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Abstract

of severe and medically intractable TS.

Tourette syndrome (TS) is a childhood-onset neuropsychiatric disorder characterized by the presence of multiple
motor and vocal tics. TS usually co-occurs with one or multiple psychiatric disorders. Although behavioral and
pharmacological treatments for TS are available, some patients do not respond to the available treatments. For
these patients, TS is a severe, chronic, and disabling disorder. In recent years, deep brain stimulation (DBS) of basal
ganglia-thalamocortical networks has emerged as a promising intervention for refractory TS with or without
psychiatric comorbidities. Three major challenges need to be addressed to move the field of DBS treatment for

TS forward: (1) patient and DBS target selection, (2) ethical concerns with treating pediatric patients, and (3) DBS
treatment optimization and improvement of individual patient outcomes (motor and phonic tics, as well as
functioning and quality of life). The Tourette Association of America and the American Academy of Neurology have
recently released their recommendations regarding surgical treatment for refractory TS. Here, we describe the
challenges, advancements, and promises of the use of DBS in the treatment of TS. We summarize the results of
clinical studies and discuss the ethical issues involved in treating pediatric patients. Our aim is to provide a better
understanding of the feasibility, safety, selection process, and clinical effectiveness of DBS treatment for select cases
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Background

Tourette syndrome (TS) is a relatively common neuro-
psychiatric disorder characterized by sudden, rapid, re-
petitive, non-rhythmic, and stereotyped movements and/
or vocalizations. Diagnosis of TS requires the presence
of both multiple motor tics and at least one phonic tic,
with a childhood-onset and a duration of more than one
year [1]. The prevalence of TS is 0.3-0.8% in children [2,
3]. Tics usually emerge around age 7, and may wax and
wane in frequency [4]. TS is frequently complicated by
the presence of one or more comorbid psychiatric disor-
ders, particularly attention deficit hyperactivity disorder
(ADHD), obsessive-compulsive disorder (OCD), impulse
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control disorder (ICD), and/or a mood disorder [5-7].
Severity of symptoms vary among patients and for many,
tics gradually become less severe during adolescence and
most of them disappear in early adulthood [8]. Current
treatments for TS mainly involve behavioral interven-
tions and pharmacotherapy, especially o2 adrenergic
agonists, dopamine antagonists, dopamine depleters,
benzodiazepines, antiepileptic drugs, and botulinum
toxin injections [9-12]. However, for some patients’ TS
is a severe and chronic disorder that does not respond
to conventional pharmacological or behavioral treat-
ments. Moreover, some of these patients develop what
has been coined by some experts as “malignant TS”
which can result in hospitalizations and/or self-injurious
behaviors (e.g., cervical myelopathy, bone fractures, ret-
inal detachment). Some patients with malignant TS may
experience temporary or permanent disabilities [13—16].
Neurosurgical intervention, such as deep brain stimula-
tion can be used to optimize care of selected individuals
with malignant TS [17].
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Recently, both DBS and ablative neurosurgical proce-
dures have been utilized in an effort to manage refrac-
tory symptoms in TS patients [18-21]. In contrast to
DBS, ablative surgery is not reversible and uncertainty
exists whether ablative techniques work better in terms
of clinical effectiveness and adverse event-profile. For ex-
ample, bilateral thalamic lesions have been associated
with impaired speech, swallowing difficulties, and cogni-
tive deficits [22]. Moreover, substantial clinical evidence
exists for the effectiveness of DBS in hyperkinetic move-
ment disorders, such as tremor, tardive dyskinesia, and
chorea [23-25]. It is believed that the pathophysiology
of TS is closely linked to the dysfunction of cortico-
striato-pallido-thalamo-cortical networksand that the
modulation of these networks could alleviate the clinical
symptoms of TS [26, 27]. Large inter-individual differ-
ences have been observed in the clinical symptoms of
TS, along with the type and severity of psychiatric co-
morbidities, and clinical response to DBS. In order to
move the field of DBS treatment for TS forward and to
improve individual patient outcomes, at least three
major challenges need to be addressed: [1] patient and
target selection, [2] ethical issues involved in treating
pediatric patients, and [3] optimization of DBS, such as
motor and vocal tics, mental health, daily functioning,
and quality of life. In this article, we outline the chal-
lenges, progress, and promises of DBS treatment for TS.
We evaluate the results of clinical studies and discuss
several methodological and ethical issues involved in
DBS treatment of pediatric patients. The aim of this re-
view is to provide a better understanding of the feasibil-
ity, safety, and effectiveness of DBS treatment for
carefully selected cases of severe and intractable TS.

Main text

Surgical treatment

In this review, we consider TS in terms of the diagnostic
criteria of the DSM-V. The main classifier is the pres-
ence of tics, which can be categorized as motor and
phonic tics, and further divided into simple and complex
tics. Simple motor tics can affect any body part, but they
commonly appear in the face, such as eye blinking, rais-
ing the eyebrows, head jerking, or tongue protrusion.
Some patients also manifest complex motor tics, such as
grimacing, echopraxia (imitating others’ movements),
copropraxia (e.g., performing socially inappropriate ges-
tures or inappropriate touching) or, in rare cases, self-
injurious behavior (e.g., self-hitting, self-biting, pounding
on objects). Additionally, the diagnostic criteria for TS
requires that the patient presents with or has a history
of phonic tic(s). Common simple phonic tics include
sniffing, throat clearing, coughing, yawning, or making
other simple meaningless sounds. Complex phonic tics
include echolalia (repeating others’ words or phrases),
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coprolalia (yelling out socially inappropriate words or
phrases) or verbigeration (repeating a word rapidly and
involuntarily) [28].

Most individuals diagnosed with TS present with one
or more comorbid psychiatric disorders. In one cross-
sectional study of 1374 TS participants, approximately
86% met diagnostic criteria for one or more psychiatric
comorbidities [29]. The psychiatric disorders that most
commonly co-occur with TS are ADHD, OCD, sleep
disorders, anxiety disorders, and depressive disorders
[30]. Psychiatric comorbidities remain an issue of con-
cern in DBS treatment for TS because the symptoms
can be severe, chronic, and may have a greater impact
on the patient’s functioning and quality of life compared
to motor and phonic tics. The Revised 2006 Guideline of
the Tourette Association of America (TAA) Database/
Registry Group recommends the following prior to initi-
ating DBS, 1) the patient’s psychiatric comorbidities be
stabilized and 2) no active suicide or homicidal ideation
for six months [17].

Clinician-researchers have collectively gravitated to a
disease-centered approach to DBS for TS. This includes
meticulous attention to patient selection [17], collection
and analysis of standardized data [31], and engagement
of multiple centers to identify patterns of symptoms and
to improve outcomes [4]. Additionally, much effort has
been put into identifying appropriate targets for DBS.
Data from the TAA’s DBS Registry and Database have
indicated that many different regions/structures located
within the cortico-striato-pallido-thalamo-cortical net-
work are promising targets [32].. In the next sections, we
discuss some of the most promising DBS targets for TS
treatment. Table 1 and Fig. 1 provide an overview of
recent DBS treatment studies of patients with severe and
refractory TS. The list is meant not to be exhaustive but
rather to illustrate some of the current approaches in
the field.

Single target

Thalamus

To date, the majority of TS DBS treatment studies has
focused on the thalamus due to its strategic location
between motor areas of the cerebral cortex and motor-
related subcortical structures, particularly the basal
ganglia and cerebellum [33, 34]. A retrospective study of
several patients with refractory TS and psychiatric
comorbidities reported that DBS of the thalamic
centromedian-parafascicular (CM-Pf) complex was asso-
ciated with a 46% improvement in motor tics and 52%
improvement in phonic tics, as measured by the Yale
Global Tic Severity Scale (YGTSS) at follow-up (mean
duration: 26 months) [34]. Moreover, DBS of this thal-
amic region markedly improved the patients’ social, oc-
cupational, and educational functioning. Furthermore,



