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11.1            Introduction 

 Essential tremor (ET) is the most common move-
ment disorder in adults (Deuschl et al.  2011 ). The 
postural and action–intention components affect-
ing distal and proximal musculature are the typi-
cal manifestations of advanced ET. ET affects the 
upper extremities, head, voice, legs, and trunk. 
The primary treatment for ET is pharmacother-
apy. Two drugs, primidone and propranolol, have 
been established as effective (level-A evidence 
by the criteria of the American Academy of 
Neurology) (Zesiewicz et al.  2011 ). However, 
30–50 % of patients will not respond to both 
drugs (Koller and Vetere-Overfi eld  1989 ). Five 
drugs, topiramate, alprazolam, atenolol, gaba-
pentin, and sotalol, have been shown to be com-
patible to level-B evidence (probably effective). 
Irrespective of these medications, 25–55 % of 
patients manifest medication-refractory ET 
(Louis  2001 ). Around 10 % of patients experi-
ence signifi cant physical impairment and mark-
edly decreased quality of life. Although the 
evidence for surgical therapies remains at level C 
(possibly effective) due to a lack of class-I and 
class-II studies, thalamotomies and deep brain 

stimulations have been applied to drug-resistant 
ET patients, and they have been reported to be 
highly effi cacious for upper limb tremor in 
patients with ET (Deuschl et al.  2011 ). 

 Although the therapeutic effi cacy of ablation 
surgery may be comparable to that of DBS 
(Schuurman et al.  2000 ,  2008 ), DBS is currently 
preferred over thalamotomy due to its reversibil-
ity and adjustability and to the undesirable and 
irreversible tissue damage that is caused by the 
ablation surgery (Tasker  1998 ). The ventral 
intermediate (VIM) nucleus of the thalamus has 
been used as a classic target for ET since 1987 
(Miocinovic et al.  2013 ). However, axial tremor, 
the action component of distal tremor, and proxi-
mal tremor respond poorly to VIM DBS 
(Benabid et al.  1991 ,  1996 ). In addition, VIM 
DBS manifests a high incidence of dysarthria 
and disequilibrium (Benabid et al.  1991 ,  1996 ; 
Pahwa et al.  1999 ; Taha et al.  1999 ) and toler-
ance to the stimulation (i.e., habituation) 
(Benabid et al.  1991 ,  1996 ; Hariz et al.  1999 ). 
The posterior subthalamic area (PSA), which is 
composed of the prelemniscal radiation (Raprl) 
and the caudal zona incerta (cZI), has been a tar-
get of early ablation surgery in patients with 
tremor (Ito  1975 ; Krauss et al.  1994 ; Mundinger 
 1969 ; Velasco et al.  1972 ). Recently, this struc-
ture has been revived as another option for DBS 
for ET (Lehman and Augustine  2013 ). 
Subthalamic nucleus (STN) DBS has also been 
considered for ET (Lind et al.  2008 ).  
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11.2     Pathophysiology of Essential 
Tremor 

 The precise pathogenesis of ET is poorly under-
stood. In the harmaline animal model, abnor-
mally synchronized (4–10 Hz) oscillations have 
been identifi ed in the inferior olivary nucleus 
(ION), and these are transmitted to the dentate 
and interpositus nuclei in the cerebellum (Park 
et al.  2010 ; Wilms et al.  1999 ). The calcium- 
dependent neuronal synchrony in the ION is suf-
fi cient to drive the cerebellothalamocortical 
circuit to produce tremor (Park et al.  2010 ), and a 
functional imaging study has shown the abnor-
mal activation of the ION in ET (Boecker et al. 
 1996 ). These results suggest the dysfunction of 
the olivocerebellar circuit is the primary cause of 
ET (Deuschl and Bergman  2002 ). There are no 
morphological changes in the ION, supporting 
the idea that ET is due to a functional abnormal-
ity within the central nervous system (Deuschl 
et al.  2001 ; Louis et al.  2013 ). The ION adjusts or 
modulates planned movements during their exe-
cution in response to unconditioned afferent 
information; in other words, it is a movement 
error detector (Plaha et al.  2004 ). 

 The cerebellar nuclei connect to the ventro-
lateral thalamus through the cerebellothalamic 
tract and consecutively to the motor cortex. 
Plaha et al. ( 2008 ) have presumed that exces-
sive movement correction in response to limb 
displacement detection and overcorrection 
might create abnormal oscillation in the ION in 
ET. Louis and Vonsattel ( 2008 ) have proposed 
that the cerebellum is integrally involved in the 
pathophysiology of ET, and some neurodegener-
ative features in the cerebellum have been shown 
(Louis et al.  2009 ). This hypothesis is supported 
by the fi ndings of a recent neuroimaging study 
that ET is associated with γ-aminobutyric acid 
(GABA)ergic neurotransmission dysfunction in 
the cerebellum (Boecker et al.  2010 ; Gironell 
et al.  2012 ). 

 Although the olivocerebellar system and the 
thalamus are key structures, corticomuscular 
coherence studies have suggested the existence 
of several central pacemakers in the cerebellum, 
thalamus, and motor cortex (Govindan et al. 

 2006 ; Hua and Lenz  2005 ; Raethjen and Deuschl 
 2012 ; Schelter et al.  2009 ; Schnitzler et al.  2009 ). 
Recent studies using magnetoencephalography 
(MEG) have revealed that all of the centers 
simultaneously work and are not fi xed and that its 
constituents may vary over time (Raethjen et al. 
 2007 ; Schnitzler et al.  2009 ; Raethjen and 
Deuschl  2012 ). The intermittent cortical involve-
ment may shift the mode of cooperation between 
all of the constituents of the tremor network 
(Raethjen et al.  2007 ; Raethjen and Deuschl 
 2012 ). The so-called burst and tonic modes of 
activity have been observed in thalamic neurons. 
In the burst mode, the transfer of information has 
a high signal-to-noise ratio that is conveyed in a 
nonlinear manner such that new signals are read-
ily identifi able but not readily analyzed. In the 
tonic mode, there is a linear transfer of the activ-
ity of specifi c afferents, but the signal-to-noise 
ratio is low (Godwin et al.  1996 ). These patterns 
of activity have been seen in the lateral thalamus 
(Tsoukatos et al.  1997 ; Zirh et al.  1998 ). The 
interaction within the network seems to deter-
mine the emerging type of movement (Raethjen 
and Deuschl  2012 ), including ET. 

 The contribution of the basal ganglia loop in 
generating ET has been controversial (Gerasimou 
et al.  2012 ; Lou and Jankovic  1991 ). The fact that 
the stimulation of VIM, PSA, and STN could 
also affect neurons and fi bers that are included in 
the basal ganglia loop has suggested that stimula-
tion of both the cerebellothalamic and pallidotha-
lamic fi bers might be responsible for the 
therapeutic effects on tremor (Deuschl and 
Bergman  2002 ).  

11.3     Anatomy 
and Electrophysiology 
of DBS Surgery 

 The VIM nucleus, which receives strong cer-
ebellothalamic afferents, is a major target of 
tremor in functional neurosurgery (Asanuma 
et al.  1983a ,  b ; Ilinsky and Kultas-Ilinsky  2002 ; 
Kultas-Ilinsky and Ilinsky  1991 ). VIM DBS has 
demonstrated promising results for the treat-
ment of ET (Rehncrona et al.  2003 ; Sydow 
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et al.  2003 ). Recently, many studies have dem-
onstrated that the PSA (Fytagoridis et al.  2012 ; 
Kitagawa et al.  2000 ; Murata et al.  2003 ; Plaha 
et al.  2004 ,  2008 ,  2011 ; Velasco et al.  2001 ) and 
STN (Blomstedt et al.  2011a ,  b ; Lind et al.  2008 ; 
Stover et al.  2005 ) could be alternative targets. 
Recent evidence has revealed that the effects 
of DBS for ET in these subthalamic structures 
yielded good results. 

