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  Abstract   Approximately one third of epilepsy patients are not adequately treatable 
by antiepileptic medication. Curative resective epilepsy surgery can be performed in 
only a subgroup of these pharmacoresistent patients in whom the epileptogenic 
focus is localizable and does not overlap with eloquent brain areas. To the remain-
ing patients (with bilateral or multiple epileptogenic foci, with epilepsy onset in 
eloquent areas, or with no identi fi able epileptogenic focus) palliative epilepsy sur-
gery can be offered if they suffer from disabling seizures. Standard palliative proce-
dures currently comprise corpus callosotomy, multiple subpial transections, and 
vagus nerve stimulation. New approaches such as focus distant deep brain stimula-
tion or direct stimulation of the hippocampus have gained the most interest. 
Feasibility studies, small pilot studies, and, recently, larger multicenter trials showed 
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that direct brain stimulation shall be considered a potential helpful procedure in the 
 fi eld of palliative surgery. Moreover, with the increasing use of stereo-EEG in inva-
sive video-EEG monitoring, stereo-EEG-guided thermocoagulation has the poten-
tial for a promising new treatment option in patients not amenable to resective 
epilepsy surgery. There is no general consensus on which palliative procedure is 
most effective in patients with dif fi cult-to-treat epilepsy syndromes. The decision 
must be based on individual factors of a given patient. This review summarizes 
experience with palliative approaches collected in adult and pediatric patient series 
over the past decades and may help to thoroughly balance bene fi cial effects and 
risks of each procedure.  

  Keywords   Palliative epilepsy surgery  •  Corpus callosotomy  •  Vagal nerve stimulation  
•  Multiple subpial transections  •  Thermocoagulation  •  Deep brain stimulation      

   Introduction 

 Epilepsy is one of the most common neurological diseases with a prevalence of 
about 1 % in the world’s population. Forty-seven percent of epilepsy patients 
become seizure-free with the  fi rst antiepileptic medication in monotherapy, and an 
additional 14 % of epilepsy patients will obtain seizure freedom with a second drug 
in monotherapy. The remaining patients are dif fi cult to treat and often receive poly-
therapy  [  59  ] . Approximately one third of patients do not respond adequately to 
antiepileptic drugs. Even though many new antiepileptic drugs have been developed 
during the last 20 years, the percentage of patients with medically intractable epi-
lepsy has not profoundly changed. 

 A special subgroup of these pharmacoresistent patients with focal epilepsy is 
amenable to curative epilepsy surgery. However, resective epilepsy surgery cannot 
be performed in patients in whom no epileptic focus is identi fi able or a resection of 
the epileptogenic focus would imply severe functional impairments (e.g., speech 
and memory de fi cits, impairment of motor functions). 

 Severe and uncurable epilepsy syndromes often manifest in early childhood. 
In these patients, multifocal or large and often not localizable epileptogenic 
foci predispose the patient to rapid generalization of epileptic discharges and to 
harmful tonic or atonic drop attacks. If disabling seizures persist despite optimal 
medical treatment, several palliative surgical procedures can be proposed with 
the aim of decreasing seizure frequency and to improve quality of life. Among 
these procedures, we review disconnective procedures such as corpus calloso-
tomy and multiple subpial transections, various stimulation procedures (vagal 
nerve stimulation, focus distant deep brain stimulation, hippocampal stimula-
tion, responsive direct cortical stimulation), and stereo-EEG-guided thermoco-
agulation. For each procedure, the techniques, indications, and outcomes are 
described.  
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   Detailed Review of the Literature 

 References for this review were identi fi ed by searches of PubMed using the terms 
“callosotomy,” “multiple subpial transection and epilepsy,” “vagus nerve stimula-
tion and epilepsy,” “brain stimulation and epilepsy,” “thermocoagulation and epi-
lepsy,” and “palliative surgery and epilepsy” from January 2000 until December 
2010. Further articles were identi fi ed from the references of the selected studies. 

   Corpus Callosotomy 

   History 

 Corpus callosotomy is the palliative procedure with the longest tradition. It was 
introduced in 1940 as a palliative treatment option for intractable seizures by 
Van Wagenen and Herren  [  126  ] . In 1975, Wilson et al.  [  136  ]  were the  fi rst to use 
the operating microscope and developed microsurgical techniques for partial 
and complete callosotomy. Since then, some details of the surgical techniques 
have been modi fi ed  [  28,   31,   74,   76  ] . The rationale of seizure reduction by cal-
losotomy is based on the hypothesis that the corpus callosum is the most impor-
tant pathway for interhemispheric spread of epileptic activity. A disconnection 
of both hemispheres by a corpus callosotomy impedes rapid bilateral synchro-
nization of epileptic discharges.  