Page 3 of 19

(2020) 9:4

Xu et al. Translational Neurodegeneration

Pl {paleaI-uonenWig' L pue (jag) uoissaidap (0610S) D0'L  PUe J0JOW PauleIsNs [SSIDA'L  Lodal 8se) ¢ 0 0 8¢ L Jd-WD oueley
%1/-9G O 9%/ 01
75 Wol4 $2102s Juswiedwl [e1D0S
(E=UELFB8B 01 ¥ F8/
wol} DId ‘$2402s 1uanonb usbijoaul
SDUPWIION (| = U)Z8 01 9 WO}
Dl '2102s anonb asuabij21ul
3[eDS [N} [9A3] 3oUBI|IPIUIE
(L = uyuoneqiadexs
10 (| = u)ruswaroidul Apnis
UOISIA pauin|q pue (IM1gg) uoissaidagz SETIENEN) [s€]
ApoOQ ay3 JO ssaUI0Y ‘UoiIell JO (L = u)uoneqiadexa 1o Juswaroidwl  pajegej-uado  ow 0l0Z e 1
SUONBSUSS Pa1ejaI-uoNeNWNG'L (¢ = u)iudawanroidul (SD0G-A) ADO'L %L/-CS SSIDA'L  PAndadsold Tl € 0 L6l S IOA4d-WD  nhqouexe]
aposida ayI|-a1nzIas
31buls ‘Bujuado yinow pue ‘mel
pue aNBUO] BY} JO SIUSWSAOW
AJeaun|oAul ‘ellyuesAp nsai
35P2109p AYSualul ‘sejsayisaied
pue $saUIZzIp 3NS3J 35ea.du|
AJsua1ul ‘UOISIA Jo bulln|q
1ualsuely Jowan bunsixs-aid
Jo Bujuasiom ‘sydepesy uoisuy
JUSLINJ3J }PAdNPUI-UONBINWNG'E
elqoydouoyd
pue eigoydoloyd ‘Buiiuon
‘e3asneu ‘aydepeay JuaLINd3I
‘elsauue apeiboiaue Aleioduwal
‘ssaulybIl 323U ‘suonesuss JuswaAcidwl
MII-P0YS ‘Al|IqIxaY [PIUSW pue 065 JuswIedul
uonuane ‘Alowaul paseaidsp Juawaroldwil 97s
'S1094J9 9SI9APE [eD10INSISO4T (1 = u)ab3)j0> 03 0b pue S210DS [PDOA JUSWSAOIdWI oul
obeurelp usnINd pue (€ = U)AUP (G = U)aJ| [eID0S aA0idul 069t S240DS JOJOW MIIA3I |6 [r€l 910z
uolisose djeds :pajejal-A1abing'| ue Aofus ‘(£ = u)pakojdwa oq'| JuswaACIdWI 9%%S SSIDAL  2ADadsoNRy -7 ¥ I /1 Il Jd-WD  "|e 18 ejoed
1usWaAoidwl [e€]
909 JuaWedw ow 910¢ ‘e 12
dN JusWN0IdWI 9GS (SYH) A1oIxUY' L JuswaA0IdW 950/ SSIDA'L  Modasased gl L dN € L 4d-WD susqny
anoldwi Apuesyiubis J0D-S1OY
anoldwil JusWwaAoIdwWl 9| HE
Apueoyiubis (jgg) uolsaudaqe panlasgoun usuaAoidwl
anoldwl Ajpuediubis (1) Aaixuyg %50y PIAISSQO ¢
1uswanoiduwl SYNIN'T T
eISIUy1eye pue ‘uoliendiye ou 10 33| gDO [edulPgns 1o Juswanoldwil 97'8€
yd9ads ‘sposids 11eb Jo Buizasly  pjiw JuswaAoIdWI %71 (S =U)gD0 S9I0DS [EDOA JusWSAOIAWI ow 43|
‘easneu Jo sbuljaay ‘ssaulzzip  21esopoul JuswaAcIdWl 9/°8€ (F = U) % €€ S21025 J0JOW MIIAI 78 /10718 19
‘ulef Jyblam paleRI-uONRINWING'L g0 249AS (51 =U) (SDOF-A) 9D0'L  usWaA0IdW! 9%Z'8E SSIDA 'L dAdadsonay  —/1 dN dN 6v—81 Gl ldowe uepeT
SC> 8l >
(s1eak)
3JI| Jo Aujend dn  (sabe)  Aiabuns (U)
S129449 IpIS pue S31PIGIOWOD) JO SWOIINO D] JO SWOdINQ ubisag Apnig -mojjo4 s19lgns Jo oby  swuaneq 19618 Apnig

MB3IAI SIUY Ul S3IPNIS 21 JO Alewiwing | ajqeLr



Page 4 of 19

(2020) 9:4

Xu et al. Translational Neurodegeneration

anoidwiy
Jolneyaq djuewodAy Apuesyubis (1gg) uoissaidagz 1uaWaAoIdwl 9| o :9seyd
pue s1} JO UONeIOLIISP abueyd uonenwins |agej-uado sa
pa3e[2J-UoNeINWING 7 JuediubIs ou (SDOF-A) DO'L  2Ul|9Seq 1USWA0IAWI 95€°G|  [BL] JSAOSSOID oW [ov)
alempiey aseyd :(jo-UONBINWINS SA UORRINWIAS ‘PuUIig-3|gnop  9¢ S10Z |’ 1
3U1 JO UOD3yUl :paieji-A1abIns | uone|nwns |2qel-uado sA aujidseg  -uo) aseyd papullq SSIDATL  ‘peziwopuey -8 L 0 [ Gl 1dD e|AOUIZ
uonouNy [enxas
JO UONeIS}|R PUE ‘SIOURGINISIP
[eNSIA Joulw ‘ABISUS JO [9A3)
pa2NpaiJ 3NSal aseaidul Alsuaiul
‘saoueqINISIp azeb ‘sI1apIosip
Buidas|s parejai-uoneNWng'e
Ayrede pue saoueginisip
1eb ‘elyuesAp ‘Abieyia)
‘Bunes abuiq ‘Dd| JO UORdBYUI
S1D942 3SI9APE [elabINSISO4T ow l6€]
(Buipa9|q) sisAjesed 1uswaAoIdwl 8/ 9107 1e 19
5zeb |ediaA pajejRI-A1abing | dN %6'88-5'LC SS1OA'L Soles 9se) (| dN <IN 8-G¢ L 1dD IOA-ADS-WD  INTA Ynouy
Me[ J9MO| BU1 JO Jowail
pue Ayjnoul a4 Jo aduequnisIp
NS4 3583103P ANSUSIUI
'S||I4S JOYOW BUl} pue Ayjow 3J1] Jo Aljenb aandaye Jisyy
2£3 Jo dUeqINISIP ‘elyLeSAP pue ‘341 Jo Aljenb [e>osoyAsd
1|NsaJ 9seaudUl AlIsua1ul ‘SJI YIM UOondejSeS [e1susb
‘spuey ay1 Jo sdwesd pue ‘mef Ss1uaned syl uo 103949 JuedyIubIs
19MO] 'anbuo} sy} JO Jowal} pue 47 Jo AUjenD 10} WSISAS JeINPON'9
sssugquwinu ‘6] auo Ul yibuans - Buuonouny Jo [9A3) |[eJaA0 siusied
JO Sso| pue uoneybe ‘sbuimy 9U1 U0 1299 Juedyiubls e :4yo’g
10 UD1M] USPPNS € JO sbuloa) AuAIsindwod pue uoi
‘uonelol peay buunp buijpay 'JOINBYSQ [RIDOSSIP ‘UOIIRINDAISAD
Bulwwiny e ‘sydepesy ‘1eay |euonows Jo suolsuswip
'ssaulARaY JO sBUI9) ‘elylesAp  Aljeuosiad U0 1299 Ou {DG-ddvdt
‘da9|s Jo aoueqINISIP ‘Poow anoidwi uedyiubis ou JuswaA0IdW %8S SHAYIN'T
JO UO[IRIONISIOP SAINDISSUOD Aia1xue 21e35 aroidwil JuedIubIs JuswaAcidwl
95eaJoul A1ISASS D1} ‘uleb AiaIxue ely (IV1S) AaIxuy e 9609 Juswiedw]
1yBIom :pa3e[RI-uonrINWING € JuswAoCId W JuswaAoIdwl 96€G snulejeyl ayy
yonod Hy| 9y JO uondAJuI uedyiubls ou (jgg) uoissaidaqz $9J0DS [BDOA JUsWAOIdWI |les 40 sued Jojow
S109)49 3SI9APE [eD10INSISOd T AVEIVIEY NN e [VV]] 051G S210DS JojoW [9ge|-usdo  ow [PIS1R|OJIUSA PUP [8€] 910T
YN :paiej2i-A1abIng | JuedIubIs ou (SD0g-A) ADO'L JuswaA0IdWI 968G SSIDA'L  2ARdadsonay 1L 4 0 9561 g Jolsiue [eaudp | 19j2Iueg
anosdwil yonwi A1aA 1o yonwi
3|eds uolssaidwil [eqolD [edlulD7 ow L€l
uondaul pue JuswisAoldwil 9505 < siusied MIINDI 8§ 8107 e 18
UOISOJo PUNOM :palejai-a0Ina(d’| %€9 (¢ =U) (SDOg-A) dDO'L Juswanoiduil 905 SSIDA'L  dAndadsonsy -9 4 S €e-9l €L Snweeyl [eIpsy 'S pleydly
Jowa13 13U JuswaAoIdwl [og]
puey pue euyuesAp juaisuely 3|ge/ewal B pamoys (1yg) Asixue 431131 o1 duoyd ow 610T e 19
SC> 8l >
(s1eak)
3JI| Jo Aujend dn  (sabe)  Aiabuns (U)
S129449 IpIS pue S31PIGIOWOD) JO SWOIINO D] JO SWOdINQ ubisag Apnig -mojjo4 s19lgns Jo oby  swuaneq 19618 Apnig