11.3.1     The VIM Nucleus 

11.3.1.1     Functional Anatomy of VIM 
 The ventrolateral (VL) thalamus is comprised of 
ventral oral posterior (Vop) nucleus, ventralis 
oralis internus (Voi), and the VIM nucleus 
(Hassler  1959 ). Anterior and lateral to these 
nuclei lie the reticular nucleus of the thalamus 
and the internal capsule (El-Tahawy et al.  2004 ). 
The VL thalamus mediates motor control. It 
receives afferent fi bers from the cerebellum, 
basal ganglia, cerebral cortices, and spinal cord, 
and it projects efferent fi bers to the cerebral cor-
tices and basal ganglia. The VL has two subcor-
tical afferent territories: the pallidothalamic and 
cerebellothalamic territories (Ilinsky and Kultas- 
Ilinsky  1987 ; Kuo and Carpenter  1973 ; Nakano 
 2000 ; Sidibé et al.  1997 ). The density of the 
pallidothalamic territory decreases in an anterior 
to posterior gradient and that of the cerebellotha-
lamic territory decreases in a posterior to ante-
rior gradient in the VL thalamus (Sakai et al. 
 1996 ). These two territories are widely interdigi-
tated (Asanuma et al.  1983a ,  b ; Sakai et al. 
 1996 ). The Vop preferentially receives inhibitory 
pallidothalamic inputs from the globus pallidus 
internus (GPi), and the VIM predominantly 
receives excitatory inputs from the cerebellum. 
The efferents from the VIM nucleus preferen-
tially project to the primary motor, premotor, 
and proper supplementary motor area, which, in 
turn, provide reciprocal excitatory corticotha-
lamic inputs (Bromberg et al.  1981 ; Hoover and 
Strick  1999 ). The VIM nucleus projects predom-
inantly to the deep cortical areas of the motor 
cortex (Area 4 and possibly, Area 3a), which 
respond to the passive motor movements of 

joints (Anderson and Turner  1991 ; Butler et al. 
 1992 ; Jones  2007 ; Miyagishima et al.  2007 ; 
Vitek et al.  1994 ). The VIM neurons are somato-
topographically organized; the face, forelimb, 
and hindlimb receptive fi elds are arranged medi-
ally to laterally (Strick  1976 ; Vitek et al.  1994 ; 
Kurata  2005 ). The Vc nucleus, which is the 
major termination structure of the medial lem-
niscus, projects to the primary somatosensory 
cortex (El-Tahawy et al.  2004 ). The subthalamic 
area (STA) is located ventrally to the VL 
thalamus.  

11.3.1.2     Electrophysiological Findings 
During VIM DBS 

 As the microelectrode descends toward the tha-
lamic target, the caudate has a very slow rate of 
spontaneous discharge (0–10 Hz) (Vitek et al. 
 1998 ), and the thalamus is relatively quiet in the 
awake patient but shows occasional slow burst-
ing activity (Starr et al.  1998 ). Microelectrode 
entry into the motor thalamus can be indicated 
by the identifi cation of movement-responsive 
cells and/or cells discharging at tremor frequency 
(Lenz et al.  1994 ). Microelectrode recording can 
identify the Vc nucleus, which is a tactile relay 
nucleus, and its anterior border with VIM as well 
as the ventral border with STA (El-Tahawy et al. 
 2004 ). Neurons that respond to voluntary move-
ments (voluntary cells) are predominantly pres-
ent in the Voa and Vop (El-Tahawy et al.  2004 ). 
Voluntary cells do not respond to verbal com-
mands but rather to the voluntary act itself, and 
they are sometimes diffi cult to distinguish from 
kinesthetic cells (El-Tahawy et al.  2004 ; Raeva 
et al.  1999 ). Kinesthetic cells receive afferents 
from muscle spindles that are located in the ten-
dons and muscle bellies or from stretch receptors 
that are located in the tendons, joint capsules 
or deep tissues, and they respond to passive 
joint movements and proprioceptive afferents. 
These cells are located just anterior to the tac-
tile receptive fi eld (Ohye and Narabayashi  1979 ; 
Ohye et al.  1989 ). Tactile cells in the Vc nucleus 
respond to superfi cial light touch. Stimulation of 
the Vc nucleus induces paresthesia due to activa-
tion of the medial lemniscal axons (El-Tahawy 
et al.  2004 ).  
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11.3.1.3     Surgical Anatomy of VIM 
for Essential Tremor 

 VIM DBS reduces abnormal tremor- 
electromyography coherence in ET postural 
tremor (Vaillancourt et al.  2003 ). The ideal tar-
get for abolishing the tremor is supposed to be 
located in the area where kinesthetic and tremor 
cells coexist (Lenz et al.  1994 ; Atkinson et al. 
 2002 ). The kinesthetic zone is located in the 
lower and lateral part of the VIM nucleus, 
which is a region of confl uence of cerebellotha-
lamic and spinothalamic tracts and which sends 
the majority of its axons to the motor cortex 
(Percheron et al.  1996 ). Ohye and colleagues 
have postulated that this area is optimal for 
radiofrequency lesioning to abolish tremor 
(Ohye and Narabayashi  1979 ; Ohye et al. 
 1989 ). Kiss et al. ( 2003 ) have reported that 
there is an expansion of the representation of 
movement-related (kinesthetic and deep-
responding) neurons anteriorly in patients with 
tremor. Although DBS of the lateral portion of 
the VIM nucleus, where tremor cells might play 
a predominant role, provides the best control of 
parkinsonian tremor, as suggested previously 
(Atkinson et al.  2002 ; Hariz and Hirabayashi 
 1997 ), this is not the case for ET and post-
stroke tremor, in which, presumably, the tremor 
cells are spread out in wide areas (Katayama 
et al.  2005 ) and they involve more proximal 
muscle components, which are represented 
more anteriorly and dorsally in the VIM nucleus 
(Ohye et al.  1989 ). A clinical study that exam-
ined the relationship between lead location and 
clinical outcome of 57 leads in 37 ET patients 
revealed that the lead locations in the anterior 
margin of the VIM nucleus corresponded to 
signifi cant improvements in tremor scores 
(Papavassiliou et al.  2004 ). In such cases, tha-
lamic DBS with bipolar stimulation or a low 
angle of the DBS electrode to the anterior com-
missure–posterior commissure (AC–PC) line 
(~45°) is advocated, as this could cover the 
more anterior (Katayama et al.  2005 ; Kobayashi 
et al.  2010 ; Yamamoto et al.  2004 ; Kiss et al. 
 2003 ) and dorsal areas (Kiss et al.  2003 ; 
Nguyen and Degos  1993 ).   

11.3.2     Posterior Subthalamic 
Area (PSA)  

11.3.2.1     Functional Anatomy 
of the PSA 

 The PSA and its vicinity comprises the nuclei 
area, which includes the Zi, the STN, and sub-
stance Q of Sano, and the fi ber area, which 
includes the ansa lenticularis, Forel’s fi elds H, 
H1, and H2, Raprl, perirubral fi bers, and rubro-
thalamic fi bers (Carrillo-Ruiz et al.  2012 ). There 
also exist extended nuclei from mesencephalon 
that correspond to the substantia nigra (SN) and 
red nucleus (RN). The PSA is situated anterolat-
eral of the red nucleus, posteromedial of the STN, 
inferior of the ventral thalamic nuclei, superior of 
the SN, and anteromedial of the posterior limb of 
the internal capsule (Xie et al.  2012 ; Fytagoridis 
et al.  2013a ). 

 The Zi consists of four territories: rostral, dor-
sal, ventral, and caudal. Rostral Zi, which is 
attributed to visceral control, is located dorsome-
dial to the pallidofugal fi bers and STN. Dorsal Zi 
is attributed to the wake and ventral Zi is under 
the guidance of the eye and head movements 
(Carrillo-Ruiz et al.  2012 ). The cZi, which is 
called the motor part of the Zi, extends posterior 
to the STN (Carrillo-Ruiz et al.  2012 ). The cZi is 
situated ventral to the Va thalamic nucleus, just 
ventral to the fascicularis thalamicus (Forel’s 
fi elds H), and dorsal to the fascicularis lenticu-
laris (Forel’s fi elds H2) (Morel  2007 ; Plaha et al. 
 2008 ). Medial to the cZi is situated the cerebel-
lothalamic tract and the red nucleus, and, lateral 
to the cZi, exists the internal capsule. The Zi 
receives inputs from motor, associative, and lim-
bic cortices, the interpositus nucleus of the cere-
bellum, the substantia nigra reticulata (SNr), the 
globus pallidus internus (GPi), and the ascending 
reticular activating system, and it then connects 
to the centromedian and parafascicular (CM/Pf) 
and VL nuclei of the thalamus, SNr, GPi, the par-
vocellular RN, ION, the medial reticular forma-
tion, the pedunculopontine tegmental nucleus, 
the interpositus nucleus of the cerebellum, hypo-
thalamus, the brainstem, including the peduncu-
lopontine nucleus, the spinal cord, and the 
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cerebral cortices (Carrillo-Ruiz et al.  2012 ; Heise 
and Mitrofanis  2004 ; Mitrofanis et al.  2004 ; 
Mitrofanis  2005 ; Plaha et al.  2008 ). cZI is an 
extension of the reticular thalamic nucleus, and it 
predominantly consists of GABAergic neurons. 
It affects both the basal ganglia and cerebellar 
outputs, medial reticular formation, and midbrain 
reticular formation, which are involved in con-
trolling axial and proximal limb muscles 
(Blomstedt et al.  2009 ; Plaha et al.  2008 ). Current 
theories suggest that the cZi might play a key role 
in transmitting GABAergic input from the basal 
ganglia to the cerebellothalamocortical circuits 
and that DBS might alter or inhibit abnormal 
oscillations (Blomstedt et al.  2009 ; Fytagoridis 
et al.  2012 ; Plaha et al.  2008 ). Plaha et al. ( 2008 ) 
have suggested that Zi is an effective target for 
various types of tremors. 

