from the VTAs specific to 
each effect by using DSI studio (http://dsi-studio.labsolver.

org). All detected structural fibers were visualized us-
ing Lead-DBS. We evaluated the proportion of the 300 
fibers that passed through each brain region defined by 
Harvard-Oxford cortical/subcortical atlases30 combined 
with the cerebellum from the automated anatomical label-
ing atlas.31 All small parcels of the cerebellum defined in 
automated anatomical labeling were integrated into one 
binarized parcel. The proportion of 300 fibers was thresh-
olded above 0.02 and visualized using a circular plot.

Statistical Analysis
To compare the pre- and post-DBS clinical scores on 

YGTSS, YBOCS, and HAM-D, we used the Wilcoxon 
signed-rank test. Statistical analyses were performed us-
ing SPSS version 21.0 (IBM Corp.), and p < 0.05 indicated 
statistical significance.

Results
Clinical Outcomes

The mean follow-up period was 10.9 ± 3.9 months, but 
one patient (case 6) missed a formal 6-month follow-up 
due to the occurrence of the COVID-19 pandemic during 
the study period. YGTSS severity and impairment scores 
improved from 41.9 ± 3.9 and 47.5 ± 4.6 at baseline to 15.8 

TABLE 4. Threshold levels of acute stimulation-induced side effects in 8 patients with TS

Case 
No. Side

Contact 0 Contact 1 Contact 2 Contact 3
Threshold 

Level
Side  

Effect
Threshold 

Level 
Side  

Effect
Threshold 

Level
Side  

Effect
Threshold 

Level
Side  

Effect

1 Lt 5.8 V Dizziness 7.2 V Dizziness NA None NA None
Rt 3.5 V Dizziness 6.0 V Dizziness 8.9 V Paresthesia in lt hand NA None

2 Lt 1.8 mA Dizziness 4.0 mA Tinnitus in lt ear 6.6 mA Paresthesia in rt hand NA None
Rt 4.0 mA Dizziness 5.0 mA Paresthesia in lt 

forearm
8.2 mA Paresthesia in lt 

fingers
NA None

3 Lt 1.8 mA Dizziness 3.6 mA Dizziness 6.5 mA Dizziness NA None
Rt 2.5 mA Dizziness 2.9 mA Dizziness 3.1 mA Paresthesia in lt hand 4.4 mA Dizziness

4 Lt 5.5 V Nausea NA None 7.0 V Nausea 6.7 V Nausea
Rt 3.2 V Electric shock 

sensation in 
the head

4.9 V Paresthesia in lt hand 
& face

6.2 V Anxiety 7.8 V Paresthesia in 
back of neck

Lt (post- 
revision)

3.0 mA Nausea 3.6 mA Paresthesia in rt hand, 
squeezing sensation 

of the head

4.8 mA Deep tactile sensa-
tion in rt ear

8.4 mA Squeezing 
sensation of 

the head
5 Lt 5.1 mA Dizziness, HA 7.4 mA Dizziness, HA NA None NA None

Rt 6.8 mA Dizziness, HA NA None NA None NA None
6 Lt 6.0 mA Dizziness 6.5 mA Dizziness NA None NA None

Rt 6.5 mA Dizziness NA None NA None NA None
7 Lt 2.6 mA Dizziness 3.6 mA Dizziness, paresthesia 