(PanuIUOD) MIIASJ SIUL Ul S3IPNIS DUl JO Aleluwing | ajqel



Page 5 of 19

(2020) 9:4

Xu et al. Translational Neurodegeneration

SI[-2IUBW :pale|SI-UOLEINWINS'| YN e Juswanoiduwl %07 SSIDA'L  Modal ased Ol 0 0 9¢ L DINVAYN - [e 9 susp
Juswanoldwl 9t/ | $9100S JSINW
JusWIRA0IAWI 979 S40DS JYD'E
AVENVEYNe o [W]]
uone|nwis Jo ssoj pue uonajdap %€'78 (SYAH) uoissaidadg ow [¥] €10
Aieneqipalejp-uonenuing L Juswanoldwios/ (SYvH) Asixuy'L  Juswaroldwl %50/ SSIDA'L  Modarased 9 0 0 Va4 L 3dD ‘e 19 ueige
SIOIABYSQ SNOUN[UI-{s (1 = u)2100s I
pue swoldwiAs aAIssaidap 219A9s MOJ IO (7 = U)21BISPOWTOD-SIDC  OU PUe (| = U)uoneqiadexs VN + 1dD
JO 2duUaLINd3l "elyUeSAP ‘D0 (1 = u)@duaiindal 10 (| = u)paulewai ow |eluanolisod i)
pue s211 dluoyd JO UoIeqGISIEXD 10 (] = u)uoneqladexa 211 [e20A ‘(7 = u)panoidudl 69 149 /107 e
:pa1e[al-UoieINWING'| ‘(1 = upuswarocidwl ou @OO'| D1} JO10W SSIDA'L SaLRs 3se)  —0F ¢ 7 817l ¢ |eluanolisod XnasneH
abueyd
1uedyiubis ou (SD0g-A) 9001 Juswanoldwl 9%0° |8
abueyd S210DS [EDOA JUsWAAOCId WL
uonenfe pue ssof 1ydrEm Juedylubls ou (SYYYD) AHAY'E %/ '6/ SI0DS J0JOW SYAYIN'T (E7]
‘Ayrede:pale|pi-uoneNuns' abueyd Juswianoldwi 97'8/ ow 9107 e 1@
uled 323U pue Hd| Jo UoRdAuI uedyiubls ou (jgg) uolssaidagz S910DS [EDOA JuaWAA0IAWI MIIA3L g€ SEETIS
S1094J9 9sI9Ape A19BInsisod’ L abueyd Juedyiubls ou (yg) ABIXUY' L %89S 21035 JOIOW SSIOA'L  dAdadsonsy Tl 0 0 £5-S¢ S 1d5 Jolsjue WTAY
ow ¢ :syuaned |[e ow g|idD
OW |1 :dD0 INOYUM S| OW ¥ :dDO  OW | Snwiejeyr D (SSIDA JINV/YN
UUM I (SSIDA U UORINP3I 960FZ) Ul UORINPRI 960 %) asuodsal ow 19 Jouaisod [cv]
asuodsal [eDIUID 0F SWI URIPIN'T [BDIUID O W UBIPAINT Apmis  0Z1L I Jouse 6107 e 19
YN Juswaroudul 9117 (SDOF-A) ADO'L  uawdnoidwl 9%/'9% SSIOA'L SUSHINN+ 1 dN dN L9-¥1 €l ‘snwejeyl N0 uosuyor
1591e ydaads
JuSNIWIRIUL ‘BueINIS BUNsIXS 717/ 01 005 woyj abueyd 4y
-21d Jo BulussIom pue sduejeq /%99 1uswaAoIdwl
Jood ‘ssauzzip ‘uoneybe ‘Aaixue 0} 88°0% Wolj abueyd 10D-S1O'E 055G LG 21015 [EDOA
JU3ISUeI] {p1e|2I-UONBINWNS'E 00’8 01 GE'G| WOy JusWaAcIdW
uonoajul pes)| ‘sbewep 1o abueypd (g = U)(SYaH) uoissaidag 98 /7 91005 Joj0W ow (1] ¥10T
abexeaiq pes) :patejaI-ad1AaQT 6C'S 01 88'¢l Woy MIIAL - O JERERN
N pa1ejaI-Aiabing'| abueyd (L1 =U) (SD0F-A) ADO'L  IuBWRAIdW %EHS SSIDAL  dAndadsondy -8 9 4 1S=/1 Al IdDwe  Ispulllisd
dn-moj|0y |euly
18 GG/ 01 LT/ woly abueyd 4y
dn-moj|oy
[PUY 1B 60'6/ 01 60'6E WOl abueyd
syoene djued yum JO0-S1D€  dn-mojjo) [euly 1e JusulaAosd
A13IXUe :pa1e|RI-UoHeINWINS'E Syuow ¢ e Juswaroidwl Wl 959G 21025 [e20A dn
uonoajul pes| ‘abewep %P/ (9=U) (Q-IWVH) uoissaidagz  -Mo|[o4 [euly 1 JuawaAoldwl ow (1)
10 sbeyealq pes| pa1eRI-9dIASJ'T SYUOW € 1e JuswLAoIdw 968} 21025 J0JOW OW € 1B MIIASI  OF (4T /R E)
YN pa1efpI-Aiabing'| %65 (6="U) (SDOF-A) ADO'L  udWA0IdW! %96 SSIDA'L  dAdadsonay  — 4 0 05-81 Ll Idoule Yiogesi|3
anoidwi Apuesyiubis 100-5191
abueyd JuedyIubIS ou (1Y1S) A8IXY'E
SC> 8l >
(s1eak)
3JI| Jo Aujend dn  (sabe)  Aiabuns (U)
S129449 IpIS pue S31PIGIOWOD) JO SWOIINO D] JO SWOdINQ ubisag Apnig -mojjo4 s19lgns Jo oby  swuaneq 19618 Apnig

(PanuIUOD) MIIASJ SIUL Ul S3IPNIS DUl JO Aleluwing | ajqel



Page 6 of 19

(2020) 9:4

Xu et al. Translational Neurodegeneration

UoISOJ UMs ‘Yonod D4

SY} Ul BLOlRWSY |[em ‘UORDRJUI
‘WR1sAS Sgd dY) 01 UoNdel
Alojewiuelul ;paiejl-a01As( |

dN

uoissaidaq (9 =U)6L <104 pue 9L

>$D08-AZ (1 = U)bujuasiom 1ybis 1o uondNPaI '/ ow Idond 59

(9= upuswanoiduwl (SD0G-A) ADO (LT = W)IOA4d-WD uonanpai MaInRIL - CE Idowe DY 9107 e 1

(£=U)6l >109 pue 91 <SDOF-A'L 0z swusned e SSIDAL  2AndRdsoley -8 8 L L5/L1 VA3 -YN IOA-4d-WD  Odluswiog
109K | 18 uswaroidwl 9%/6

ow g 1e JusWaAcIdWI %68 ow [2S] 6002

AN Aousnbayy o' wodal ase) 7L 0 0 8¢ | NLS |19 auay|

Juswedwl [euwiuIw

01 SNoWaS Wouy abueyd Jyo'g
1uswaAoldwil

%1€ ¢ uaned uswaroidwi
%1°€S | usned JOOSN'Y
uopdNpal

Apybiis z Juaned Juswaroidwl
%8'€6 | Waned (SD0F-A) ADO'E

1uswaAoldwil uswaAoIdwl
%8'8€ 7 1uaned 1uswaroidul 05€°€Q JUsWIledw]
0%8°€9 | uaned (zX-IVL1S) A1dixue  JuswaAoIdWwl 9649¢ ALIDASS
el JuswaAoIdwl 98¢ 7 Juaied o1 JuswaAcIdwl 9%/ 79
JuswanocIdwl 9%6°€9 | uaned (1X 17 waned uswaroidul
-IV1S) A1eixue a1e1s (Iv1S) Asixuy ¢ %001 1usuwLedul
1uaWaAoldwl 1uaWaAoldWl %178 owl [19]
211 Jo Buluasiom 7 9%/'68 ¢ uaned 1uswaroidwl A1I9ASS D1} JUsWSAoIdW! 31 [2104 /10T e 19
usped pa1ejRI-uoieINWAG'L %001 | 3usied (gg) uoissaidaq'L %116 : Jusned SSIOAL  SaURs e) -9 L 0 LE-61 14 JO LH pl2i HICIETp)
AVEIVIEYe¥le VY]] owl [0Sl 0107
dN edyubls ou (SD0F-A) ADO UISIOM %G1 SSIDA'L  Modarased  0g 0 0 44 L DIMV/AVYN - [ 19 Wepy
JUsWaA0IdWI %85 SHAYN'T ow [6v] 010C
YN usWwsroIdwl 995 (SDOF-A) ADO'L Wudswsroiduwl %y SSIDA'L  Wodal esed o 0 0 4% L DITY/AYN e 38 auay|
SYIUOW 9¢ 18 Juswaroldul
968G SLauow ¢ 1e
Juswanoidul 909 SYAYINT
SyIuow Syuow 9¢ 1e
O¢ 18 1UsWaA0IdWI 969G SYIUOW € 18 1USWSA0IAW] %l SYIUOW € ow [8¥] 600C
YN 3uswisrodwl %ES (SDOF-A) ADO'L 1R uswRAoIdWl %91 SSIDA'L  Hodas ese)  9f 0 0 8¢ | DITV/AYN e 38 auay|
syiuow syiuow / je [/v] 10T
/ 18 JuswanoIdwl 9589 YIUoW | 18 JuawaAoidul 956/ Yuow | ow ‘e 12 ybuis
dN JusWRA0IdWI 906 (SDOEG-A) DO'L e Juswanoiduwl 9/ SSIDA'L  Hodal ased 8 0 0 43 L SYN  Iepulllied
(CEe)ile]
piw pue ‘uoneybe JojowoydAsd
'SsauUssa)Isal ‘sulared uonoe
191Ul Jerjiwey AJaA0 ‘Jolneyaq
oreudousddeur Ajjerued Syuow 0|
‘UoIIEB2 puR PoouUl duoydna) 21e1s 18 JusWAA0IAWI 960G SHIIM § owl [9%] 800T
S¢> 8l >
(s1eak)
3JI| Jo Aujend dn  (sabe)  Aiabuns (U)
S129449 IpIS pue S31PIGIOWOD) JO SWOIINO D] JO SWOdINQ ubisag Apnig -mojjo4 s19lgns Jo oby  swuaneq 19618 Apnig