 The Raprl is situated inferior to the Vo and 
VIM thalamic nuclei, in front of the lemniscus 
pathway, externally is the thalamic reticular 
nucleus, Zi, and STN, and the medial side is bor-
dered by the RN (Carrillo-Ruiz et al.  2008 ,  2012 ; 
Lehman and Augustine  2013 ; Morel  2007 ). The 
Raprl contains cerebellothalamic, pallidotha-
lamic, renticulothalamic, and rubrothalamic 
fi bers (Carrillo-Ruiz et al.  2008 ,  2012 ).  

11.3.2.2     Electrophysiological Findings 
During PSA DBS 

 When PSA DBS is performed, the transfrontal 
trajectory to the target is ~45° to the AC–PC 
plane, and an abrupt increase in impedance (from 
400–500 to 600–700 Ω) is experienced when the 
electrode is passed beyond the ventral boundary 
of the thalamus into the subthalamic white matter 
(Murata et al.  2003 ; Plaha et al.  2008 ). 
Alternatively, single-unit-activity recordings 
have demonstrated frequencies of at least 15 Hz 
and/or responses to somatosensory stimulation or 
joint movements in the thalamus, while single- 
unit activity is absent or below 5 Hz with low 
background activity and does not respond to 
outer stimuli in the subthalamic area (Raprl) 
(Herzog et al.  2007 ; Kiss et al.  2003 ). In awake 
humans, late components of the somatosensory 
evoked potential from median nerve stimulation 

can be recorded from Raprl (Blomstedt et al. 
 2009 ). The extracellular action potential charac-
teristics of the anterior thalamus and Zi are simi-
lar: low frequency and irregular discharge. The 
major difference is the neuronal density or the 
distance traversed before extracellular action 
potentials are encountered (Baker et al.  2004 ). In 
the Zi, the neuronal density is lower than that of 
the anterior thalamus. When the microelectrode 
enters into the STN, high frequency irregular dis-
charges and increases in background activity are 
notably observed (Theodosopoulos et al.  2004 ). 
Just outside the bottom of the STN is an electri-
cally quiet zone. When the microelectrode enters 
into the SNr, high frequency regular discharges 
with decreased background activity are detected.   

11.3.3     Surgical Anatomy 
of the Subthalamic Area (STA) 
and STN 

 Herzog et al. ( 2007 ) have reported that most 
contacts that disrupt tremor-electromyography 
synchronization are located within the PSA, 
although they are still present in the VL thalamus. 
Stimulation of the PSA signifi cantly increases 
the tremor frequency, which refl ects a reduced 
contribution of the pathological central tremor 
oscillator (Deuschl and Bergman  2002 ; Herzog 
et al.  2007 ). The cerebellothalamic fi bers pass 
through the lateral portion of the red nucleus and 
the bulk of fi bers that continue in the rostrolateral 
direction pass through the fi eld H of Forel and 
Raprl and enter the thalamus (Ilinsky and Kultas- 
Ilinsky  1984 ; Herzog et al.  2007 ). The fasciculus 
thalamicus (pallidothalamic tract) includes the 
fasciculus and ansa lenticularis (Forel H1 and 
H2, respectively). These two fi bers merge and 
form the fasciculus thalamicus (Forel H) (Morel 
 2007 ). Therefore, the PSA is largely comprised 
of these two fi bers: the cerebellothalamic fi bers 
and Forel H. These fi bers, especially the cerebel-
lothalamic fi bers, pass through the Zi and the 
Raprl (Morel  2007 ). Therefore, the effects of 
cZi stimulation on tremor might, in part, be due 
to the stimulation of cerebellothalamic and/or 
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pallidothalamic fi bers. In patients suffering from 
ET over the long term, the tremor and kinesthetic 
cells spread into Vo segments (Katayama et al. 
 2005 ; Kiss et al.  2003 ). The intention component 
of ET is supposed to be intensively affected by 
cerebellothalamic afferents to the VIM nucleus 
(Pedrosa et al.  2013 ). These facts suggest that it 
might be better to stimulate cerebellothalamic 
fi bers themselves in order to alleviate ET. The 
most effective electrode might be situated in the 
border zone of the PSA and VIM for ET. This sit-
uation has been shown to be true for Parkinson’s 
disease (PD); the border zone of the cZi and the 
STN was most effective for DBS (Deuschl and 
Bergman  2002 ). 

 According to the stereotactic target of the 
STN proposed by Blomstedt et al. ( 2011a ), the 
stimulation site is located at the border of the 
STN and fasciculus lenticularis from Morel’s 
atlas, and this location is close to the Zi and the 
fasciculus thalamicus. The effect of STN DBS 
might affect the tonic activation of adjacent 
tracts, as well as the cZi, which might lead to a 
tonic activation of VIM neurons and disrupt the 
tremor synchronous activity (Stover et al.  2005 ; 
Miocinovic et al.  2013 ). Stover et al. ( 2005 ) have 
postulated that this hypothesis is compatible with 

the results that the short-latency excitation of tha-
lamic neurons begins just after STN stimulation 
in MPTP PD model monkeys. Lind et al. ( 2008 ) 
have reported that the most effective contacts are 
situated in the mid (56.3 %) and ventral (31.3 %) 
side of the STN.   

11.4     Tentative Stereotactic 
Coordinates for DBS 
in Patients with ET 

 The current surgical targets for ET are the VIM 
(Fig.  11.1 ), STA (Fig.  11.2 ), and STN (Fig.  11.3 ). 
The tentative stereotactic coordinate for VIM 
DBS is 15 mm lateral to the midline at the level 
of the intercommissural line (ICL) and 6 mm 
anterior to the PC (Benabid et al.  1996 ). The 
Guiot approach that is widely used in France is 
the following: (11.0 or 11.5 + 1/2 or 1/3 of the 
third ventricular width) mm lateral to the midline 
at the level of the AC–PC plane and one-fourth of 
the AC–PC length anterior to the PC (Bardinet 
et al.  2011 ).

     In most studies, the PSA has been targeted 
directly (Murata et al.  2003 ; Plaha et al.  2008 ; 
Blomstedt et al.  2010 ). Murata et al. ( 2003 ) have 

a b c

  Fig. 11.1    Stereotactic coordinate modifi ed from Morel’s 
atlas ( 2007 ) illustrating the location of the Vim nucleus (    ). 
( a ) Axial plane, on the AC–PC plane. ( b ) Coronal plane, 
6 mm anterior to the PC. ( c ) Sagittal plane, 14.5 mm lateral 
to the median plane (From Morel ( 2007 ) with permission.) 
Abbreviations:  AC  anterior commissure,  al  ansa lenticularis, 
 Ce  nucleus centralis externus,  Dc  nucleus dorsocaudalis, 
 Dim  nucleus dorsointermedius,  DVO  AC-PC plane,  fct  fas-
ciculus cerebello- thalamicus,  fl   fasciculus lenticularis,  ft  fas-