   Indications 

 In general, corpus callosotomy successfully treats a wide variety of seizures and 
epilepsy syndromes and has been accepted as a palliative surgical procedure for 
patients with disabling seizures who are not amenable to focal resections. 

 Tonic and atonic drop attacks are the most common indication for corpus cal-
losotomy  [  24,   43,   55,   70,   71,   73,   118,   119  ] . Thus, corpus callosotomy is a treat-
ment option in children with Lennox-Gastaut syndrome comprising tonic, 
atonic, or tonic-clonic seizures  [  24,   60,   96,   134  ] . Further candidates for corpus 
callosotomy are patients with (a) recurrent episodes of status epilepticus  [  70, 
  71  ] , (b) partial (mainly frontal) seizure onset and rapid secondary generaliza-
tion, (c) no obvious epileptogenic focus, and (d) multifocal or widespread 
lesions (e.g., tuberous sclerosis, hemimegalencephaly)  [  55,   65,   70,   99  ] . 
Moreover, few publications report a marked bene fi t in patients with medically 
refractory idiopathic epilepsy with generalized tonic-clonic and absence of sei-
zures  [  23,   52  ] .  
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   Techniques 

 At our institution callosotomy is performed as follows: After intubation, the patient 
is positioned on the operating table with the head  fi xed in a three-point skeletal 
 fi xation. The position is supine with 30° inclination of the head for anterior and 
complete callosotomy and prone 20° retro fl exion of the head for posterior calloso-
tomy. At the time of scalp incision, mannitol (1 g/kg) is administered intravenously. 
For an anterior callosotomy, a right frontal free bone  fl ap measuring 5 × 5 cm and 
which runs 1 cm dorsal and 5 cm anterior to the bregma and slightly crosses the 
midline is fashioned. The corresponding bone  fl ap for a posterior callosotomy mea-
sures 6 × 5 cm, extends 1 cm posterior to the lambda and 5 cm anterior to the lambda 
and slightly crosses the midline. The dura is opened in a curvilinear fashion and 
re fl ected to the sagittal sinus. At this point, the operation microscope is used. 

 While dissecting the interhemispheric  fi ssure, it may be necessary to divide small 
bridging veins. However, division of larger veins posterior to the bregma is always 
avoided. The dissection down to the interhemispheric  fi ssure is continued, dividing 
arachnoidal adhesions that are often encountered, particularly in patients who have 
an incomplete falx cerebri and at the level of the cingular gyrus, until the corpus 
callosum is reached (Fig.  1 ). The corpus callosum is readily distinguished from the 
overlying cingulate cortex by its glistening, bright white color. The self-retaining 
retractor is inserted and the pericallosal arteries are identi fi ed. Further exposure of 
the callosum is accomplished following the pericallosal arteries anteriorly as well as 

a b

PCA

PMA

CG

FO

ICV

IG

GCV

ACA

CC

GCC SCC

AC

R

  Fig. 1    Illustration of corpus callosotomy. ( a ) Sagittal view of a brain in midline. Anterior two-third 
callosotomy is indicated in  dark gray , and posterior one-third callosotomy is indicated in  light gray . 
( b ) The left vertex is gently pushed aside with a self-retaining retractor ( R ).  AC  anterior commis-
sure,  ACA  anterior cerebral artery,  CC  corpus callosum,  CG  cingulate gyrus,  FO  fornix,  GCV  great 
cerebral vein of Galen,  GCC  genu corporis callosi,  ICV  internal cerebral vein,  IG  indusium griseum, 
 PCA  pericallosal artery,  PMA  pericallosal marginal artery,  SCC  splenium corporis callosi red color: 
arteries, blue color: veins, yellow color: nerval structures.       
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posteriorly. In order to provide suf fi cient working space between both pericallosal 
arteries, small arterial vessels supplying the exposed corpus callosum as well as 
veins are coagulated and divided. Thereafter, the pericallosal arteries are protected 
with cotton wool and the retractor is adjusted over the protected artery.  

 Division of the corpus callosum is accomplished using a microsuction device or the 
cavitron ultrasonic aspirator (CUSA). The dissection is performed in the midline 
because on the indusium griseum, a commissural hippocampal pathway is located on 
both lateral surfaces of the corpus callosum. The dissection is carried down to the blue-
gray lining that provides a thin barrier and which may be preserved in its integrity. In 
the anterior procedure, sectioning is  fi rst performed forward through the genu and ros-
trum until the anterior commissure, which is spared, is seen. The anterior commissure 
is a commissural pathway between both temporal lobes. Thereafter, sectioning of the 
callosal  fi bers is extended posteriorly as desired. When partial section is performed, a 
titanium clip may be placed at the posterior extent of the division to facilitate imaging 
of that limit and to serve as a surgical marker should a subsequent complete calloso-
tomy be required. If complete callosotomy is intended, division is carried out through 
the splenium to the tentorial arachnoid until the vein of Galen is seen. While splitting 
the commissura fornicis, it is essential to keep the midline, thus not jeopardizing the 
fornix. The interhemispheric  fi ssure is examined throughout its length to assure hemo-
stasis. After closing the dura, the free bone  fl ap is reimplanted, a subgaleal drain is 
placed, and the scalp is closed conventionally in two layers  [  141  ] . 