(PanuIUOD) MIIASJ SIUL Ul S3IPNIS DUl JO Aleluwing | ajqel



Page 7 of 19

(2020) 9:4

Xu et al. Translational Neurodegeneration

%81 uonenuins
aAIsuodsal JuswaAoIdw]

%€¢€ uohenuiis ow [65] 810C
dN dN paINPaYds SSIOA'L  Modal ssed ¢l 0 0 Yad L Jd-WD - le 18 susy
uswaAoIdwl 948/
S2J0DS [BDOA JUaWAA0IdWI
JSTEVEN 95G9 $210DS J010W Jeak | 1e
pue A>uanbaly o1 Ul 3seanul 1usWaA0IdWl 969 17 1usned
ue ‘uoneyibe paseasdul iz JuswaAoIdwl 9509
Juaned S2J0DS [BDOA JUaWAACIdWI
poow pa1dafap e pue sbaj 0 $210DS JojoW [85] 8107
91 Ul BISSUBSAP ‘eIsaupyiadAy s1eaA 7 1e Juswarolduwl SIK ‘e W
‘L Judiied :palejai-uoienuig'| dN %ES 1 Juaned SSIOA'L SOLSS 9seD) 4 4 0 6l 4 1dD Joliue [ "A 3nouy
1usWwanoldwil 1usWaAoidwl
%529 (IHQag) uoissaidage 9609 JuaWIedwW
1swaAocidwl 9507 (vg) A1BIXuy'¢ 1uswaA0IdWI %St SO ow Awolojnsded /5] 610T
dN JuBWRAoIdWI %y (SDOF-A) ADO'L Juawanoidul %€S SSIDA'L  Hodal ased € L 0 0¢ L pue o Ad e 12 Bueyz
JuswaAoIdWI %76 T00-S199
Uod94Ul paejal JUSWIRA0IAWI %€ | 91035 4D’
—3JIM UOISUDIXD :Pa1e|21-9dIA(°C 1uswaAoldwil uswanoIdwl
21nz13s dndayids %8¢ (A-Sd-aHAV) aHAv'v %L/ 91025 |S-9DDC
1USISUBI puUR Ydaads a1ejndileul  uswaAoldwl %6 (VINYH) Asixuy'e JuswWaAoIdwl 948/
4O 9posida Ue ‘uoljelusliosip 1uaWaAoldwl S2J0DS [BDOA JUaWAAOIdW| owl
‘UoISNJUOD 'SSaUIZE) %¢6 (FZ-QWVH) uoissaidsqe 045G/ $910DS JojoW MIINDI 06 Awoyolnsded [95] 610T
‘anbiie} :pajejRI-UONEINWING | JusWaAoIdWI 9%/8 (SDOE-A) ADO'L JuswAoldwl 962/ SSIDA'L  dARdRdsoNY  —te 9 0 €6l 0l Jousiue pue Id9 e 13 bueyz
DIV 941 Jo
suood |enusn
:A1sbunsolpel
pig
snwiejeyl ayl
/8 01 77 :PIE 01 PUZ 4YO'E JO suoibal Jojow
6 01 L *pag 01 puz 91 Y¥S-SAIOT [elo1ejonUSA
JuaWaA0IdWI 90/ :PIE JUSWRACIAWI pue Jousiue [59]
%0t puZ WusWaAcIdw| JuawaAoIdwWl %69 SIA [BAUSA pUZ  8LOZ e 1
ueb 1yBrem :palejai-uoneNwng L %0v 351 (SDO9-AADO'L  puz sbueyd ou 1s| SSIDAL  Wodaresed 9 0 0 Ly L IO Adasp 3jieeydey
1uswaAoIdwl [#5]
SSoulZzIp puUe s9ouUeqINISIP 9%S6 (£13-SYAH) uoissaidadg ow SAOA  6l0C B 19
AIOSUSS :pa1e|2.J-UoeInWng | uawWaAo0Idwl %0/ (SDOF-A) ADO'L JuawaAoidwl %48 SSIDAL  Hodal ese) 7| | 0 0z | +x3/dwod Jd-\D esnyey'g
(/1 = u)uswanoidul
(Igg) uoissaidaq (| = u)buiuasiom
10 (9| = u)ruswaroidwl
(SD08-A) DO (£L=u)6l <IQg pue
91 <SDOG-A'€ (L =u)uoneqisdexs
10 (G = u)uswaroidwil :(1ag)
S > 8l >
(s1eak)
3JI| Jo Aujend dn  (sabe)  Aiabuns (U)
S129449 IpIS pue S31PIGIOWOD) JO SWOIINO D] JO SWOdINQ ubisag Apnig -mojjo4 s19lgns Jo oby  swuaneq 19618 Apnig

(PanuIUOD) MIIASJ SIUL Ul S3IPNIS DUl JO Aleluwing | ajqel



Page 8 of 19

(2020) 9:4

Xu et al. Translational Neurodegeneration

19K UA ‘31edS AWIBASS D1 |eqO|D BB SSIDA ‘2]edS dAISINdWOD) SAISSISGO UMOIG-D[BA SDOF-A ‘WNIeUIS [elaudA/ainsded [el3uaA SA

/JA ‘shapnu snwejeyigns NS ‘A101usaul A1BIXUY 1.l [-9181S [LS ‘06 31T ISIPPRYD swordwAs p670S ‘9L Moday JIas — 3jeds uolssaidaq A10JuaAu| YIIND 9/ YS-SAID IdD ‘|esdlejosuanolaisod/esyuanoiaisody|elaiejosalsod
"IdDIAd/IdDAd/4D]d 19p10sIq dAISINAWOD-3AISSISAO @DO ‘PAMOdaI J0U YN ‘susquindde sNajdNU dY ‘31eds Bunjey paseg-0apIA Ysny PILIPON SYAYA ‘YIuow ow ‘uoieulwexy a1els [eIus-IuIN JSWW ‘a1eds uolssaidag
uoljiweH SYgH ‘91eds buney A1RIXuy uoljiweH SYYH ‘947 Jo AlljenD-awoipuks 91121n0] | 3p SIY|ID TOD-SLD ‘D]edS buluodung Jo JUBWISSISSY [eqo|D {i/D ‘D10S JUdIIONYD 3OUBI||DIU| 3[edS [[N4 OfF ‘Di1euuonsany diseg
—ABojoyied A1ijeuosiad JO WBWISSISSY [euolsuawiq Og-ddyd ‘103s 3|eds ssau||| Jo AIIaAdS-uoIssaidw| [egolD [ed1ul]d /S-/DD) X3|dWod SNUISlUL [e10-0J3UdA-1e|NDIDSejeIRd-URIPIWOIIUSD JOA-Jd-ND ‘9eds buney aHAY
NPy SJ3UU0) SYYYD ‘Alojuaaul uoissaidaq 3299 |gg ‘A1o3uanaul A131xuy g g ‘@nsded [eusdlul JO quul| J0LIUR DTV IgD “dIquil| JO [RIPIWOIRIUR ‘IgDWD 4apIosip AHAIRISAAY JDIYBP uoUSNEe HQY SuoneIARIqqY

1uswaAoIdwl

%19 uone|nuns
aAIsuodsal 1uswanoidwl
%€S uonenuns
PsINPaYds SYIHIN'C

uswaAoIdw|
S > 8l >
(s1eak)
3JI| Jo Aujend dn  (sabe)  Aiabuns (U)
S129449 IpIS pue S31PIGIOWOD) JO SWOIINO D] JO SWOdINQ ubisag Apnig -mojjo4 s19lgns Jo oby  swuaneq 1901e| Apnig

(panuiuoD) MIIASI SIYY Ul SIIPNIS 9y} JO Alewwins | ajqeL



Xu et al. Translational Neurodegeneration (2020) 9:4

Page 9 of 19

posteroventral GPi.