ciculus thalamicus,  GPi  globus pallidus, internal segment, 
 GPe  globus pallidus, external segment,  LPo  nucleus latero-
polaris thalami,  stt  spinothalamic tract,  IC  internal capsule, 
 MCL  midcommissural line,  ml  medial lemniscus,  PC  poste-
rior commissure,  PuT  putamen,  R  reticular thalamic 
nucleus,  RN  red nucleus,  SNr  substantia nigra, pars reticu-
lata,  STh  Subthalamic nucleus,  Vce & Vci  nucleus 
 ventrocaudalis externus & internus,  Vim  nucleus 
 ventrointermedius,  Vo  nucleus ventrooralis,  Zi  zona incerta       
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reported the PSA coordinates as approximately 
10 mm lateral and 3–4 mm behind the posterior 
border of the STN on the axial slice with the 
greatest STN diameter. Plaha et al. ( 2004 ) have 
targeted the point medial to the posterior dorsal 

third of the STN. Blomstedt et al. ( 2010 ) have 
targeted the cZi with thin-slice T2-weighted 
magnetic resonance images: slightly posterome-
dial to the tail of the STN at the level of the maxi-
mal diameter of the red nucleus. The stereotactic 

a b c

  Fig. 11.2    Stereotactic coordinate modifi ed from  Morel’s 
atlas ( 2007 ) illustrating the location of the STA (    ). ( a ) 
Axial plane, 2.7 mm ventral to the AC-PC plane. ( b ) 
Coronal plane, 7 mm anterior to the PC. ( c ) Sagittal plane, 
11.8 mm lateral to the median plane (From Morel ( 2007 ) 
with permission.) Abbreviations:  AC  anterior commis-
sure,  al  ansa lenticularis,  Ce  nucleus centralis externus, 
 Dim  nucleus dorsointermedius,  DVO  AC-PC plane,   fct  
fasciculus cerebello-thalamicus,  fl   fasciculus lenticularis, 
 ft  fasciculus thalamicus,  GPi  globus pallidus, internal seg-

ment,  GPe  globus pallidus, external segment,  LPo  nucleus 
lateropolaris thalami,  stt  spinothalamic tract,  IC  internal 
capsule,  MCL  midcommissural line,  ml  medial lemniscus, 
 PC  posterior commissure,  PuT  putamen,  R  reticular tha-
lamic nucleus,  RN  red nucleus,  SNc  substantia nigra, pars 
compacta,  SNr  substantia nigra, pars reticulata,  STh  
Subthalamic nucleus,  Vce & Vci  nucleus ventrocaudalis 
externus & internus,  Vim  nucleus ventrointermedius,  Vo  
nucleus ventrooralis,  Zi  zona incerta       

a b c

  Fig. 11.3    Stereotactic coordinate modifi ed from Morel’s 
atlas ( 2007 ) illustrating the location of the STh (    ). ( a ) 
Axial plane, 3.6 mm ventral to the AC-PC plane. ( b ) 
Coronal plane, 9 mm anterior to the PC. ( c ) Sagittal plane, 
11.8 mm lateral to the median plane (From Morel ( 2007 ) 
with permission.) Abbreviations:  AC  anterior commis-
sure,  al  ansa lenticularis,  Dim  nucleus dorsointermedius, 
 DVO  AC-PC plane,  fct  fasciculus cerebello-thalamicus,  fl   
fasciculus lenticularis,  ft  fasciculus thalamicus,  GPi  glo-

bus pallidus, internal segment,  GPe  globus pallidus, exter-
nal segment,  LPo  nucleus lateropolaris thalami,  stt  
spinothalamic tract,  IC  internal capsule,  MCL  midcom-
missural line,  ml  medial lemniscus,  PC  posterior commis-
sure,  PuT  putamen,  R  reticular thalamic nucleus,  RN  red 
nucleus,  SNc  substantia nigra, pars compacta,  SNr  sub-
stantia nigra, pars reticulata,  STh  Subthalamic nucleus, 
 Vci  nucleus ventrocaudalis internus,  Vim  nucleus ventro-
intermedius,  Vo  nucleus ventrooralis,  Zi  zona incerta       
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locations of the STA that best alleviated tremor 
(active contact) were 10.9–12.7 mm lateral to the 
midline, 6.1–7.0 mm posterior of the midcom-
missural line, and 1.5–3.0 mm below ICL 
(Murata et al.  2003 ; Hamel et al.  2007 ; Fytagoridis 
and Blomstedt  2010 ; Barbe et al.  2011 ). These 
targets are supposed to be located in the Raprl. 
Plaha et al. ( 2008 ) have targeted the cZi, and they 
reported that the stereotactic targets of the cZi 
were 14.2 mm lateral to the midline, 5.7 mm pos-
terior to the mid-commissural line, and 2.1 mm 
below the ICL. 

 Blomstedt et al. ( 2011a ,  b ) have targeted the 
STN with thin-slice T2-weighted images at the 
level of the maximal diameter of the red nucleus, 
at a line joining the anterior borders of these 
nuclei, and around 1.5 mm lateral from the visu-
alized medial border of the STN. Lind et al. 
( 2008 ) have reported that the position of active 
contact is 12 mm lateral to the midline, 16 mm 
posterior to the AC, and 4 mm below the ICL.  

11.5     Defi nition of the Active 
Target During DBS Surgery 

 Intraoperative macrostimulation under local 
anesthesia is a reliable method to evaluate the 
effects of the optimal locations for each patient. 
The tremor stops immediately after the stimula-
tion. Adverse events, such as dysesthesia and 
limb ataxia, which diminish within 10 s during 
the stimulation (200–300 Hz, 1 s trains of 0.1- or 
0.2-ms pulse widths, the stimulation current is 
usually limited to a maximum of ~100 μA with 
high-impedance microelectrodes), are acceptable 
(El-Tahawy et al.  2004 ; Krack et al.  2002 ; 
Morigaki et al.  2010 ). Electrode model 3389 
(Medtronic, Inc., Minneapolis, MN, USA) is usu-
ally used for VIM and STN, and model 3387 or 
3389 is used for STA as it enabled stimulation of 
the VL thalamus alternatively (Plaha et al.  2004 ).  

11.6     Stimulation Parameters 

 The mean parameters used in VIM, PSA, and 
STN DBS for ET are the following:

   VIM DBS: 145–185 Hz (at least 100 Hz), 
60–117 μs, 2.0–3.7 V (Koller et al.  1997 , 
 1999 ,  2001 ; Pilitsis et al.  2008 ; Rehncrona 
et al.  2003 ; Tröster et al.  1999 ).   

  PSA DBS: 130–170 Hz (usually 130 Hz), 
60–112.5 μs (usually 60 μs), 1.9–2.5 V 
(Blomstedt et al.  2010 ,  2011a ; Fytagoridis 
et al.  2013a ; Herzog et al.  2007 ; Murata et al. 
 2003 ; Plaha et al.  2004 ,  2011 ).   

  STN DBS: 130–180 Hz, 60–90 μs, 1.5–3 V 
(Blomstedt et al.  2011a ; Lind et al.  2008 ; 
Meng et al.  2013 ; Stover et al.  2005 ).     

11.7     The Possible Mechanisms by 
Which DBS Alleviates Tremor 

 Several hypotheses have been proposed with 
regard to the mechanisms of high-frequency 
DBS. Conduction or depolarization block is 
the simplest hypothesis, and it is supported 
by the fi ndings that ablation surgery has sim-
ilar effects as DBS (Benabid et al.  1996 ). 
Activation of inhibitory presynaptic afferents 
and inhibition of projection neurons (Wu et al. 
 2001 ; Anderson et al.  2006 ), inhibition of neu-
ronal activity near the stimulation site and acti-
vation of axonal elements that leave the target 
structure (Vitek  2002 ), activation of adjacent 
fi ber tracts surrounding or running through 
the stimulated site (Johnson et al.  2009 ), and 
the superposition of continuous stimuli onto 
rhythmically oscillating subcortical–cortical 
loops (Montgomery and Baker  2000 ) are other 
hypotheses. Some authors have hypothesized 
that high-frequency stimulation in the VIM 
increases glutamate release from glial cells and 
excites local interneurons, thereby increasing 
the production of inhibitory neurotransmitters 
(e.g., GABA and glycine) and resulting in a 
decrease in the fi ring rates of projection neurons 
(Kang et al.  1998 ; Tawfi k et al.  2010 ; Tian et al. 
 2005 ). When we consider the effect of VIM, 
as well as PSA (especially Rarpl) stimulation, 
the conduction or depolarization block might 
be a plausible mechanism. However, positron 
emission tomography analyses have demon-
strated that VIM DBS increases regional blood 
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fl ow in the supplemental motor area (Ceballos-
Baumann et al.  2001 ; Perlmutter et al.  2002 ). 
Taking into consideration that the cerebello-
thalamic and thalamocortical fi bers are both 
glutamatergic (excitatory), a different mecha-
nism might be at work. DBS might modulate 
abnormal oscillation coupling by superposing 
continuous stimuli onto rhythmically oscillat-
ing loops (Montgomery & Baker’s theory) or 
activate adjacent or surrounding fi ber compo-
nents (Vitek’s or Johnson’s theory).  