in rt hand
6.2 mA “Funny sensation” in 

the head
7.5 mA Paresthesia in 

rt hand
Rt 4.5 mA Dizziness 5.9 mA Paresthesia in both 

forearms
7.0 mA Dizziness NA None

8 Lt 5.8 mA Dizziness NA None NA None NA None
Rt 6.0 mA Dizziness NA None NA None NA None

HA = headache.
Threshold levels of stimulation-induced side effects in each contact were measured at a fixed PW of 60 µsec and a frequency of 130 Hz. 
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± 6.3 (z = −2.52, p = 0.012) and 18.8 ± 8.3 (z = −2.59, p 
= 0.010), respectively, at the last follow-up. Furthermore, 
YBOCS and HAM-D scores improved from 16.8 ± 11.5 
and 8.6 ± 6.7 at baseline to 6.1 ± 7.5 (z = −2.20, p = 0.028) 
and 4.8 ± 4.4 (z = −2.11, p = 0.035), respectively, at the last 
follow-up. Clinical outcomes are summarized in Table 2. 
It is noteworthy that one patient (case 8) experienced an 
enormous microlesion effect while the tic movements had 
disappeared for a week after surgery. The microlesion ef-
fect then gradually waned, and had almost disappeared by 
the time the electrical stimulation was started (2 weeks af-
ter surgery). This patient responded well to DBS therapy; 
YGTSS severity and impairment scores were improved 
from 43 and 40 to 10 and 10, respectively, at 6-month fol-
low-up.

With regard to the stimulation-induced side effects, 
no permanent problems were reported. All stimulation-
induced side effects, including paresthesia and depressed 
mood, were temporary in that patients followed the pro-
gramming instruction to change the stimulation setting at 
home. The surgical adverse events included wound dehis-
cence and lead misplacement. Two patients (cases 1 and 4) 
experienced wound dehiscence of the scalp incision site 
and underwent a wound revision. One patient (case 4) un-
derwent a left DBS lead revision due to insufficient phonic 
tic suppression despite the motor tic improvement.

DBS Lead Location
Coordinates of the preoperative stereotactic targeting 

and the measured DBS lead locations are summarized in 
Supplementary Table 1. The stereotactic targeting error 
was 1.2 ± 0.5 mm. Analysis of DBS lead positions indi-
cated that 15 of 17 DBS leads, including a misplaced lead, 
penetrated the CM nucleus and that 11 leads penetrated 
the MD nucleus (Supplementary Table 2). The dorsal con-
tacts of the quadripolar electrodes were located in the VL 
nucleus in all cases except for the initial left lead of case 4. 
In case 4, the tip of the misplaced DBS lead on the left was 
on the border between MD and CM nuclei, and 3 contacts 
were positioned in the MD nucleus. Two ventral contacts 
and 2 dorsal contacts of the revised lead in case 4 were 
successfully placed in the CM nucleus and VL nucleus, 
respectively (Supplementary Table 2 and Video 1). 

VIDEO 1. Lead electrode placement in MNI space. Lead electrodes 
with the CM nucleus (peach), RN (red), MD nucleus (purple), and 
ventral lateral dorsal/ventral nucleus (yellow). The lead electrodes of 
each patient were displayed in different colors (case 1, orange; case 
2, red; case 3, blue; case 4, purple; case 4 after the repositioning, 
dark purple [only in the left hemisphere]; case 5, light green; case 6, 
yellow; case 7, light blue; case 8, green). Click here to view.

The DBS lead contact locations in the normalized brain 
space are shown in Fig. 1 and Video 1.

Clinical Response According to the Stimulated Area
Contacts 2 (10 contacts) and 3 (11 contacts) were likely 

to be selected as the active contacts at the last visit (Table 
3). Therapeutic effects were achieved by stimulation of the 
border between the CM and VL nuclei in our case series. 
Depressed mood or anxiety was reported after long-term 
stimulation (Table 3). Four patients commonly experi-
enced mood changes after long-term stimulation for sev-

eral days after a programming session. The programming 
parameters at the last follow-up and chronic side effects 
are summarized in Table 3. The common acute side effects 
were dizziness and paresthesia in the upper extremity con-
tralateral to the active DBS lead. Dizziness and paresthe-
sia tended to be observed with high-intensity stimulation 
of the 2 ventral contacts and 2 middle contacts, respec-
tively. These acute stimulation-induced side effects are 
summarized in Table 4.

Stimulated Areas and Normative Connectome
In Fig. 2, we demonstrate the VTAs related to the thera-

peutic stimulation and side effects. We found the VTA to 
be related to the clinical response in the border between 
CM and VL nuclei (blue area in Fig. 2A). Although the 
paresthesia-related region mostly overlapped the thera-
peutic region, it extended slightly into lateral, medial, and 
anterior directions (green area). The VTA related to diz-
ziness extended into the ventral direction and overlapped 
with the RN (orange area). We found that long-term stimu-
lation of the relatively medial and dorsal region entering 
the MD nucleus led to a depressed mood (purple area).