Fig. 1 Quantitative susceptibility map of targets proposed for DBS in Tourette's syndromeAbbreviations: ALIC, anterior limb of internal capsule;
amGPi, anteromedial or limbic GPi; CM-Pf, centromedian-parafascicular complex; GPe, Globus Pallidus externus; NAc, Nucleus Accumbens; pvGPi,

amGPi

pvGPi

two case studies reported that DBS of the thalamic CM-
Pf improved comorbid OCD, anxiety, and depression, as
assessed by the Yale-Brown Obsessive Compulsive Scale
(Y-BOCS), Beck Anxiety Inventory (BAI), Symptoms
Checklist List 90 (SCL90), and Beck Depression Inven-
tory (BDI) [35, 36]. Several other case reports and case
series have reported that DBS of the CM-Pf region can
alleviate motor tic severity as well as comorbid psychi-
atric symptoms in patients with TS [37, 38].

In addition, one study reported that DBS of the medial
thalamic region produced a mean 50% improvement in
overall tic severity (YGTSS total score) at 6-month
follow-up [37]. Interestingly, the active lead location was
in the region of the posterior ventralis oralis internus/
CM-Pf complex [37], suggesting that the CM-Pf com-
plex may have partially mediated the beneficial effects of
the medial thalamus DBS on TS symptoms. This effect
on TS symptom severity could stem from the modula-
tion of excitatory fibers of the CM-Pf projecting to the
striatum and subthalamic nucleus, although this hypoth-
esis remains speculative [60]. In contrast to its effect on
tic severity, DBS of the medial thalamus did not produce
an overall, group mean improvement in the patients’ Y-
BOCS scores [37]. However at the individual level, about
63% of the patients with TS achieved a greater than 50%
reduction in their Y-BOCS scores and one patient expe-
rienced an increase in OCD symptoms [37]..

In a prospective open-label trial, DBS of the ventral
anterior and ventrolateral motor parts of the thalamus
was similarly effective in reducing tic severity in 8
patients with TS and psychiatric comorbidities [38].
Additionally, DBS improved the patients’ anxiety, adap-
tive functioning, and quality of life,owever, no significant
effects were observed on comorbid symptoms of OCD
(Y-BOCS), anxiety (State-Trait Anxiety Inventory,
STAI), and depression (BDI) [38]. Thus, these studies
suggest that DBS of each thalamic region can reduce tic
severity and to some extent, improve comorbid anxiety
and depression [61]. Only DBS of the CM-Pf has been
reported to alleviate comorbid OCD symptoms in some
cases of TS.

In general, DBS of the thalamus has been well toler-
ated, but patient risk and adverse side effects remain an
issue of concern. Reported side effects include the tran-
sient blurring of vision, dysarthria, recurrent tension
headache, and a single seizure-like episode (after DBS of
the CM-Pf [34, 36]). Disturbances of eye motility have
also been documented, as well as impaired fine motor
skills, particularly following DBS of the ventral anterior
and ventrolateral motor thalamic regions [38]. Motor
side-effects of thalamic stimulation is likely larger given
that it occurs as the simulation increases. Emotional dis-
turbances, erectile dysfunction, paresthesia, weight gain,
and apathy may also be observed in some patients after



Xu et al. Translational Neurodegeneration (2020) 9:4

thalamic DBS [27]. Of note, the development of the
latter side effect is somewhat surprising as apathy has
traditionally been linked to lesions of basal ganglia struc-
tures altering the cortico-striatal-pallidal-thalamic-cor-
tical pathways [62]. In some patients, the side effects
associated with thalamic DBS can outweigh its thera-
peutic benefit over the long-term course of treatment,
necessitating the exploration and modulation of a target
other than the thalamus for the patients with TS [39].

Globus Pallidus

The globus pallidus (GP) is a promising DBS target for
managing severe and refractory TS [63]. As alluded to
earlier, the GP is an element of the basal ganglia-
thalamocortical circuit that is believed to play a crucial
role in the control of motor function. The GP, consisting
of the internal segment (GPi) and the external segment
(GPe), participates in both the direct and indirect motor
pathways. Some experts have hypothesized that the GP
modulates the excitability of the thalamus and influences
the input from thalamus to cortex [64]. A recent resting-
state functional magnetic resonance imaging (fMRI)
study indicates that the GP could be involved in TS
pathophysiology [63],0wever, the putative role of the GP
in TS remains to be clearly defined.

A randomized, double-blind, crossover clinical trial
assessed the utility of bilateral GPi DBS in alleviating TS
motor symptoms [40]. In this study, 14 patients were
randomly allocated to receive either stimulation on-first
or stimulation off-first for 3 months, followed by a
switch to the opposite condition for an additional 3-
month period. Thirteen patients completed assessments
during both blinded treatment conditions. The results
revealed that tic severity of these patients, as determined
by the mean YGTSS total score, was reduced by an
approximate 15% (95% CI: 5-25%) during the on-
stimulation period compared to the off-stimulation
period. Moreover, bilateral anterior GPi DBS reduced
the severity of comorbid depression (BDI) compared to
baseline prior to surgery. The stimulation had no signifi-
cant effects on comorbid OCD symptoms (Y-BOCS) and
anxiety (BAI) during an open-label period [40].

DBS of the limbic or anteromedial GPi (amGPi) has
been successfully applied to TS treatment. In one study,
15 patients with severe and refractory TS were treated
with amGPi DBS and clinically assessed before surgery
and between 17 and 82 months after surgery [32]. The
results showed that the patients’ tic severity was signifi-
cantly reduced at follow-up (mean reduction of YGTSS
total score: 38%; phonic score: 38%; motor score: 33%)
[32]. At the group level, amGPi DBS had no significant
effect on comorbid OCD (Y-BOCS), depression (BDI),
and anxiety (BAI). However, the authors identified a
subgroup of patients with severe baseline OCD
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symptoms as defined by Y-BOCS who had a 39%
improvement after amGPi DBS [32].. Although this
study found no overall effect on depression, other stud-
ies have reported an improvement in comorbid depres-
sion following amGPi [41, 42, 65]. In another study, DBS
was targeted on the anterior GPi, which produced a
significant tic improvement but failed to alleviate the
patients’ comorbid anxiety and depression [43].

A multicenter study of TS patients with medial GPi
DBS reported improvements in tic severity, comorbid
OCD, anxiety, depression andquality of life [42]. The
median time to achieve a clinical response (> 40% reduc-
tion in YGTSS total score) was 13 months. In this study,
the clinical outcomes of TS patients treated with GPi
were compared with the outcomes of patient who had
been treated with DBS of other targets, including the
CM thalamus. No significant differences in the strength
or timing of the clinical response were observed across
the different DBS targets, although the response to GPi
stimulation wasslower than thalamic CM stimulation
(18 months, 95% CI: 12—24 vs 11 months, 95% CI: 6-15).
Finally, a retrospective study reported that posteroven-
tral GPi DBS improved motor tics in 3 teenagers with
refractory TS [44]. Posteroventral GPi DBS also stabi-
lized comorbid OCD symptoms present in one patient.
These findings suggest that posteroventral GPi DBS
could serve as a safe and effective intervention for man-
aging both tic and OCD symptoms in select adolescent
patients who suffer from TS.

GPi DBS has been associated with various adverse
events and side effects. For example, 3 patients (out of a
total of 13 patients) experienced significant adverse
events (2 patients developed DBS hardware-related
infections and 1 patient a DBS-induced hypomania) fol-
lowing amGPi DBS [40]. All adverse side effects were
managed or resolved over the treatment course. Also,
amGPi DBS has been associated with weight gain, dizzi-
ness, feelings of nausea, freezing-of-gait episodes, im-
paired speech articulation, and akathisia [32]. Similarly,
posteroventral GPi DBS has been associated with
dysarthria [44], dystonia, and dyskinesias [4].

The prior studies reviewed have focused on the GPi
but have not explored the GPe as a potentially effective
DBS target for TS treatment. A recent study examined
tonic and phasic neuronal activities in the anterior GPe
and GPi in 8 awake patients with TS while DBS elec-
trodes were implanted [66]. The results showed that the
expression of tics was accompanied by tonic and phasic
changes of neuronal activity throughout the GP. A large
fraction of both GPe and GPi neurons changed their
baseline firing rate around the time of the tics, indicating
that both GP segments could have a role to play in TS
pathophysiology. Indeed, a case report described a 47-
year-old patient with refractory TS who showed marked



Xu et al. Translational Neurodegeneration (2020) 9:4

improvements in tics and mental health status following
bilateral GPe DBS [45]. Moreover, when the stimulation
was unexpectedly interrupted due to battery depletion,
some of the patient’s TS symptoms reemerged. These
findings suggest that the GPe can also be considered as
a potentially effective DBS target for managing severe
and refractory TS.