 Other surgical techniques currently used may differ with respect to positioning 
of the patient, skin incision, extent of trephination, methods of brain relaxation, and 
tools used for sectioning the corpus callosum. Recently, radiosurgical callosotomy 
with gamma knife has been performed  [  16,   28,   31,   115  ] .  

   Results 

   Outcome of Callosotomy 

 The postoperative outcome is highly dependent on the  seizure types  occurring in a given 
patient. According to recent studies of larger patient series  [  24,   43,   70,   118,   119  ] ,  drop attacks  
best responded to corpus callosotomy: 44–84 % of patients were cured from drop attacks 
(tonic/atonic) and 80–99 % of patients (including those with cure from this seizure type) 
had at least a moderate improvement with >50 % seizure reduction. Favorable results were 
also obtained in patients with  secondarily generalized tonic - clonic seizures : In 12–57 % of 
patients secondarily generalized seizures were completely abolished and 46–94 % of 
patients (including those with cure from this seizure type) showed >50 % seizure reduc-
tion. Concerning  atypical absences , outcome was also quite satisfactory: In 20–82 % of 
patients, atypical absences completely stopped and 53–90 % of patients (including those 
with cure from this seizure type) had >50 % seizure reduction. Less impressive results 
were observed for  complex partial seizures : 0–22 % of patients were free from complex 
partial seizures and 20–91 % of patients (including those with cure from this seizure type) 
had >50 % seizure relief. Also, poorer outcomes are described in  myoclonic seizures : 
0–27 % of patients were seizure free and 27–92 % of patients (including those with cure 
from this seizure type) had at least >50 % seizure reduction (Tables  1a  and  3 ).   



170 S. Fauser and J. Zentner

   Ta
bl

e 
1a

  
  Se

iz
ur

e 
re

du
ct

io
n 

pe
r 

se
iz

ur
e 

ty
pe

 a
ft

er
 c

al
lo

so
to

m
y   

 Se
iz

ur
e 

ty
pe

 
 Se

iz
ur

e 
re

du
ct

io
n 

 M
ae

ha
ra

 e
t a

l. 
(2

00
1)

 
(5

2 
pa

tie
nt

s)
 (

%
) 

 H
an

so
n 

et
 a

l. 
 [  4

3  ]
  

(4
1 

pa
tie

nt
s)

 (
%

) 
 C

uk
ie

rt
 e

t a
l. 

 [  2
4  ]

  
(7

6 
pa

tie
nt

s)
 (

%
) 

 Su
na

ga
 e

t a
l. 

 [  1
18

  ]  
(7

8 
pa

tie
nt

s)
 (

%
) 

 Ta
nr

iv
er

di
 e

t a
l. 

 [  1
19

  ]  
(9

5 
pa

tie
nt

s)
 (

%
) 

 D
ro

p 
at

ta
ck

s 
 C

ur
e 

 80
 

 – 
 – 

 84
 

 44
 

 >
50

 %
 r

ed
uc

tio
n 

 92
 

 80
 

 – 
 93

 
 99

 
 G

T
C

 
 C

ur
e 

 12
 

 – 
 57

 
 27

 
 50

 
 >

50
 %

 r
ed

uc
tio

n 
 61

 
 50

 
 57

 
 56

 
 94

 
 A

ty
pi

ca
l 

ab
se

nc
es

 
 C

ur
e 

 20
 

 – 
 49

 
 31

 
 32

 
 >

50
 %

 r
ed

uc
tio

n 
 53

 
 – 

 82
 

 72
 

 90
 

 C
PS

 
 C

ur
e 

 0 
 – 

 – 
 14

 
 22

 
 >

50
 %

 r
ed

uc
tio

n 
 20

 
 57

 
 – 

 21
 

 91
 

 M
yo

cl
on

ic
 

se
iz

ur
es

 
 C

ur
e 

 0 
 – 

 27
 

 – 
 27

 
 >

50
 %

 r
ed

uc
tio

n 
 27

 
 – 

 73
 

 – 
 92

 