Using the normative connectome, we found that each 
VTA related to the therapeutic stimulation and side effects 
showed clearly different network properties (Fig. 3). Brain 
regions connected with each VTA are summarized using 
the circular plot (Fig. 4, Supplementary Fig. 2). Fibers of 
therapeutic stimulation were characterized by more dense 
connections with the precentral gyrus than were those of 
side effects (Fig. 4A). Dizziness-related and paresthesia-re-
lated VTAs extended fibers into relatively specific brain re-
gions (Fig. 4B and C). In contrast, the stimulation-induced 
mood change was related to more spatially distributed 
brain regions (Fig. 4D). Specifically, we detected dizziness-
related fibers in the cerebellorubral network (Figs. 3B and 
4B). The paresthesia symptom was characterized by the 
fibers that connect the thalamus and insular cortex (Figs. 
3C and 4C). We found a relatively dense connection with 
the thalamus in the amygdala and the orbitofrontal cortex, 
which are related to depressed mood (Figs. 3D and 4D).

Discussion
Our study revealed that overall outcomes were favor-

able and our results were consistent with those of the past 
reports.2–4 The results of our study showed a variety of 
DBS contacts (Fig. 1, Video 1) and illustrated the relation-
ship between the DBS lead locations and clinical effects 
inclusive of therapeutic and side effects (Figs. 2–4).

Regarding the stereotactic planning technique, the lead 
trajectory is determined according to the safety issues.32 
Indirect targeting using the same template coordinates is 
not appropriate because this technique does not consider 
the anatomical variations in the subcortical structures.9 
According to the literature, DBS leads were presumed to 
pass through the ventralis oralis complex nucleus to the 
CM nucleus; however, our series showed that there were a 
variety of lead locations even among the responders (Fig. 
1, Video 1). We consider that such differences may have 
led to the occurrence of difference in threshold levels of 
stimulation-induced side effects (Tables 3 and 4). Vari-
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ous factors associated with the surgical procedure such as 
brain shift and distortion of the frame are considered to 
misplace the lead from the planned target.19 Although we 
did not measure the electrode positions intraoperatively, an 
image-guided procedure using intraoperative CT or MRI 
may improve the stereotactic accuracy and precision.33,34

A potential factor predicting the incidence of a favor-
able outcome is the microlesion effect, and this issue also 
underpins the importance of accurate lead implantation. 
Microlesion effect has been reported to be associated with 
the optimal lead position in other movement disorders such 
as PD and essential tremor.35,36 Similarly, we have noted a 
temporary but complete resolution of tic movements im-
mediately after surgery in a patient (case 8). These findings 
indicate that stimulation of a specific area is associated 
with tic suppression. In this context, the clinical outcomes 
of DBS for TS may be improved with accurate and precise 
DBS lead implantation in the specific area. Additionally, 
our experience that DBS lead repositioning improved the 
clinical outcome (case 4) addresses the importance of im-

planting DBS leads in the optimal position to maximize 
the benefit.

Difficulty in DBS programming for TS exists in that an 
immediate response may not be observed in the clinical 
setting, unlike that in the case of PD or essential tremor. 
Practitioners programming the DBS, however, should un-
derstand the relationship between the DBS lead and the 
surrounding structures. A subtle difference in stimulat-
ing position can lead to various effects through different 
properties of the brain network because the thalamus is 
quite a dense structure, containing many small nuclei, 
that relays information between different brain regions.24 
The VTA and normative connectivity analyses linked our 
clinical findings with how electrical currents spread to the 
surrounding neuroanatomical structures according to the 
situation (Figs. 2–4).