11.8     Patient Selection 

 Factors to consider in DBS include tremor 
severity, refractoriness to medication, tremor 
type, patient characteristics, including age, 
comorbid conditions, surgical risk, patient 
preference, social and employment factors, and 
social support (Cooper and Bowes  2012 ). One 
of the most important aspects is cognitive func-
tion. This is especially important for bilateral 
procedures, particularly bilateral STN DBS 
(Hariz  2002 ). Patients with borderline men-
tal conditions have experienced irreversible 
and unadjustable dementia after bilateral STN 
DBS. Although most cases involve unilateral 
surgery (left side), VIM, Raprl, and cZi DBS 
have not been shown to affect higher cognitive 
processes as long as in 6-year follow-up periods 
(Heber et al.  2013 ). 

 Unilateral thalamotomy could be an option 
when a patient does not want to implant devices, 
a patient has diffi culty in consulting medical care 
frequently, extensive lesioning is predicted due to 
a proximal inclusion, a patient has an increased 
risk of infection (immune-compromised 
patients), and habituation or tolerance occurs 
after DBS (Bahgat et al.  2013 ). 

 With regard to VIM DBS, tremor-suppressing 
medications could be discontinued after bilateral 
VIM DBS, but they should be continued after 
unilateral DBS. Unilateral VIM DBS is insuffi -
cient to eliminate the necessity for tremor- 
suppressing medications, and discontinuation 
has been shown to worsen the tremor (Favilla 
et al.  2013 ).  

11.9     Therapeutic Impact of DBS 
for ET 

 In general, resting tremors are better controlled 
than action tremors, distal limb tremors are better 
than proximal limb tremors, and upper limb 
tremors are better than lower limb tremors 
(Benabid et al.  1996 ,  1998 ; Lozano  2000 ). The 
short- and long-term effi cacy of VIM DBS is 
promising. However, tolerance to the stimulation 
and insuffi cient effects on axial and proximal 
tremor are the biggest problems. The PSA is an 
effective target for tremor suppression in early 
ablation surgery (Spiegel et al.  1963 ). Although 
there are not enough results concerning long- 
term effi cacy, PSA DBS seems promising in a 
number of recent publications. Moreover, PSA 
stimulation showed a powerful effect, even for 
axial and proximal tremor, and several short-term 
and a few long-term results have described that 
ET patients with PSA DBS did not manifest tol-
erance to the stimulation. Here, we review the 
short- and long-term outcomes that are related to 
VIM, PSA (Raprl & cZi), and STN DBS for 
patients with ET. 

11.9.1     Therapeutic Impact 
of VIM DBS 

 Only one randomized controlled trial with a 
direct comparison of thalamotomy with DBS 
is available (Schuurman et al.  2000 ,  2008 ). The 
results demonstrated that VIM DBS was equally 
effective as VIM thalamotomy. However, half of 
the ET patients experienced diminished effects 
of the stimulation over the 5-year follow-up 
(Schuurman et al.  2008 ). 

11.9.1.1     Short-Term Effi cacy 
   Tremor Reduction (Assessors Blind) 
 Numerous case series are available, and the short- 
and long-term effects of VIM DBS are usually 
favorable (Morigaki et al.  2010 ). Among them, 
blinded assessments have shown a marked reduc-
tion in tremor scores and signifi cant improve-
ments in disability scores (Koller et al.  1997 , 
 1999 ,  2001 ; Lyons et al.  1998 ; Pahwa et al.  1999 ; 
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Tröster et al.  1999 ; Schuurman et al.  2000 ; Hariz 
 2002 ; Rehncrona et al.  2003 ; Fields et al.  2003 ). 

 Schuurman et al. ( 2000 ) have reported that the 
contralateral tremors of 13 ET patients were com-
pletely suppressed at 6 months postoperatively. In 
Koller’s series (Koller et al.  1997 ), VIM stimula-
tion resulted in 31 % of the ET patients obtaining 
contralateral tremor remission, and 79 % of the 
ET patients experienced marked tremor improve-
ment (50–100 %) at the 3-month follow-up. Hariz 
et al. ( 2002 ) have reported that unilateral VIM 
DBS improved the total Fahn-Tolosa- Marin 
(FTM)-tremor rating scale (TRS) tremor score by 
47 % from baseline at the 12-month follow-up. 
Unilateral VIM DBS improved the FTM-TRS 
tremor scores by 50.8–78.0, 53–78.7, and 20.6 % 
from baseline at the 3-, 12-, and 24-month follow-
ups, respectively (Fields et al.  2003 ; Hariz  2002 ; 
Rehncrona et al.  2003 ; Tröster et al.  1999 ). The 
improvement in upper limb tremors contralateral 
to the DBS improved 79 % at the 12-month fol-
low-up (Hariz  2002 ). Both the contralateral upper 
postural and activity/intention components 
improved 66.7 % at the 24-month follow-up 
(Rehncrona et al.  2003 ). Bilateral VIM DBS 
improved the FTM- TRS motor scores (items 
1–10) and the postural + intention tremor by 64.9 
and 66.7 %, respectively, at the 3-month follow-
up (Pahwa et al.  1999 ). Head tremor was improved 
in 71 % of patients (Koller et al.  1999 ). 

 Although the assessors were not blind, several 
publications have indicated the effi cacy of bilat-
eral VIM DBS for axial tremors (Koller et al. 
 1999 ; Limousin et al.  1999 ; Obwegeser et al. 
 2000 ; Ondo et al.  1998 ; Putzke et al.  2005 ; Sydow 
et al.  2003 ; Taha et al.  1999 ). However, its thera-
peutic effi cacy has been reported to vary. With 
respect to voice tremor, some studies have 
reported a signifi cant and marked (more than 
80 %) improvement (Obwegeser et al.  2000 ; 
Taha et al.  1999 ), whereas others have reported 
minimal changes in either short- or long-term 
follow-up studies (Limousin et al.  1999 ; Putzke 
et al.  2005 ; Sydow et al.  2003 ).  

   Motor Function of the Upper Limb 
 VIM stimulation improved FTM-TRS writ-
ing, spiral-drawing, straight line-drawing, and 

 liquid- pouring scores by 56.7, 48.4, 56.3, and 
63.3 %, respectively, at the 3-month follow-
up (Koller et al.  1997 ). Unilateral VIM DBS 
improved FTM-TRS hand function scores by 
39 % at the 12-month follow-up (Hariz  2002 ).  

   Improvement in Activity of Daily Living/
Disability Scores 
 The therapeutic effects have been reported with 
several different scales. The Frenchay activity 
index score improved by 18 % at the 6-month 
follow-up after VIM DBS (Schuurman et al. 
 2000 ). VIM stimulation improved the global dis-
ability score by 57.6 % at the 3-month follow-up 
(Koller et al.  1997 ). Unilateral VIM DBS 
improved the Parkinson’s Disease Questionnaire 
(PDQ-39) Activities of Daily Living (ADL) score 
by 55.5 and 43.6 % at the 3- and 12-month follow- 
ups, respectively (Fields et al.  2003 ). Unilateral 
VIM DBS improved the FTM-TRS ADL score 
(items 15–21) by 54 % at the 12-month follow-up 
(Hariz  2002 ). Several factors of the ADL taxon-
omy scale signifi cantly improved (Hariz  2002 ).  

   Improvements in Other Symptoms 
 VIM DBS has been shown to improve cognitive 
screening measures, visual attention, fi ne visuo-
motor and visuoperceptual functions, verbal 
memory, delayed prose recall, social life, inter-
est/hobbies, and mood state/emotional reactions 
3 and 12 months after unilateral VIM DBS 
(Fields et al.  2003 ; Hariz  2002 ; Tröster et al. 
 1999 ). However, Heber et al. ( 2013 ) have reported 
that neither stereotactic surgery nor electric stim-
ulation affected higher cognitive functions, 
including memory and verbal fl uency, at 1- and 
6-year follow-up evaluations.   