  R
ec

en
t p

ub
lic

at
io

ns
 a

re
 li

st
ed

. C
on

si
st

en
tly

 b
es

t r
es

ul
ts

 a
re

 r
ep

or
te

d 
in

 d
ro

p 
at

ta
ck

s 
an

d 
ge

ne
ra

liz
ed

 to
ni

c-
cl

on
ic

 s
ei

zu
re

s 
  G

T
C

  g
en

er
al

iz
ed

 to
ni

c-
cl

on
ic

 s
ei

zu
re

s,
  C

P
S  

co
m

pl
ex

 p
ar

tia
l s

ei
zu

re
s  



171Critical Review of Palliative Surgical Techniques for Intractable Epilepsy

 Apart from the seizure type, the  underlying pathology  may play a role in postop-
erative outcome. In patients with bilateral malformations of the cortical develop-
ment such as diffuse cortical dysplasia, tuberous sclerosis and lissencephaly, good 
surgical results have been reported with callosotomy  [  113,   119  ] . In patients with 
temporal lobe epilepsy, however, complex partial seizures are probably not 
in fl uenced by anterior callosotomy  [  98,   113  ] . 

 The  extent of the corpus   callosotomy  also in fl uences the seizure outcome. In several 
outcome analyses, a complete corpus callosotomy was superior to an anterior two-thirds 
corpus callosotomy, but the risk of peri- and postoperative complications was also 
slightly higher with complete callosotomy  [  49,   52,   55,   100,   118,   119,   123,   138  ] . 

 Further prognostic factors concerning the postoperative outcome may relate to 
several  EEG features . Seizure onset with generalized slow spike-wave complexes, 
electrodecrement, or low-amplitude fast activity as well as  interictal  slow spike-
wave activity was associated with a favorable postoperative outcome. In contrast, 
interictal EEG recordings revealing bilateral independent spikes have been associ-
ated with poor outcome  [  43  ] . 

 Several studies report long-term follow-ups in patients with corpus callosotomy 
 [  50,   118,   119,   121,   123  ] . The observation period ranged between 1 and 25 years. All 
these studies agree that complete seizure freedom after corpus callosotomy is an 
absolute rarity and is observed in only one reported patient  [  123  ] . Considerable 
improvement (>50 % seizure reduction), in particular concerning the most disabling 
seizure types, is consistently reported in 60–76 % of patients (Table  2 ).  

 In addition to seizure reduction, several studies report improvement in overall 
daily functions  [  70,   101,   123  ] : Changes include improvement in hyperactivity, emo-
tional well-being, speech functions, memory functions, attentiveness, and self-care. 
Younger age (<18 years) at the time of surgery was an independent predictive factor 
for improvement in daily functions  [  70,   123  ]  but not for seizure outcome  [  6  ] .  

   Table 1b    Seizure reduction per seizure type after VNS in Lennox-Gastaut syndrome   

 Seizure type  Seizure reduction 
 Majoie et al.  [  72  ]  
(19 patients) (%) 

 Kostov et al.  [  57  ]  
(30 patients) (%) 

 Drop attacks 
(or tonic/atonic 
seizures) 

 Cure  8  24 
 >50 % reduction  23  64 

 GTC  Cure  0  15 
 >50 % reduction  10  55 

 Atypical absences  Cure  10  20 
 >50 % reduction  40  60 

 CPS  Cure  20  0 
 >50 % reduction  60  75 

 Myoclonic seizures  Cure  14  18 
 >50 % reduction  57  54 

  Vagus nerve stimulation had a certain effect on all seizure types without any preference. More 
favorable results in the study by Kostov et al. may be related to a longer observation period 
  GTC  generalized tonic-clonic seizures,  CPS  complex partial seizures  
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   Safety Aspects of Callosotomy 

 Most adverse effects of corpus callosotomy are temporary. Permanent neurological 
de fi cits are rare. However, the risk/bene fi t ratio to such therapy needs to be carefully 
assessed. Common adverse effects are the following: 

  Surgical complication s: Surgical complications mainly included acute epidural 
hematoma, hydrocephalus, subdural cerebrospinal  fl uid accumulation, infections 
(e.g., meningitis, osteomyelitis), and deep-vein thrombosis, and occurred in 9–20 % 
of patients  [  50,   70,   71,   90,   113,   118,   119  ] . The mortality rate was reported at 2 % in 
a study from 1977  [  137  ] . Modern techniques yielded lower rates and no deaths were 
reported in the recent patient series  113 . 

  Permanent neurological de fi cits : Permanent neurological de fi cits were caused 
mainly by trauma, infarction, or intracerebral hemorrhage and occurred in <4 % of 
patients since the introduction of microsurgical techniques  [  71,   90  ] . 