The VTA associated with therapeutic effects covered 
the dorsal area of the CM nucleus and the VL nucleus, and 
our normative connectome analysis showed its association 
with the motor networks (Figs. 3A and 4A). This finding is 

FIG. 1. Lead electrode placement in MNI space. Lead electrodes with the CM nucleus (peach), RN (red), MD nucleus (purple), and 
ventral lateral dorsal/ventral nucleus (yellow). In panel A, the ventral lateral dorsal/ventral nucleus shown in panel B was removed. 
The lead electrodes of each patient were displayed in different colors (case 1, orange; case 2, red; case 3, blue; case 4, purple; 
case 4 after the repositioning, dark purple [only in the left hemisphere]; case 5, light green; case 6, yellow; case 7, light blue; case 
8, green). Figure is available in color online only.
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FIG. 2. VTAs related to therapeutic stimulation and side effects. Each VTA color represents areas associated with the following ef-
fects: blue = therapeutic effect, orange = dizziness, green = paresthesia, and purple = depressed mood. The peach-colored region 
in the right hemisphere is the CM nucleus. A: Front view. B: Medial view. C: Lateral view.

FIG. 3. Normative connectome from VTAs related to therapeutic stimulation and side effects. The normative connectome from 
VTAs related to the therapeutic stimulation (A), dizziness (B), paresthesia (C), and depressed mood (D). The peach-colored region 
is the CM nucleus. Figure is available in color online only.
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consistent with that reported by a recent study showing the 
relationship of tic reduction with the fibers connecting the 
thalamus and the motor cortex.37 On the contrary, it is well 
known that high electrical intensity is usually required 
for tic suppression,4 and therapeutic stimulation may also 
modulate the limbic systems subclinically, inducing psy-
chiatric side effects.

With regard to the immediate side effects, the spread 
of stimulation current to the ventroposterior nucleus and 
the RN may induce paresthesia and dizziness, respec-

tively. These findings were partly supported by those of 
normative connectome analyses. These side effects can be 
observed immediately when the stimulation intensity is 
above the threshold levels in the clinical setting, but mood 
changes are likely to be detected several days after in-
creasing the stimulation intensity. The lower threshold lev-
els of these stimulation-induced side effects may indicate 
lead misplacement, and clinicians should be aware that the 
careful evaluation of clinical response to each stimulation 
parameter is important to estimate the lead location.

FIG. 4. Proportion of structural fibers projected from VTAs related to therapeutic stimulation and side effects. The circular plot rep-
resents the proportion of projected fibers that connect the thalamus and the other brain regions that have at least one connectivity 
(see Supplementary Fig. 2 for all brain regions); therapeutic stimulation (A), dizziness (B), paresthesia (C), and depressed mood 
(D). ant = anterior; inf = inferior; mid = middle; post = posterior; sup = superior. Figure is available in color online only.

Unauthenticated | Downloaded 08/06/21 06:40 AM UTC

https://thejns.org/doi/suppl/10.3171/2021.2.JNS204026


Morishita et al.

J Neurosurg August 6, 202110

The reported mood changes are considered to result 
from the suprathreshold level of electrical stimulation of 
the limbic network, and this finding was supported by that 
of the normative connectome analysis; that is, the elec-
trically activated area associated with the mood change 
is connected to limbic structures such as the amygdala, 
potentially through the inferior thalamic peduncle (Figs. 
3D and 4D). We consider that the high-intensity electrical 
current to the MD nucleus was associated with the side ef-
fects, and this may underpin the mechanism of loss of ben-
efits due to reduced levels of energy following long-term 
thalamic DBS that was reported recently.5 In our study, the 
depressed moods were temporary because we decreased 
the stimulation intensity or changed active contacts when 
patients experienced the side effects. Clinicians should be 
cautious that optimal long-term DBS may induce irrevers-
ible benefits,38 but long-term high-intensity stimulation of 
the MD nucleus may result in irreversible mood changes 
or loss of beneficial effects.

In summary, based on our study findings, the ideal lead 
placement may be achieved by penetrating the VL and 
anterior border of the CM nuclei. The DBS lead should 
not be placed too posterolaterally or too ventrally, to avoid 
paresthesia caused by stimulation current to the ventralis 
caudalis nucleus or dizziness caused by stimulation cur-
rent to the RN, respectively. The centerline angle of the 
trajectory, however, should be steep enough to avoid a de-
pressed mood by current spread to the MD nucleus.