Nucleus accumbens and anterior limb of the internal
capsule

A few case studies have assessed the utility of DBS of
the nucleus accumbens (NAc) and the anterior limb of
the internal capsule (ALIC) in TS treatment. One report
of a 26-year-old patient with TS had a 50% reduction in
tic severity after bilateral NAc DBS [46]. Other case re-
ports confirmed the beneficial effects of DBS of the
NAc, as well as of the ALIC, on the severity of tics [47,
48]. In one of these case studies, the patient had a 57%
reduction in tic severity (assessed by the YGTSS) and a
90% reduction in OCD symptom severity (Y-BOCS) at
1-month follow-up [47]. Similarly, another case report of
a 38-year-old TS patient reported a 53% reduction in
OCD symptoms at 3-month follow-up, which was sus-
tained until 36-month follow-up [48]. In the latter study,
however, the patient continued experiencing recurrent
depressive episodes [49]. This observation highlights a
caveat to the treatment, namely that DBS of the NAc/
ALIC region may induce affective side effects, including
both depression and hypomania [46].

In conclusion, all the brain targets reviewed so far have
shown some effectiveness in managing severe and refrac-
tory TS. A recent meta-analysis (57 studies, including a
total of 156 patients) showed that DBS treatment was as-
sociated with an overall 53% improvement in tic severity
scores on the YGTSS, with no significant differences be-
tween the targets examined (thalamus, posteroventrolat-
eral part and the anteromedial part of the GPi, NAc, and
ALIC) [27]. Data from the TAA Registry are in line with
these results [4].

Other targets

Some studies reported clinical improvements in patients
with TS when the DBS was targeted on the junction of
multiple adjacent thalamic nuclei [27, 38]. An alternative
target involves the Forel’s field H1, through which the
projections from GPi to thalamus pass. This area was
found to be an effective and well-tolerated alternative
target in two cases of refractory TS [51]. According to
the authors, stimulation of the H1 field could normalize
a decreased output of the GP through retrograde stimu-
lation of the GPi. The authors further speculate that
DBS of Forel’s field H1 could help to restore the balance
between the direct, indirect, and hyper-direct motor
pathways, ultimately limiting excessive activity of the
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thalamo-cortical network in TS. Moreover, DBS of
Forel’s H1 field has been found to relieve comorbid de-
pression and anxiety in two cases of refractory TS [51].
In one of the two cases, the stimulation of this
target also improved the patient’s comorbid OCD symp-
toms. Targeting Forel’s H1 field has the advantage over
direct thalamic stimulation because DBS of the H1 field
can be performed at low stimulation intensities, reducing
both stimulation-related adverse events and battery de-
pletion. However, the precise anatomical localization of
this region is difficult to identify using current imaging
or other neurophysiologal techniques, limiting its poten-
tial clinical use at the present time.

Finally, the subthalamic nucleus (STN) is the most
common target for DBS treatment for Parkinson disease
(PD), but some evidence exists that this target may also
be effective for managing TS symptoms. For example, it
has been reported that a 38-year-old patient with PD
who also suffered from TS showed a 89% improvement
in tic frequency after 6 months and a 97% improvement
after 12 months of bilateral STN-DBS treatment [52].
This report indicates that STN DBS may modulate dys-
function of both limbic and sensorimotor areas and that
this stimulation may provide a quicker relief of tics than
seen following medial thalamus or GPi stimulation. In
another study, 4 patients with TS received DBS of both
the bilateral GPi and bilateral STN. The researchers also
obtained recordings of local field potentials and the elec-
tromyogram from the patients between 3 and 5days
after DBS implantation [56]. The results were taken to
indicate that STN and GPi stimulation can improve
acute TS symptoms by modulating neuronal oscillations
in the basal ganglia. However, the GPi DBS showed a
better clinical effect on OCD than STN DBS. Nonethe-
less, the available database is extremely small and further
studies are required to assess whether or not the STN is
an effective DBS target for TS treatment.

Multiple targets

It has become increasingly clear that DBS of a single
target is insufficient to manage the clinical symptoms of
all patients, given the heterogeneity and complexity of
the TS syndrome itself and the presence of large inter-
individual differences in clinical response to DBS treat-
ment. For certain symptoms, the use of multiple targets
could have a more effective or widespread effect com-
pared to the use of a single target. For example, DBS of
multiple targets could aid in managing severe psychiatric
comorbidities in some select patients with TS. A recent
case report illustrates the feasibility and effectiveness of
such a strategy [54]. In this study, DBS targeting simul-
taneously the CM-Pf complex and ventral capsule/ven-
tral striatum (VC/VS) was found to produce widespread
clinical benefits in a 20s male patient with TS and
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comorbid major depressive disorder, OCD, and opioid
use disorder. The patient's YGTSS, YBOCS, and
Hamilton Depression Scale (HAMD) scores were im-
proved by 84, 70, and 95%, respectively, after one year of
bilateral, dual-target DBS. Also, the patient’s dependence
for opiate medications was improved and he had self-
tapered off the medication [54].

Multiple DBS targets also play a role in “rescue” DBS
treatment, where the patient receives a second lead
placement in a different target following a suboptimal
clinical response to the initial surgery [53]. Although the
use of multiple targets may have clinical value, this strat-
egy carries an increased surgical risk, risk of adverse side
effects, and complications relative to the use of a single
target. Therefore, a clear understanding of the benefits
and risks associated with the use of multiple targets,
along with adequate patient selection is required when
adopting this therapeutic strategy.

DBS combined with radiosurgery to address psychiatric
comorbidity

To date, only a few studies have explored the use of
DBS combined with stereotactic radiosurgery for man-
aging refractory TS and psychiatric comorbidities. A re-
cent case study [55] illustrates the potential utility of this
treatment strategy. In this study, a 47-year-old female
patient with refractory TS and comorbid OCD had a
poor clinical response (YGTSS =39/50, Y-BOCS =28/
40) to her first surgical treatment involving posteroven-
trolateral GPi DBS. One year after the first surgery, a
second DBS device was implanted in the contralateral
ventral anterior and ventrolateral motor regions of the
thalamus, which produced a significant improvement in
motor and vocal tics (YGTSS =10/50) but did not
change the severity of her OCD symptoms (Y-BOCS =
28/40). Two years after the second DBS surgery, the
patient received gamma knife surgery targeting the
ventral portions of the ALIC. Following this interven-
tion, the severity of her comorbid OCD symptoms
was greatly reduced at 9-month follow-up. The pa-
tient was in clinical remission at 12-month follow-up
(Y-BOCS = 6/40). The remission of her OCD was ac-
companied by improvements in depressive symptoms
[55]. This case report implies that DBS combined
with radiosurgery could alleviate severe psychiatric
comorbidities in select cases of TS.

This notion seems to be supported by a retrospective
study of 10 patients with refractory TS and psychiatric
comorbidities [57]. In this study, patients had been
treated with GPi DBS combined with bilateral anterior
capsulotomy. The results showed significant improve-
ments in patients’ motor and verbal tics (YGTSS), as
well as in the severity of their comorbid psychiatric
disorders, mainly consisting of OCD and affective
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disorders. Moreover, the patients’ social functioning and
quality of life were substantially improved after the com-
bined neurosurgical treatment [57]. In addition to these
results, GPi DBS combined with capsulotomy may also
offer an effective, rapid, and tolerable intervention for
rare cases of “malignant” TS [67].

Surgical candidates

Appropriate patient selection for DBS surgery requires a
careful multidisciplinary approach. Both treatment re-
fractoriness and symptom severity are important eligibil-
ity criteria for DBS. For example, some patients with
treatment-resistant profound tics, self-injurious behavior
or even life-threatening symptom [13, 44, 68] TS is a se-
verely disabling clinical condition that warrants consid-
eration of neurosurgical intervention. According to the
recommendations of the TAA published in 2006 [17],
only patients who are older than 25 years should be eli-
gible for DBS trials, although the risk of surgical compli-
cations and adverse events does not appear to be greater
among reported cases of TS under 25 years of age who
had documented DBS [17]. The TAA’s updated recom-
mendation in 2015 [58], no longer specifies an age limit
for DBS trials. A multidisciplinary team that careful con-
siders the medical and ethical issues involved in DBS
treatment should guide patient selection while ensuring
patient rights, safety, and care.

The American Academy of Neurology (AAN) has
recently published recommendations for the optimal
management of TS [58, 68]. This includes the use of a
multidisciplinary =~ screening team pre- and post-
operatively, offering cognitive behavioral therapy to pa-
tients, screening for psychogenic/functional tics, and
mental health assessments conducted by a psychiatrist
pre- and post-operatively to confirm the DSM-V diagno-
sis and assess psychiatric comorbidities.