  Disconnection syndrome : Disconnection syndromes are more common with total 
than with anterior callosotomy. Most patients are unaware of their de fi cits  [  55  ] . 
Acute disconnection symptoms such as apathy, urinary incontinence, low verbal 

   Table 2    Comparison of different palliative procedures – outcome   

 Approach 

 Percentage of 
seizure-free 
patients 

 Percentage of 
patients with 
>50 % seizure 
reduction  Comments 

 Callosotomy  Nearly 0  60–76  Large patient series available, 
considerable reduction of 
drop attacks and generalized 
tonic-clonic seizures 

 MST + cortical 
resection 

 42–56  80–88  Seizure relapse in 20 % of 
patients in a long-term 
outcome analysis 

 MST alone  0–15  45–51  Only small patient series 
available 

 VNS  Large patient series available 
  Retrospective 

studies 
 0–8  40–64 

  Prospective studies  2  23–51 
 DBS (ANT) 

(SANTE study) 
 13 (at least 

6 months) 
 54  Only signi fi cant seizure 

reduction in temporal lobe 
CPS 

 SEEG-guided 
thermocoagulation 

 0  54  Only small patient series 

  Seizure freedom is rarely obtained by palliative procedures. Only MST in combination with corti-
cal resection can be regarded as a curative approach. The main aim of palliative procedures is 
reduction of the frequency of most disabling seizures and improvement of quality of life 
  MST  multiple subpial transections,  VNS  vagus nerve stimulation,  DBS  deep brain stimulation,  ANT  
anterior nucleus of the thalamus,  SEEG  stereoelectroencephalography  
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output, and hemineglect are very common and usually diminish by time (mean 
duration 16 days)  [  24  ] . Permanent disconnection syndromes are rare (3 %) and to 
some extent may  fl uctuate over years  [  24  ] . They comprise several phenomena: alien 
hand syndrome, dichotic listening suppression, tactile dysnomia, hemispatial 
neglect, nondominant hand agraphia, alexia without agraphia, and tachistoscopic 
visual suppression (reviewed by Jea et al.  [  51  ] ). The alien hand syndrome is the 
most impressive disconnection syndrome, characterized by the phenomenon that 
the nondominant hand (or leg) acts without guidance of the patient’s own will, 
resulting in complex involuntary movements and intermanual con fl icts. Examples 
are involuntary unbuttoning of clothing, removing objects from tables, throwing 
objects or even walking in the wrong direction. In addition, apraxia and mutism 
have been reported. 

  Memory de fi cits : Memory de fi cits are rarely observed and may be related to a 
section of the hippocampal commissures (fornix and indusium griseum), in particu-
lar, by dissection of the splenium, due to the anatomical proximity of the fornix 
commissure  [  70,   102  ] . 

  New types of seizures : The emergence of new varieties of mainly simple partial 
seizures has been reported  [  70,   123  ] . There may be a transient increase in focal 
seizures immediately after surgery, which typically resolves within 1–2 months.    

   Multiple Subpial Transection (MST) 

   History 

 Based on the observations that a neuronal functional unit is organized vertically  [  84,   85  ] , 
the seizures spread horizontally  [  19,   133  ] , and a minimal contiguous cortical surface 
area is necessary for the maintenance of cortical activity  [  69,   103  ] , Morrell et al.  [  81  ]  
suggested a novel technique called multiple subpial transection (MST) in 1989. 
Vertical transections should theoretically disrupt only horizontally oriented axons and 
thus the spread of epileptic activity while preserving the vertically oriented architec-
ture and cortical function.  

   Indications 

 MST has been developed for surgically intractable epilepsy with seizure foci in 
primary sensomotor or language areas. MST might be an effective alternative to 
subtotal resection of the epileptogenic zone in critical brain areas; thus, it has a role 
when performed in conjunction with cortical resections or lesionectomies  [  12,   114  ] . 
MST as stand-alone therapy, however, may be indicated only in highly selected 
cases. Moreover, MST has been considered effective for patients with Landau-
Kleffner syndrome (LKS)  [  14,   39,   80  ] .  
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   Techniques 