Although our study has demonstrated promising clini-
cal outcomes of DBS therapy for severe, medication-re-
fractory TS and provides a guide for identifying stimu-
lation areas in the thalamus that yield desirable effects, 
it has several limitations. First, we included medically 
refractory cases, but several patients were younger than 
18 years and may have had spontaneous improvements of 
symptoms. The records of mood change in our study were 
based on patients’ reports rather than on quantified data. 
With regard to the mood change, we have not investigated 
potential factors other than stimulation parameters, such 
as medication changes and/or the patient’s living envi-
ronment. Besides, given the difficulties of acquiring the 
high-quality diffusion-weighted imaging data, we decided 
to conduct the normative connectome analysis because 
the usefulness of the normative connectome has been re-
ported,12 although the patient-specific connectome could 
add some information to our analysis. To confirm our find-
ings, multicenter studies with a higher number of patients 
are warranted. A registry collecting meticulous data from 
multiple centers may address these issues.3,8,39

Conclusions
Our study addresses the importance of accurate im-

plantation of DBS electrodes for obtaining standardized 
clinical outcomes and suggests that meticulous program-
ming with careful monitoring of clinical symptoms may 
improve outcomes. Clinicians should attempt to detect any 
subtle changes in the clinical symptoms at each clinical 
visit for better stimulation adjustment, and in this context, 
the findings of our study may be useful with regard to the 
systematic programming paradigm. Further meticulous 

evaluation of neurostimulation effects at a specific area 
with a large study population is warranted.
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Supplementary Figure 1. Preoperative stereotactic targeting images of a representative case 

(case 8). Purple and red dotted lines indicate right and left lead trajectories in the preoperative 

planning, respectively. A. Axial T1-weighted image with contrast. B. Coronal T1-weighted 

image with contrast. C. Sagittal T1-weighted image with contrast. D. Axial FGATIR image. E. 

Coronal FGATIR image. F. Sagittal FGATIR image.  

Abbreviations: CM = centromedian nucleus; FGATIR = fast grey matter acquisition T1 inversion 

recovery; MD = mediodorsal nucleus; MTT = mammillothalamic tract; RN = red nucleus.  



 

Supplementary Figure 2. Proportion of the structural fibres projected from VTAs related 

to therapeutic stimulation and side effects. The circular plot represents the proportion of 

projected fibres that connect the thalamus and all the other brain regions; (A) therapeutic 

stimulation, (B) dizziness, (C) paraesthesia, and (D) depressed mood.  

Abbreviations: ant = anterior; inf = inferior; mid = middle; post = posterior; sup = superior. 

 
  



Case Side 
Stereotactic Targeting Contact 0/8 Contact 1/9 Contact 2/10 Contact 3/11 Stereotactic 

Targeting 
Error (mm) X Y Z AC-PC 

angle 
Ctr-line 
angle X Y Z X Y Z X Y Z X Y Z 

1 
Left 6.0 -4.5 0 54.6 38.0 5.3 -5.2 1.6 7.3 -3.5 3.8 9 -2.1 5.6 10.6 -0.4 7.7 1.9 

Right 5.5 -3.0 0 49.8 49.8 6.3 -3.2 1.4 7.6 -1.5 3.3 9 0.2 5.3 10.5 2 7.4 1.1 

2 
Left 4.5 -3.0 -0.5 66.4 33.6 6.4 -3.3 -0.4 8 -2.4 1.8 9.7 -1.7 4.1 11.5 0.7 6.3 1.7 

Right 4.5 -3.5 -0.5 64.7 31.6 3.2 -4.3 -0.7 4.5 -3.2 1.6 6 -1.9 4.1 7.4 -0.8 6.5 1.1 

3 
Left 4.0 -6.0 -0.5 66.4 33.6 4.5 -4.9 -0.1 6.1 -3.6 2 7.9 -2.2 4.4 9.5 0.9 6.6 0.6 

Right 4.0 -5.5 -0.5 62.8 32.9 3.8 -6.2 0.3 5.2 -5 2.6 6.7 -3.7 4.8 8.1 -2.5 7.1 1.1 