Effects of DBS in childhood

A retrospective case series reported the clinical out-
comes of 13 patients treated with medial thalamic DBS
for refractory TS [37]. The average age was 20 years (12
patients were younger than 25years and 1 patient was
33 years old). After DBS, the patients continued to have
tics but the overall severity of tics (YGTSS total score)
was reduced by 50% at the last (6—58 months) follow-up.
Adverse side effects and complications reported included
skin erosion, skin infection at the connector site, head-
ache, and changes in mental state secondary to obstruct-
ive hydrocephalus. A prospective case series examined
the outcomes of 3 patients with TS (19-21 years old)
treated with DBS of the bilateral CM-Pf-ventral oral
nuclei [35]. One year after DBS, the patients showed
significant reductions in tic severity and social impair-
ment. The patients’ levels of intelligence did not change
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after treatment. Another study evaluated the long-term
clinical outcomes of 3 adolescents, including the then
youngest patient worldwide (12 years old at the time of
surgery), who underwent posteroventral GPi DBS for
managing refractory TS [44]. After DBS, the pediatric
patients exhibited a substantial improvement in motor
tics, although their phonic tics and psychiatric comor-
bidities were not affected. In another study, the tics of 2
patients (both 19 years old) were improved, at least to
some extent, after anterior GPi DBS [69].

Recently, a meta-analytis review of individual patient
data from DBS studies with children and adolescents
with refractory TS (N =58; aged 12-21 years) has been
published [70]. The studies reviewed targeted the
thalamus or GPi regions. The results showed that across
patients, studies, and targets, DBS treatment was associ-
ated with a reduction in tic severity (YGTSS) by about
58% (SD =25; p < 0.001). Moreover, DBS treatment was
associated with a reduction in comorbid OCD symptoms
(YBOCS) by 31% (SD =45; p < 0.001) and anxiety (STAI)
by 40% (SD =20; p < 0.001) [70]. Although both targets
were associated with significant tic improvements,
greater improvements in tic severity were observed in
thalamic stimulation compared to pallidal stimulation
(YGTSS score improvement: thalamus: 69%; GPi: 53%;
p =0.0387), especially in patients with less severe TS
symptoms at baseline. Additionally, the presence of co-
morbid depression was associated with a less favorable
response to DBS treatment. Side effects were noted in
about 28% of the patients however most were considered
mild. The main results from this meta-analysis are con-
gruent with the data from the TAA Registry (including
data from pediatric patients aged 13 years and older) [4].

In summary, DBS is a treatment option for adolescent
patients who suffer from severe and intractable TS and
have undergone careful assessment and selection by a
multidisciplinary team [17, 58, 69, 70]. Early DBS inter-
vention in younger patients is still controversial, given
the possibility of resolution of symptoms later in life
without DBS. Some experts argue that even though the
possibility of symptom resolution at a later age exists, an
earlier DBS intervention in select pediatric patients may
improve their social adjustment and clinical outcomes
[71]. More studies are needed to shed light on this im-
portant issue.

Ethics of DBS in childhood

Several ethical issues need to be considered in DBS
treatment of pediatric patients with TS. As indicated in
the prior section, one important ethical question is
whether or not DBS should be considered in a teenager
with TS, given that tics decrease in 40% of TS patients
and disappear completely in another 40% of patients
during adolescence and young adulthood [2]. Based on
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new insights and revised guidelines [17], patient’s age is
no longer a strict eligibility criterium for DBS treatment.
Instead, the eligibility for DBS treatment should be
based on a careful assessment of the benefits and risks
of the neurosurgical intervention for a given patient.

For some pediatric patients, the benefits of DBS can out-
weigh the risks associated with the intervention. As dis-
cussed in the prior section, DBS can offer substantial
clinical benefits to patients who suffer from otherwise in-
tractable TS with severe psychiatric comorbidities, self-
injurious behavior or even life-threatening symptoms [13,
44, 67, 68]. Another argument in favor of early DBS inter-
vention is that severe TS in adolescence is associated with
a high risk of bodily harm, disrupted cognitive and emo-
tional development, low self-esteem, and poor quality of
life [69]. This situation can jeopardize educational and job
opportunities, social interactions, and relationships with
peers. Thus delaying surgery in these young patients could
result in permanent harm to their cognitive, emotional,
and social development, even if the TS symptoms eventu-
ally subside with age. On the other hand, DBS is an inva-
sive treatment with potential surgical complications and
many adverse side effects.

Other factors are also relevant for determining
whether an adolescent patient may be a reasonable can-
didate for DBS. These include psychosocial factors, such
as the presence or absence of a stable and supportive so-
cial environment, as well as psychological factors, such
as the patient’s individual resilience and coping strat-
egies. Voluntary written informed consent must be
obtained from the pediatric patient and/or the legal
guardian before DBS treatment [69]. DBS is a potentially
powerful treatment for managing the clinical symptoms
of TS and its psychiatric comorbidities in select patients
who do not clinically respond to conventional treat-
ments. Finally, studies have provided evidence that DBS
can improve the motor and vocal tics in TS. An import-
ant goal of future DBS treatment studies is to improve
the patient’s clinical symptoms along with improving his
or her functional impairments and quality of life.

There is substantial inter-individual variability in the
clinical response to DBSA current clinical challenge lies
in finding a marker to predict the patient’s clinical re-
sponse to DBS. To date no genetic, biological, behavioral
or other type of marker has been identified that can ac-
curately predict the clinical response to DBS for individ-
ual patients. Longitudinal prospective studies, involving
large cohorts, standardized surgical procedures, and
multidimensional assessment protocols will be needed to
identify potential prognostic markers [44].. Finally, DBS
treatment for TS seems to be associated with a higher
infection risk [72]. Additional research is also needed to
determine whether the risk of infection or its complica-
tions differ between younger and older patients.
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Optimization of DBS treatment

Chronic high-frequency stimulation has been associated
with long-term improvement in motor and vocal tics
across multiple targets. It is unknown whether some pa-
tients with TS develop tolerance to continuous stimula-
tion or experience disease progression over the course of
the long-term treatment. The TAA Registry and other
studies have documented the adjustments made to the
stimulation parameters (e.g., increasing pulse voltage) to
maintain control of tics following DBS surgery [4, 32].
Such adjustments are made in an effort to maintain symp-
tomatic control but they could increase the total energy
delivered to the patient, thereby draining the battery more
quickly, leading to more frequent battery replacements
and increasing the burden on the patient involved. In the
near future, this problem may be resolved by rechargeable
technologies. The development and use of rechargeable
technologies could also resolve the increasing difficulties
in obtaining insurance and healthcare authorizations to
pay for battery replacements [73].

Adaptive deep brain stimulation

At present, most DBS systems function in an ‘open-loop’
mode, that is, the stimulation parameters are preset in
advance and cannot be changed or updated according to
the clinical symptoms of the patient or to underlying
pathophysiological changes in the brain. The classical
open-loop system, however, represents a static approach
to therapy within an inherently dynamic system [74]. In
contrast, responsive or adaptive DBS (aDBS) is designed
to function as a ‘closed-loop’ stimulation device, which
can be personalized according to the frequency and dur-
ation of a physiologic event or behavioral manifestation
[59, 75-78]. The closed-loop system in which stimula-
tion is dependent on functional neural feedback were
initially designed to improve the treatment of epilepsy
[79, 80]. Recent studies suggest that aDBS is a more ef-
fective approach than conventional DBS to treat epilepsy
and other neurological disorders, including PD [81, 82]
and essential tremor [83, 84].

The primary goal of aDBS is to widen the therapeutic
window. As opposed to closed-loop systems, aDBS can
be used to deliver stimulation according to the current
state of pathological activity, as indexed by real-time
changes in the patient’s brain electric signals. This
method may avoid the unwanted situation that stimula-
tion is given to patients when they are in a healthy, tic-
free state [78]. For DBS, the measurement of local field
potential (LFP) activity has been favored over microelec-
trode recordings of single neurons given that LFPs can
be readily measured from the implanted DBS leads [85,
86]. In one study, certain LFPs in the thalamus closely
linked to the generation of tics were identified in 3 pa-
tients with severe and intractable TS while undergoing
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thalamic DBS [87]. Correspondingly, in line with the pu-
tative role of the thalamus in TS pathophysiology, it may
be hypothesized that the monitoring of thalamocortical
network activity could be useful in aDBS to detect the
presence of tics and associated pathological activity in
patients with TS [88].

Indeed, a case report has recently provided the first
evidence for the utility and feasibility of aDBS in TS
treatment [75]. In this study, a 27-year-old patient with
intractable TS was treated first with conventional, con-
tinuous DBS of the CM-Pf. After four years of stimula-
tion, the battery was depleted and surgically replaced.
On this occasion, the patient’s implant involved aDBS so
that stimulation was given only when tic-related, patho-
logical activity occurred in the CM-Pf. One year later,
the patient’s scores on the YGTSS and Modified Rush
Tic Rating Scale (MRTRS) were improved by 48 and
64%, respectively, when compared to the scores observed
before aDBS implantation surgery. These data not only
support the clinical utility of aDBS but also indicate that
this type of stimulation could be more effective than
conventional DBS for refractory TS.