 MST is conducted according to the technique of Morrell  [  81  ] . After bipolar electro-
cautery of points spaced approximately 5 mm apart along the edge of a given gyrus, 
the pia mater is sharply incised (Fig.  2 ). Serial MST are then performed through the 
incised pial points to a depth of approximately 1.5–2 cm along an axis perpendicu-
lar to the gyrus using different hooks. The tip of the knife is visualized through the 
pia mater as it is drawn back along the subpial space, completing the transection. 
Care should be taken to avoid disrupting the pia mater or catching sulcal vessels 
during the transection procedure. In cases wherein MST are performed in multiple 
contiguous gyri in one or more lobes of the brain, intraoperative ultrasonography 
can be used at the end of the procedure to ensure that no underlying intracerebral 

a

c

TSI

PCG

TS

b

  Fig. 2    Illustration of multiple subpial transections. ( a ) Transversal section through the cortex, 
demonstrating the maneuver with the transection instrument ( TSI ). The precentral gyrus ( PCG ) is 
entered through a point incision of the pia mater ( red point ); the instrument is gently moved along 
the curved tip to the opposite side of the gyrus. Thereafter, the transection ( TS ,  red lines ) is carried 
out by drawing the curved tip backward along the pia mater of the gyrus ( b ). The whole maneuver 
has to be carried out in a circle-like manner ( red arrows ). ( c ) The transection direction is always 
vertical against the surrounding sulci       
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hematoma was created. Electrocorticography is performed before and after MST to 
evaluate the interictal activity and response to surgery.   

   Results 

   Outcome of MST 

 Effects of MST on epilepsy are reported in several patient series with variable suc-
cess. In general, MST performed in combination with resections showed more 
favorable outcomes than MST alone. According to more recent studies and reviews 
 [  8,   12,   47,   91,   97  ] , 42–56 % of patients became seizure-free and in 80–88 % (includ-
ing seizure-free patients), seizure frequency was considerably reduced (>50 %) 
when MST was performed in conjunction with cortical resection. However, in the 
long run (observation periods of 28–89 months after surgery), 19 % of patients sus-
tained an increase in seizure frequency several years after initial postoperative 
improvement  [  91  ]  (Table  2 ). 

 When MST was conducted as stand-alone therapy, results were less impressive 
 [  47,   97,   111  ] : 0–15 % of patients became seizure-free and 45–51 % (including sei-
zure-free patients) had >50 % seizure reduction. Only one publication  [  117  ]  reported 
satisfactory seizure outcomes in selected patients who underwent MST without 
resection (Table  2 ). 

 Multiple subpial transections have been performed in small patient series with 
Landau-Kleffner syndrome (LKS) (Table  3 ). Morrell, who  fi rst described the pro-
cedure, reviewed the experience with 14 patients with LKS who underwent MST. 
Seventy-nine percent of the patients showed marked improvement in speech and 
understanding  [  80  ] . Similar successful outcomes were reported by Buelow et al. 
 [  14  ]  and Grote et al.  [  39  ]  (1999). Irwin et al.  [  48  ]  reported on  fi ve children with 
LKS who underwent MST. Language skills improved in all children but none 
improved to an age-appropriate level. Seizures and behavioral disturbances were 
immediately ameliorated after the intervention. Cross and Neville  [  22  ] , reporting 
on a series of ten patients, found seizure improvement in 50 % of them, 70 % 
showed language improvement, and some of them had signi fi cant behavioral 
improvement.   

   Safety Aspects of MST 

 Transient neurological de fi cits following MST are frequently observed and are caused 
by an edema. Transient hemiparesis was seen in around 60 % of patients who under-
went MST of the primary motor area and mild to moderate dysphasia in approxi-
mately 60 % of patients following MST of the language area  [  12  ] . These de fi cits may 
persist from 6 weeks to 6 months  [  12  ] . Permanent neurological de fi cits were not or 
only exceptionally observed in the published patient series  [  86,   106,   108  ] .    
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   Vagus Nerve Stimulation (VNS) 

   History 

 The idea of stimulating the vagus nerve to modify central brain activity has been 
pursued for over 100 years. In 1952, desynchronizing effects of vagal nerve stimula-
tion (VNS) were noted on feline sleep spindles as well as on a strychnine model of 
epileptiform activity  [  140  ] . In 1988, the  fi rst stimulator was implanted in a human 
 [  95  ] . VNS therapy received European Community approval in 1994 and US Food 
and Drug Administration (FDA) approval in 1997. Meanwhile, >50,000 patients 
have been treated worldwide for epilepsy by VNS therapy. The exact mechanism by 
which VNS modulates seizures is not known. The vagus nerve projects primarily to 
the nucleus of the solitary tract, which has projections to multiple areas in the fore-
brain and brainstem, including areas involved in epileptogenesis such as thalamus, 
hippocampus, amygdala, and neocortex  [  107,   132  ] . It has been postulated that the 
anticonvulsant effect of VNS may be caused by the release of norepinephrine or its 
in fl uence on the reticular activating system  [  58,   77  ] .  

   Indications 

 VNS is indicated as an adjunctive therapy for reducing the frequency of seizures in 
adults and adolescents over 12 years of age with partial onset seizures that are 
refractory to antiepileptic drugs. Meanwhile, many children under 12 years of age 
with severe epilepsy have been treated off-label  [  2,   9–  11,   25,   26,   27,   29,   36,   37,   42, 
  45,   57,   88,   112,   124,   131  ] .  