11.9.1.2     Long-Term Effi cacy 
 There has been two publication with a blind 
assessment. Rehncrona et al. ( 2003 ) have found 
that FTM-TRS tremor (item 1–9) and hand func-
tion (items 11–14) scores improved by 47 and 
71 %, respectively, compared to those presurgery 
at a mean follow-up period of 6.5 years after uni-
lateral VIM DBS. The contralateral upper pos-
tural and activity/intention components improved 
66.7 and 50 %, respectively. 
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 Several publications with unblinded asses-
sors have shown similar results. Sydow et al. 
( 2003 ) have reported a 41 % reduction in FTM-
TRS tremor scores and a 39 % improvement 
in the ADL scores with a follow-up period of 
6.5 years. Pahwa et al. ( 2006 ) have reported that 
VIM DBS at a 5-year follow-up period resulted 
in a 75 % improvement in targeted hand trem-
ors by unilateral stimulation, a 65 % improve-
ment in the left limb, and an 86 % improvement 
in the right limb by bilateral stimulation, with 
a 36 and 51 % improvement in ADL scores by 
unilateral and bilateral stimulation, respectively. 
Total FTM- TRS, tremor score, contralateral 
hand function, and ADL scores improved signifi -
cantly, except for voice tremor, at the 86-month 
follow-up (Blomstedt et al.  2007 ; Hariz et al. 
 2008 ). However, the DBS effi cacy on tremor 
decreased, and almost all of the improvements in 
ADL at 1 year were no longer sustained (Hariz 
et al.  2008 ). Zhang et al. ( 2010 ) have reported 
a 80.4 and 69.7 % improvement of FTM-TRS 
tremor and handwriting scores, respectively, in 
a series of 34 patients (bilateral/unilateral DBS; 
11/23 patients) with a follow-up period of about 
5 years. Hariz et al. ( 2008 ) have reported an 
18 % reduction in FTM-TRS total scores in a 
follow-up period of 7 years by unilateral stimula-
tion. Nazzaro et al. ( 2012 ) have reported a 55, 
44, and 31 % signifi cant reduction in FTM-TRS 
total tremor scores for the follow-up periods of 1, 
4, and 9 years by unilateral stimulation, respec-
tively. FTM-TRS ADL improved 73, 52, and 
37 %, and the PDQ-39 quality of life domains 
of the ADLs improved 27, 23, and 19 %, respec-
tively. The PDQ-39 evaluation revealed ADL, 
emotional well-being, stigma, and cognition 
were signifi cantly improved up to 7 years, but 
only stigma remained signifi cant at 9 years and 
the mobility score signifi cantly worsened.   

11.9.2     Therapeutic Impact 
of PSA DBS 

 In a few early studies, the subthalamic area has 
been identifi ed as a better location than the 
 thalamus for alleviating ET (Mohadjer et al. 

 1990 ; Mundinger  1969 ; Velasco et al.  1972 ). The 
short- term results of DBS in this area seem prom-
ising, and the results include tremors that are dif-
fi cult to be controlled by VIM DBS, such as 
proximal postural tremors and distal intention 
tremors (Xie et al.  2012 ). Publications concern-
ing long-term results are limited (Fytagoridis 
et al.  2012 ). 

11.9.2.1     Short-Term Effi cacy of PSA 
DBS for ET 

   Tremor Reduction 
 Murata et al. ( 2003 ) have reported that unilateral 
PSA (Raprl and cZi) DBS immediately alleviated 
intractable proximal and distal tremors in patients 
with eight ET by 81 % as assessed with the modi-
fi ed tremor rating scale (FTM-TRS), and no 
worsening was observed during the mean 
22-month follow-up periods. Voice, neck, and/or 
orthostatic axial tremors were also improved. 

 Using the FTM-TRS evaluation method and 
comparing the results with tremor severity at 
baseline, unilateral PSA DBS improved total 
tremor scores by 60–80.1 % at 12 months 
(Blomstedt et al.  2010 ; Plaha et al.  2004 ). The 
tremor score (items 1–9) improved by 61.2–
84.2 % (Blomstedt et al.  2010 ; Plaha et al.  2004 ); 
upper limb postural and action components 
improved by 84.4 % (Plaha et al.  2004 ). Unilateral 
PSA DBS improved intention tremor by 63.4 and 
68.4 % for a left- and right-side tremor, respec-
tively, in patients with eight ET, two multiple 
sclerosis (MS), and one spinocerebellar ataxia 
(SCA) (Hamel et al.  2007 ). 

 Bilateral PSA DBS reduced the FTM-TRS 
total tremor scores by 63.5 % at a mean of 
17 months postoperatively in patients with 10 
ET (Herzog et al.  2007 ). The ipsilateral upper 
tremor improved by 8.7 % and the contralat-
eral upper tremor improved by 95 %; the rest, 
postural, and activity/intention components 
improved by 100, 83.3, and 94.1 %, respectively 
(Herzog et al.  2007 ). 

 Unilateral cZi DBS improved total tremor 
scores by 60.9–76.9 %, tremor scores by 59.4–
65.1 %, upper extremity tremors by 95.0–100 % 
(rest, postural, and action/intention components 
improved by 100, 95.8–100, and 93.8–94.1 %, 
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respectively) 1 year postoperatively (Blomstedt 
et al.  2011a ,  b ; Fytagoridis et al.  2012 ; Sandvik 
et al.  2012 ). 

 Bilateral cZi DBS improved total tremor 
scores by 75.9 % and upper extremity tremors by 
85.6 % in six ET patients 1 year postoperatively 
(Plaha et al.  2008 ). Both distal (75.9 %) and 
proximal (71.2 %) intention tremors have been 
reported to be improved. Another study has 
shown that bilateral cZi DBS improved total 
tremor scores by 73.8 %, upper extremity tremors 
by 86.6 % (postural and action components by 
88.2 and 82.2 %, respectively) at a 31.7-month 
follow-up (Plaha et al.  2011 ). 

 Some studies have adopted a more objective 
index. PSA DBS reduced the total power of 
accelerometry by 99 %, whereas DBS at the ven-
tral thalamic border reduced it by 68 % and DBS 
at thalamus proper reduced it by 2.5 % at least 
6 months after the operation (Herzog et al.  2007 ). 
Using a 3D ultrasound kinematic analysis tool in 
21 ET patients, bilateral PSA DBS improved 
hand tremors by 86 % at least 3 months after the 
operation (Barbe et al.  2011 ). 

 Head tremor has been reported to be greatly 
improved: 75.0–100 % in short-term studies and 
75 % in one long-term (48.5 months) follow-up 
study as well (Blomstedt et al.  2010 ,  2011b ; 
Fytagoridis et al.  2012 ; Plaha et al.  2004 ,  2008 , 
 2011 ). Face and trunk tremors were improved by 
90.4 and 100 %, respectively, in Plaha’s series 
(cZi DBS, 31.7-month follow-up) (Plaha et al. 
 2011 ). The effects of PSA DBS on voice tremor 
seem to be worsening over the years: 66.7–
98.7 % improvements in short-term follow-up 
periods (Blomstedt et al.  2010 ,  2011b ; Fytagoridis 
et al.  2012 ), while a 33.3 % improvement was 
observed in a long-term follow-up duration 
(Fytagoridis et al.  2012 ; Plaha et al.  2011 ). 
However, we should be aware of the small sam-
ple size in the study of the long-term results.  

   Motor Function of the Upper Limb 
 Two early case series demonstrated that unilat-
eral PSA DBS improves hand writing in all 
patients (Kitagawa et al.  2000 ; Murata et al. 
 2003 ). Using FTM-TRS, unilateral PSA DBS 
improved motor function scores of the upper 

limb (items 10–14); writing, spiral drawing, 
pouring water, and drawing lines improved by 
68, 66.7, 76.9, and 58.3 %, respectively (Plaha 
et al.  2004 ), while bilateral cZi DBS improved 
them by 60.1–64.2, 81.9, 52.9 and 71.7 %, 
respectively (Blomstedt et al.  2011b ; Plaha 
et al.  2008 ,  2011 ). Unilateral cZi DBS 
improved contralateral hand function (items 
11–14) by 78.8–100 % at a 1-year follow-up 
(Blomstedt et al.  2011a ,  b ; Fytagoridis et al. 
 2012 ; Sandvik et al.  2012 ).  