4 

Left 4.0 -6.0 -0.5 62.1 35.3 3 -7.4 1.2 4.5 -5.7 3.1 6.1 -3.9 5 7.6 -2.1 6.8 2.4 

Right 4.0 -5.5 -0.5 62.8 32.9 3.6 -6.8 -0.7 5 -5.1 1.4 6.4 -3.4 3.7 7.9 -1.7 5.8 0.9 
Left  

(post revision) 3.5 -7.0 -1.5 54.5 41.0 4.1 -6.7 0.7 5.8 -5.0 2.4 7.3 -3.1 4.2 8.9 -1.4 6.0 1.4 

5 
Left 4.0 -6.0 -0.5 62.1 35.3 4.4 -5.4 -0.2 5.7 -4.2 1.6 7.4 -2.8 3.8 9 -1.3 6 0.3 

Right 4.0 -5.5 -0.5 62.8 32.9 4.5 -5.8 0.3 6.1 -4.5 2.7 7.5 -3.2 4.9 9.1 -2 7.1 0.7 

6 
Left 4.5 -6.5 -0.5 47.5 41.8 3.6 -6.7 0 4.9 -4.9 2.0 6.2 -3.1 4.0 7.6 -1.3 6.0 1.0 

Right 4.0 -7.0 -0.5 46.2 26.9 4.8 -6.4 0.1 5.5 -4.3 2.2 6.6 -2.4 4.2 7.7 -0.4 6.4 0.5 

7 
Left 4.0 -5.0 -0.5 51.0 43.5 3.6 -4.0 -0.2 5.3 -2.4 1.5 7.1 -1.0 3.3 9.0 0.6 5.2 1.0 

Right 4.0 -6.5 -1.0 51.0 32.9 4.2 -7.6 0.5 5.5 -5.8 2.4 6.8 -4.0 4.5 8.3 -2.0 6.6 1.8 

8 
Left 4.5 -6.0 -0.5 70.8 39.2 5.0 -6.8 0.8 6.6 -5.8 2.9 8.3 -4.9 5.0 10.3 -3.8 7.4 1.3 

Right 4.5 -5.5 -0.5 79.0 32.9 3.8 -5.7 0.8 5.3 -4.8 3.2 6.8 -4.0 5.5 8.8 -3.2 7.9 1.4 

Mean (SD) 4.3 
(0.6) 

-5.4 
(1.3) 

-0.5 
(0.3) 

59.7 
(9.0) 

36.1 
(5.5) 

4.4 
(1.0) 

-5.7 
(1.4) 

0.3 
(0.7) 

5.8 
(1.0) 

-4.2 
(1.3) 

2.4 
(0.7) 

7.3 
(1.1) 

-2.8 
(1.3) 

4.5 
(0.7) 

8.9 
(1.2) 

-1.1 
(1.5) 

6.6 
(0.7) 

1.2 
(0.5) 

Supplementary Table 1. Stereotactic target coordinates and postoperative lead location.  
  



 Left Contacts Right Contacts 

Case 0 1 2 3 8 9 10 11 

1 CM MD/VL VL VL CM/VP VL VL - 

2 VP VL VL - - CM VL VL 

3 CM CM/MD/VP VL VL CM CM MD VL 

4  CM MD MD MD/VL - CM CM/MD VL 

4* CM CM/MD VL VL N/A N/A N/A N/A 

5 CM CM VL/VP VL CM CM VL/VP VL 

6 CM CM/MD MD/VL VL CM CM/MD VL VL 

7 - VL/VP VL - CM CM MD/VL VL 

8 CM CM MD/VL VL CM CM/MD MD MD 

 
Supplementary Table 2. Anatomical location of each contact determined in the 3D atlas. We determined the contact positions in a subject independent 3D atlases 

of thalamic nuclei (Ilinsky et al., 2018). We considered that contacts existed within those thalamic nuclei when sphere region of radius 0.2mm around contacts 

overlapped with each nucleus: CM, mediodorsal (MD), ventral lateral (VL), and ventral posterior (VP) nucleus. 

*Left DBS lead location after revision.   

N/A = Not Applicable 
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