   Techniques 

 The patient is positioned supine on the operating table with the head neutral and 
slightly to moderately extended. The incision is made in a skin crease or fold when-
ever possible (Fig.  3a ). Upon completion of the cervical incision and vagus nerve 
isolation, either a subcutaneous or a subpectoral approach can be performed. In the 
subcutaneous approach, the skin incision is made in the left axilla line. A subcutane-
ous pocket is created directly over the pectoral muscle. In the subpectoral approach 
[ 7 ], the skin incision is made on the lateral border of the pectoralis major, approxi-
mately 20 cm below the level of the clavicle along a natural skin crease. The subcu-
taneous fat layer is then divided with monopolar cautery and with blunt dissection 
until the lateral border of the pectoralis is visualized. The pectoralis fascia is bluntly 
divided to the subpectoral fascia, and a pocket is bluntly dissected between the supe-
rior and inferior pectoralis fascia. After preparing the pocket, the generator is placed 
within the pocket to verify the appropriate size of the pocket and resulting skin con-
tour and approximation at the incision. A subcutaneous tunnel is then created from 
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the chest incision to the cervical incision, and the electrode is passed and appropri-
ately positioned around the vagus nerve (Fig.  3b ). The cervical skin incision is per-
formed in paramedian between the midline and the border of the sternocleidomastoid 
muscle below the height of the thyroid cartilage, preferably in a preexisting skin fold. 
The platysma muscle is prepared and vertically incised. Then the gap between the 
infrahyal and sternocleidomastoid muscle is bluntly dissected. The common soft tis-
sue sheet of the vagus nerve, carotid artery, and jugular vein is located and incised. 
The vagus nerve is usually between and behind both vessels. The nerve has to be 
prepared, with no soft tissue left on the perineurium. Only then can the electrodes be 
wrapped around the nerve, as shown in Fig.  3b . The electrode wire lead is then 
secured to the fascia or muscle of the cervical region at two locations and attached to 
the generator and secured with the set screw. The generator is then placed into the 
chest pocket and the coil of the remaining lead is placed outside and adjacent to the 
body of the generator to provide extra length and protection. Thereafter, the genera-
tor is tested again to verify that the system’s electrical integrity is optimal and that the 
impedance is within the range for appropriate stimulation function. Finally, the sub-
pectoral or cutaneous pocket and the skin are closed with sutures.   

a b
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  Fig. 3    Illustration of a vagus nerve stimulator implantation. ( a ) Overview of the location of the 
electrode contacts ( E ) at the vagus nerve ( VN ). The electrodes are connected by a subcutaneous, 
tunneled cable ( C ) with the stimulator unit ( ST ), which is implanted either subcutaneously or 
below the pectoral muscle. The  red lines  indicate skin incisions. ( b ) Illustration of the electrode 
placement along the vagus nerve ( VN ), which is located within a common soft tissue sheet between 
the carotid artery ( CA ) and jugular vein ( JV ).  CR  cricoid cartilage,  HB  hyoid bone,  TR  trachea,  TH  
thyroid gland,  THC  thyroid cartilage       
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   Results 

   Outcome of VNS 

 VNS has been proven effective in medically intractable epilepsy. According to 
many retrospective studies reported between 1999 and 2011  [  2,   8–  10,   25,   29,   36,   45, 
  88,   110,   112,   124  ] , 40–64 % of patients have >50 % seizure reduction and 0–8 % of 
patients became seizure-free. Similar positive results were reported in several regis-
tries  [  3,   61,   104  ] . Few prospective observational studies and randomized controlled 
trials  [  4,   11,   26,   27,   37,   42,   131  ]  have demonstrated >50 % seizure reduction in 
23–51 % of patients. According to these studies, approximately 2 % of patients 
became completely seizure-free (Table  2 ). 

 VNS has been reported to be effective in children with Lennox-Gastaut syn-
drome  [  36,   45,   57,   72,   105,   112  ] . In this special patient group, the responder rate 
(>50 % seizure reduction) was reported in 25–78 % of patients. The high variability 
may be a result of different group sizes (between 7 and 30 patients per group) and 
different observation periods. Two studies comprising larger patient numbers report 
also seizure reduction per seizure type  [  57,   72  ] . VNS had a certain effect on all 
seizure types without any preference to more disabling seizure types. Concerning 
(tonic and atonic)  drop attacks , seizure freedom could be achieved in 8–24 % of 
patients and >50 % seizure reduction was seen in 23–64 % of patients.  Generalized 
tonic - clonic seizures  were completely abolished in 0–15 % and >50 % seizure 
reduction was achieved in 10–55 % of patients.  Atypical absences  completely 
ceased in 10–20 % of patients and >50 % seizure reduction was observed in 40–60 % 
of patients.  Complex partial seizures  were completely abolished in 0–20 % of 
patients and >50 % seizure reduction was seen in 60–75 % of patients.  Myoclonic 
seizures  were completely absent in 14–18 % of patients and >50 % seizure reduc-
tion was reported in 54–57 % of patients. The poorer results in the study by Majoie 
et al.  [  72  ]  may be related to a relatively short observation period of 6 months 
(Tables  1b  and  3 ). 