   Improvement in Activity of Daily Living 
Scores 
 Unilateral PSA DBS improved FTM-TRS ADL 
scores (items 15–21) by 66.4–88.8 % 12 months 
postoperatively (Blomstedt et al.  2010 ; Plaha 
et al.  2004 ). Bilateral PSA DBS improved ADL 
scores by 85.7 % in patients with eight ET, two 
MS, and one SCA (Hamel et al.  2007 ). Unilateral 
cZi DBS improved ADL scores by 64.1–76.5 % 
at a 1-year follow-up (Fytagoridis et al.  2012 ; 
Blomstedt et al.  2011a ; Sandvik et al.  2012 ). 
Bilateral cZi DBS improved ADL scores by 
80–84.5 % (Plaha et al.  2008 ,  2011 ). 

 A SF-36-survey physiological component 
score was improved by 23.7 %, and the mental 
component score improved by 22.4 % (Plaha 
et al.  2011 ). In another report, cZi DBS did not 
improve SF-36 subscores, and the authors postu-
lated that SF-36 might be unsuitable for evaluat-
ing changes in ET patients in this condition 
(Sandvik et al.  2012 ). 

 The Quality of Life in Essential Tremor 
Questionnaire (QUEST) score 1 year after cZi 
DBS was improved in the summary index (SI), 
ADL, and psychosocial scores by 35.5, 40.2, and 
40.9 %, respectively (Sandvik et al.  2012 ).   

11.9.2.2     Long-Term Effi cacy of PSA 
DBS for ET 

 With regard to the long-term effi cacy, three ET 
patients (mean 5-year follow-up duration) with 
unilateral cZi DBS exhibited improved total 
tremor scores by 57.4 %, improved tremor scores 
(items 1–9) by 46.9 %, improved contralateral 
hand tremor by 100 %, improved hand function 
(items 11–14) by 87.5 %, and improved ADL 

R. Morigaki and S. Goto



147

scores (items 15–21) by 76.5 % (Blomstedt et al. 
 2011a ). Eighteen ET patients (mean 48.5-month 
follow-up duration) with unilateral cZi DBS 
exhibited improved total tremor scores by 52.4 %, 
improved tremor scores (items 1–9) by 48.0 %, 
improved hand tremors by 91.8 % (improved 
rest, postural, and action/intention components 
by 100, 95.8, 85.3 %, respectively), improved 
hand function (items 11–14) by 39 % (contralat-
eral side, 78.5 %; ipsilateral side, −13 %), and 
improved ADL scores by 65.8 % (Fytagoridis 
et al.  2012 ). Four ET patients with bilateral cZi 
DBS exhibited improved total tremor scores by 
72.6 %, improved tremor scores (items 1–9) by 
81.5 %, improved total hand function (items 
11–14) by 60 %, and improved ADL scores 
(items 15–21) by 82.4 % with a mean 6.25-year 
follow-up duration (Plaha et al.  2011 ).  

11.9.2.3    PSA DBS in Patients 
with Failed VIM DBS 

 Kitagawa et al. ( 2000 ) have reported the effi cacy 
of unilateral PSA DBS in an ET patient with 
failed unilateral VIM thalamotomy. High- 
frequency (120–130 Hz) stimulation totally abol-
ished the patient’s tremor. Blomstedt et al. ( 2012 ) 
have described two patients with early failure of 
VIM DBS and three failures after several years of 
good effects. It was confi rmed that the failure in 
these patients was not due to the misplacement of 
electrodes. Before cZi DBS, VIM DBS improved 
total tremor scores and hand tremor/functions 
(items 5, 11–14) by 17 and 28.7 %, respectively. 
Unilateral cZi DBS moderately improved them: 
31.7 and 54.3 % from baseline, respectively. 
Combined cZi and VIM stimulation that was 
tried in a single patient further improved these 
scores.   

11.9.3     Therapeutic Impact of STN 
DBS for ET 

 Almost all publications about STN DBS are 
related to Parkinson’s tremor, and those that 
are associated with ET tremor are limited. 
However, some authors have postulated that 
STN DBS is also effective for ET (Stover et al. 

 2005 ; Lind et al.  2008 ; Blomstedt et al.  2011a ; 
Meng et al.  2013 ). 

 Unilateral STA DBS improved FTM-TRS 
total tremor scores by 72.5 %, improved tremor 
scores (items 1–9) by 33.3 %, improved contra-
lateral hand tremors by 66.7 %, improved hand 
function (items 11–14) by 77.8 %, and improved 
ADL by 100 % 1 year after the operation in a 
single patient (Blomstedt et al.  2011a ). Meng 
et al. ( 2013 ) have described one patient with uni-
lateral STN and another with bilateral STN 
DBS. The former exhibited an improved total 
tremor score by 75.5 % after a 6-month follow-
 up, and the latter exhibited a 66.7 % improved 
after a 24-month follow-up. Lind has described 
ten ET patients with unilateral STN DBS with a 
1- to 3-year follow-up. They reported that all of 
the patients experienced favorable effects (slight 
tremor to complete disappearance of the tremor), 
but one patient changed to VIM DBS due to the 
development of a dystonic twist, two experienced 
minor speech disturbances, and two experienced 
balance disturbances (Lind et al.  2008 ). Lind 
et al. ( 2008 ) have reported complete tremor dis-
appearance in all three patients with long-term 
follow-up (mean, 8.7 years).   

11.10     Microlesioning 
and Stimulation-Related 
Problems 

 Stimulation-induced side effects are impor-
tant because they determine the intensity of the 
stimulation and whether it can be used or not. 
Generally, sensory side effects have a high degree 
of habituation over time and are not a major 
threat to the therapeutic results (Fytagoridis 
et al.  2013a ). Motor side effects are less suscep-
tible to habituation and more prone to impede 
the results of the treatment. Theoretically, stimu-
lation of the internal capsule (corticospinal or 
corticobulbar tracts) causes muscle contraction 
and dysarthria (Baker et al.  2004 ; Tamma et al. 
 2002 ). Dysarthria can also be induced by stimu-
lation of cerebellothalamic fi bers (Fytagoridis 
et al.  2013a ). Stimulation of the medial lem-
niscus or Vc thalamic nucleus could result in 
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paresthesia (Murata et al.  2003 ). Stimulation of 
the third nerve complex results in conjugate and 
disconjugate eye movements or eyelid closure 
(Baker et al.  2004 ). Stimulation of the oculomo-
tor region of the STN just medial to the somatic 
sensorimotor region or rostral interstitial nucleus 
causes the same adverse effects (Tamma et al. 
 2002 ). Horizontal gaze deviation is considered 
to be a motor side effect of the corticofugal 
tract, which transverses the anterior limb of the 
internal capsule (Tamma et al.  2002 ). Cerebellar 
signs, such as limb ataxia, hypotonia, gait dis-
turbance, and disequilibrium, are attributed 
to the stimulation of cerebellothalamic fi bers. 
Hyperhydrosis might be due to the disruption 
of sympathetic efferent fi bers in the Zi or acti-
vation of basal and posteromedial structures of 
the STN (Fytagoridis and Blomstedt  2010 ; Lind 
et al.  2008 ; Lipp et al.  2005 ; Tamma et al.  2002 ). 

11.10.1     Adverse Effects Related 
to VIM DBS 

 According to a recent systematic review, the 
stimulation-related complications of 430 
patients who received Vim DBS were paresthe-
sia (18.84 %), dysarthria (8.84 %), headache 
(7.21 %), disequilibrium (3.95 %), and paresis 
(3.02 %) (Flora et al.  2010 ). The stimulation- 
related adverse events concerning long-term 
(more than 5 years) follow-ups have been 
described as follows: paresthesias (0–38 %), 
dysarthria (0–36 %), gait disturbance (0–19 %), 
dystonia/hypertonia (0–16 %), balance dis-
turbance (0–8 %), and cognitive dysfunction 
(0–3 %) (Rehncrona et al.  2003 ; Sydow et al. 
 2003 ; Pahwa et al.  2006 ; Tarsy et al.  2005 ; 
Hariz et al.  2008 ; Schuurman et al.  2008 ). Most 
adverse events were mild and could be adjusted 
(Flora et al.  2010 ). Among these adverse effects, 
the nonadjustable and long-lasting complica-
tions included paresthesia (0–19 %), dysarthria 
(0–19 %), dystonia (0–6 %), gait disturbance 
(0–4 %), and upper limb ataxia (0–4 %). Bilateral 
stimulation can cause persistent complications 
that include dysarthria, disequilibrium, and gait 

disturbance, even if the stimulus parameters are 
optimized (Pahwa et al.  2006 ). Therefore, uni-
lateral or staged bilateral procedures are safe and 
recommended.  