A secondary goal of aDBS has been to reduce power
drain on the battery/neurostimulator (IPG). Recharge-
able IPG systems are unsuitable for a significant propor-
tion of patients [89]. Moreover, those patients who use
them would benefit if recharging occurred less fre-
quently. In this context, it is interesting to note that ef-
forts are being devoted to reducing rechargeable battery
size sufficiently to make skull-mounted IPGs possible
[90]. In the case study discussed earlier, it was observed
that the use of aDBS resulted in a 63% improvement in
the neurostimulator’s projected mean battery life when
compared with scheduled stimulation [75]. In addition,
there was a 145% improvement when compared with
duty-cycle-only therapy. The cumulative stimulation
dosage was also calculated. The calculated reductions in
the duty cycle and the scheduled duty cycle schemes
were 40 and 80%, respectively. The daily dosage, which
refers to the cumulative on time of the devices, for the
open-loop, duty-cycle, scheduled duty-cycle, and respon-
sive paradigms corresponded to 24, 2.82, 0.94, and 0.56
h, respectively, signifying that the estimated battery life
could be extended to 2.5 years for responsive stimulation
[75]. Thus, these data suggest that the use of aDBS treat-
ment for TS could also yield long-term economic and
practical benefits.

Functional connectivity profiles

No marker has so far been identified that accurately pre-
dicts the clinical response of patients with TS to DBS
treatment. Recently, resting-state fMRI studies have re-
ported some intriguing findings that could lead to the
development of a prognostic marker. These studies have
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focused on the structure and function of the so-called
‘default mode network’ (DMN), which refers to a widely
distributed brain network that is preferentially active
during rest and deactivated during task engagement
[91]. Altered functional integrity of the DMN has been
demonstrated in several neuropsychiatric disorders, in-
cluding TS. A study reported that functional connectiv-
ity in the DMN correlated negatively with tic severity in
a subgroup of TS-pure tic patients [92]. It has also been
reported that tic severity correlated negatively with ab-
normal intrinsic functional connectivity (iFC) between
the bilateral anterior cingulate cortices [93]. The latter
finding is in line with the hypothesis that impaired inter-
hemispheric functional connectivity contributes to the
pathophysiology of TS. This finding also suggests that
the iFC could serve as a quantitative biomarker for clin-
ical diagnosis. However, independent replication is re-
quired before this result can be well accepted.

In another study, the functional connectivity profile of
TS patients who showed a good clinical response to
CM-Pf DBS were compared with that of patients who
displayed a poor clinical response [94]. The functional
profile was defined in terms of connection between the
volumes of tissue activated (VTAs) of the active DBS
contact and the cortical areas. The results showed that
responders had VTAs that were closely linked to the
right frontal middle gyrus, the left frontal superior sulci
region, and the left cingulate sulci region, whereas poor
responders had VTAs that were only loosely related to
these regions [94]. Although this study was limited by
small sample size (n =5 patients), the results indicate
that the assessment of VT A-based functional connectiv-
ity profiles could help in predicting the patient’s clinical
response to CM-Pf DBS.

In conclusion, the assessment of functional connectiv-
ity profiles seems to be a promising approach to identi-
fying diagnostic or prognostic markers in TS. Functional
effectivity profile assessment may similarly be useful in
improving clinical outcome following STN-DBS in
Parkinson’s disease [95]. It has also been postulated that
long-term DBS can restore brain functional connectivity
at a global level [96]. Accordingly, an important topic
that warrants further research is the relationship be-
tween preoperative functional connectivity profiles and
clinical outcomes in TS.

Structural connectivity profiles

Neuroimaging studies have also assessed the structural
connections in the human brain, usually employing re-
gional measures. In a study, probabilistic stimulation at-
lases were used to identify anatomical regions that may
predict the therapeutic response to DBS for TS [42].
However, the stimulation location relative to structural
anatomy alone did not sufficiently predict the efficacy of
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DBS on tic severity. This study, however, focused on a
single focal brain site. As brain regions are not isolated
structures and the connectivity between regions is cru-
cial for normal brain function, there has been a recent
shift to methods that study the connectivity between
regions. For example, tractography based on diffusion
tensor imaging (DTI) can be used to identify the prob-
abilistic structural connectivity of the site of stimulation
and to detect the brain networks that contribute to
symptom improvement across multiple surgical targets
[97]. Also, DTI studies have shown altered properties of
white matter microstructure in cortico-striato-thalamo-
cortical circuitry in patients with TS [98, 99]. In another
study, a large sample of young patients (age range, 8—21)
were measured using tract-based spatial statistics and
probabilistic tractography [100]. The results demon-
strated both marked and wide spread decreases in axial
diffusivity together with altered white matter connectiv-
ity. The tic severity was associated with increased con-
nectivity between primary motor cortex and the caudate
nuclei [100]. These results provide putative evidence that
altered connectivity of the insula might play a pivotal
role in the pathogenesis of TS.

Tractography has been used to analyze the network ef-
fects of DBS for treatment-refractory OCD patients [101,
102], demonstrating that optimal therapeutic results are
associated with the activation of specific fiber pathways.
In OCD DBS targeting NAc/ALIC, the degree of con-
nectivity between stimulation sites and medial and lat-
eral prefrontal cortices significantly predicted clinical
improvement [102]. These results also indicate that con-
nectivity of the site stimulation plays a role in mediating
the clinical response to DBS. Selection and refinement
of DBS targets based on structural connectivity by trac-
tography could help in improving clinical outcomes and
avoiding stimulation related adverse events of DBS ther-
apy for TS.

As discussed before, DBS of the Forel’s field seems to
be effective for tics and comorbid symptoms in TS, but
the exact location of this target cannot be easily be esti-
mated from the anatomical information provided by
standard MRI and CT scans. Its reference coordinates
obtained from stereotactic brain atlases or target using
the surrounding structures as landmarks [51]. Direct tar-
geting of the Forel’s field and their connective fiber
tracts might be achieved using tractography guided ap-
proaches. Likewise, the superolateral branch of the med-
ial forebrain bundle (sIMFB) seems to be anatomically
and functionally connected with DBS targets used to
treat major depressive disorder (MDD), such as the
NAc/ALIC [103]. In another study, tractography was
useful for localizing and implanting DBS targeting the
sIMFB, serving to modulate subcortical and cortical
reward-related pathways assumed to be dysfunctional in
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MDD [104]. The results showed, indeed, that direct
white-matter modulation of sSIMFB fibers achieved desir-
able anti-depressive effects. Moreover, a double-blinded,
randomized study involving 34 patients with either
tremor-dominant Parkinson’s disease or essential tremor
demonstrated the clinical utility of tractography. The re-
sults demonstrated that the tractography-guided lead
placement produced a more enduring tremor control
and fewer adverse effects compared with lead placement
using conventional landmarks [105]. It also seems that
tractography is feasible and effective in identifying the
optimal DBS trajectory [106]. Surgeons can perform
DBS procedures using the anatomical information from
preoperative DTI studies for accurate DBS implantation.

Conclusions

Tourette syndrome (TS) is a childhood-onset neuro-
psychiatric disorder characterized by the presence of
multiple motor and vocal tics. TS usually co-occurs with
one or more psychiatric disorders. Although behavioral
and pharmacological treatments for TS are available,
some patients do not profit from these treatments and
continue to display significant and disabling symptoms.
For severe and refractory cases of TS, DBS could provide
an alternative treatment option. Important issues
involved in DBS treatment include patient selection,
clinical assessment including psychiatric comorbidities,
selection of clinical outcomes, assessment of patient
risks and benefits, DBS target selection, and treatment
optimization. Recent recommendations for TS DBS have
been published by the TAA and the AAN.

DBS seems to offer a valuable treatment option for se-
vere and refractory cases of TS. Although several effect-
ive targets have been identified, different targets are
associated with different therapeutic effects and different
adverse-event profiles. However, the clinically best target
or combination of targets remains to be determined.
Multiple targets and/or DBS combined with radiosurgery
are both promising approaches to improve clinical out-
comes in carefully selected patients with severe psychi-
atric comorbidities. Individual patient differences in
clinical response to TS DBS have been substantial, and a
marker that can predict individual response has not yet
been identified. In DBS of pediatric patients, clinicians
are faced with various ethical issues, which need to be
carefully considered on a case by case basis. The effect
of conventional open-loop DBS on TS symptoms ap-
pears clinically significant, but newly developed, closed-
loop DBS (aDBS) could greatly advance treatment for
TS by adjusting in real-time the stimulation according to
the clinical state of the patient and the underlying patho-
logical network activity.

Finally, TS DBS should not be performed without an
experienced multidisciplinary team, including a
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psychiatrist for pre- and post-operative clinical assess-
ments. It is necessary to confirm the DSM-V diagnosis,
to rule out psychogenic tics, and to assess psychiatric co-
morbidities. Age is not an eligibility criterion for DBS,
but a multidisciplinary board should evaluate risks and
benefits for each patient while taking into consideration
the ethical issues relevant to pediatric populations.
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