11.10.2     Adverse Events Related 
to PSA DBS 

 Transient dysphasia (22.5 %), clumsiness (5 %), 
hemiparesis (2.5 %), and persistent dizziness 
(2.5 %) have been reported as nonstimulation- 
induced (due to microlesioning) complications 
after PSA surgery (Fytagoridis and Blomstedt 
 2010 ). The high rate of transient dysphasia might 
be due to a microlesional effect/edema caused by 
the passage of the electrode into the thalamus of 
the dominant hemisphere (Fytagoridis and 
Blomstedt  2010 ). When the active electrode is 
placed too close to the red nucleus, nonadjustable 
visual disturbances and dizziness occur 
(Fytagoridis and Blomstedt  2010 ). Fytagoridis 
et al. ( 2013b ) have reported reduced verbal fl u-
ency that was statistically signifi cant at 3 days 
and not signifi cant at 1 year after cZi DBS in 17 
patients. They hypothesized that this might have 
been due to microlesion/edema of the ventral 
thalamus. 

 Paresthesia (hand ≒ face > leg ≒ arm), dizzi-
ness, blurred vision, muscle contractures, dysar-
thria, ataxia/dysmetria, diplopia, ptosis, and 
hyperhidrosis are stimulation-induced side 
effects (Fytagoridis et al.  2013a ). There exists a 
large anatomical variation in their emergence, or, 
in other words, it is hard to predict the adverse 
events that will occur from the anatomical loca-
tion of the contacts (Fytagoridis et al.  2013a ). 
This might be due to the stimulation of axonal 
components that spread electrical impulses far-
ther than expected (Johnson et al.  2009 ). These 
side effects are totally reversible, adjustable, and 
usually do not affect the fi nal results. 

 Bilateral lead implantation in Raprl induced 
somnolence in all fi ve patients with PD and the 
deterioration of depression in two out of fi ve 
patients with PD (Carrillo-Ruiz et al.  2008 ), and 
it has been reported to induce a 40 % incidence of 
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hypophonic speech and disequilibrium (Plaha 
et al.  2011 ). Similarly, bilateral cZi stimulation 
induced dysarthria and hypophonic speech in 
three out of the 15 ET patients (20 %) in a rela-
tively long-term (mean, 31 months) follow-up 
study (Plaha et al.  2011 ). These side effects were 
completely reversible but persistent and present 
at all times in one patient (6.7 %). In this study, 
the anatomical location of this side effect was 
supposed to be induced by stimulation that was 
dorsomedial to the STN (Plaha et al.  2006 ). PSA 
DBS bears a risk of speech, balance, and sensory 
disturbances, which is more pronounced with 
bilateral procedures. Staged surgery for bilateral 
PSA DBS might be safe and recommended.  

11.10.3     Adverse Events Related 
to STN DBS 

 The adjustable complications induced by STN- 
DBS include arm dystonia, dysarthria, dizziness, 
and balance disturbances (Lind et al.  2008 ; 
Blomstedt et al.  2011a ,  b ). Motor contraction and 
dysarthria are frequent (81 %), paresthesia occurs 
(32.5 %), and oculomotor side effects (24 %) are 
caused by stimulation of the third nerve or the 
rostral interstitial nucleus (Tamma et al.  2002 ). 
Vegetative side effects (nausea, heat sensation, 
sweating, or bradycardia) are also common 
(40.5 %). One patient experienced an unadjust-
able dystonic twist of the contralateral foot (Lind 
et al.  2008 ). Bilateral stimulation did not cause 
further side effects (Plaha et al.  2008 ,  2011 ).   

11.11     Tolerance (Habituation) 

 The recurrence of ET seems to be higher than 
that of PD tremors (Benabid et al.  1996 ; Tasker 
 1998 ; Pilitsis et al.  2008 ). Poor outcomes have 
been documented in up to 40 % of ET patients 
with VIM DBS (Hariz and Hirabayashi  1997 ; 
Benabid et al.  1998 ; Hariz et al.  1999 ; Koller 
et al.  2001 ; Kumar et al.  2003 ). A gradual loss 
of tremor control is due to suboptimal lead place-
ment, misdiagnosis, disease progression, and 

habituation (Deuschl et al.  2011 ). The tolerance 
could be explained by disease progression or the 
adaptation of the biological response by the stim-
ulated neuronal network (Benabid et al.  1996 ; 
Deuschl et al.  2011 ; Barbe et al.  2011 ; Shih et al. 
 2013 ). Therefore, the intermittent use of implant-
able pulse generators is recommended in order to 
avoid the development of habituation and to save 
battery life (Morigaki et al.  2010 , Lozano and 
Levy  2012 ). Acute changes of the stimulation 
parameters could suppress the habituated tremor. 
However, it adapts to the changed parameters over 
a time of 10 weeks, which causes tremor recur-
rence (Barbe et al.  2011 ). Barbe et al. ( 2011 ) have 
hypothesized that frequently switching between 
two equivalent but slightly different stimulation 
settings might be useful for reducing habituation. 
The prevalence of tolerance for VIM DBS has 
been estimated to be 10–40 % (Pahwa et al.  2006 ; 
Benabid et al.  1998 ; Papavassiliou et al.  2004 ; 
Pilitsis et al.  2008 ; Benabid et al.  1996 ). A recent 
long-term follow-up study (mean, 55.9 months) 
with strict criteria demonstrated that 73.3 % of 
the patients with 45 ET experienced waning ben-
efi ts of VIM DBS over time (Shih et al.  2013 ). 
In contrast, many authors referred to the fact that 
there was no or less tolerance to the maintenance 
of the constant chronic stimulation of the PSA 
(Kitagawa et al.  2000 ; Murata et al.  2003 ; Plaha 
et al.  2004 ,  2008 ,  2011 ). Although we need fur-
ther evidence, the loss of habituation might be a 
potential benefi t of PSA DBS.  

11.12     Which Is the Optimal Target 
in the Treatment for ET? 

 PSA (Raprl and cZi) DBS showed better tremor 
control and hand function with the use of lower 
voltages, which resulted in a reduction of side 
effects, such as dysarthria and disequilibrium 
(Lozano and Levy  2012 ). Using the same elec-
trode different contacts, PSA stimulation pre-
ceded thalamic stimulation in patients with ET 
(Murata et al.  2003 ; Hamel et al.  2007 ; Herzog 
et al.  2007 ; Barbe et al.  2011 ). One study with 34 
VIM DBS and 34 PSA DBS for ET patients 
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implied that PSA DBS preceded to VIM 
DBS. However, there is no statistical evidence so 
far (Blomstedt et al.  2011b ). Blomstedt et al. 
have compared the effects of cZi with STN DBS 
in ET by implanting two ipsilateral electrodes 
simultaneously, one in the STN and one in the 
cZi (Blomstedt et al.  2011a ). Although they 
reported that both STN and cZi DBS were effec-
tive, cZi was the preferable target because the 
best effect was achieved at lower energy con-
sumption with less adverse events. 

 VIM DBS developed tolerance (habituation) 
to stimulation despite the amplitude increase, and 
tremor recurrence may occur within weeks or 
years (Plaha et al.  2004 ). Plaha et al. ( 2011 ) have 
postulated that tolerance was a major property of 
VIM itself. Although further evidence with more 
patients is required for PSA DBS with both short- 
and long-term follow-up periods, PSA DBS 
might be preceded by VIM DBS in effi cacy and 
safety. There might be a possibility that VIM and 
PSA DBS manifest synergic effects on ET 
(Blomstedt et al.  2012 ).  

    Conclusions 

 VIM DBS is a standard target for medically 
intractable tremor. Its short- and long-term 
effi cacies are promising. PSA is a new target 
for DBS. Short-term effi cacy of PSA DBS 
seems the same or better than VIM DBS, and 
two publications have reported satisfactory 
long-term outcomes. The complications and 
side effects related to PSA are limited, and 
notably, PSA DBS has been reported to be 
effective for proximal tremor and free from 
tolerance. In these points, PSA might be a pre-
ferred target for ET. However, further short- 
and long-term studies with large numbers of 
patients are required, and it is necessary to 
compare the effects and complications of PSA 
DBS with the established target of VIM DBS 
to elucidate its real therapeutic impact.     
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