 Few predictors of VNS ef fi cacy have been consistently reported in the literature. 
One of the most common and consistent  fi ndings is improved seizure control with 
increasing duration of VNS therapy  [  3,   27,   38,   45,   61,   87,   94  ] . Others have reported 
the following variables as predictors of improved response to VNS: focal epilepsy 
(eloquent) or temporal lobe epilepsy  [  29  ] ; fewer failed antiepileptic drugs (AED)  [  104  ]  
higher baseline seizure frequency  [  62  ] , prior corpus callosotomy  [  45,   61  ] , higher 
cognitive function at baseline  [  1  ] , and focal rather than generalized seizures  [  61  ] . 
Contradictory results were reported as to patient age at implantation  [  2,   25,   61  ]  and 
duration of epilepsy  [  104,   61  ] . Neuronal migration disorders predicted less robust 
response to therapy  [  29  ] . 

 No negative cognitive side effects have been reported with VNS. Cognition may 
even improve if concomitant medications can be reduced. VNS therapy promotes 
alertness  [  75  ] , improves mood  [  44  ] , and can provide quality-of-life bene fi ts  [  30  ] . 
VNS may stop or shorten seizures and clusters of seizures and also may improve the 
postictal period  [  120  ] .  
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   Safety Aspects of VNS 

 The placement of a VNS device is a low-risk procedure. Infection may occur at the 
incision site  [  116  ] ; the rate of infections is reported between 0 and 8 % (Elliott et al. 
2010). There may be paralysis of the vocal cord (usually transient). Signi fi cant or 
permanent injury to the vagus nerve was rare (<4 %) (Elliott et al. 2010). Rarely 
asystole may occur in the operating room (0.1 %)  [  109  ] . Lead fracture or dislodge-
ment from the device and battery failure can occur unrelated to the surgical proce-
dure  [  45,   116  ] . 

 In the long run, patients may commonly complain of voice alteration and hoarse-
ness (19–29 %), local paresthesias, throat or neck pain (12 %), and cough (6 %). 
Dyspnea may be seen (3 %), as well as headaches  [  18,   42,   56,   83,   87,   116  ] .    

   Direct and Deep Brain Stimulation for the Treatment of Epilepsy 

   History 

 For decades, the effects of electrical stimulation on brain activity have been studied. 
Direct stimulation of the cerebellum was reported to be effective in treating epilepsy in 
noncontrolled studies  [  21  ] , but subsequent controlled studies in a total of 17 patients 
failed to show signi fi cant effects  [  125,   139  ] . Early investigations of the thalamus in ani-
mal models of epilepsy demonstrated the potential for disruption of seizures induced by 
both pharmacological and electrical stimulation  [  78,   79  ] . Thus, focus distant brain stimu-
lation is supposed to modulate and/or disrupt epileptic activity in larger networks (e.g., in 
the circuit of Papez). Direct stimulation of the epileptogenic focus may abort epileptic 
discharges or chronically increase the threshold for epileptic activity.  

   Indications 

 Direct brain stimulation may be a treatment option for patients with bilateral or 
multiple seizure foci as well as for patients with seizure foci in eloquent brain areas. 
As with any new therapy, identi fi cation of ideal candidates remains challenging. 

 Thalamic stimulation for the treatment of epilepsy has been performed in the 
centromedian nucleus (Fig.  4a ,  [  33,   127,   130  ] ) and the anterior nucleus of the thala-
mus (Fig.  4b ,  [  5,   32,   46,   54,   66,   92  ] ).  

 First data from a multicenter, double-blind, randomized trial  [  32  ]  showed that bilateral 
stimulation of the anterior nuclei of the thalamus (SANTE, Fig.  4b ) is most effective in 
patients with temporal lobe epilepsy as opposed to extratemporal, neocortical epilepsy. 
Statistically signi fi cant improvement was noted in complex partial seizures (Table  3 ). 

 Deep brain stimulation (DBS) of the substantia nigra pars reticulata and the subtha-
lamic nucleus may be an effective treatment option for patients with progressive myo-
clonic epilepsy in adulthood as shown in a small patient group   [  135  ] .  
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   Techniques 

 The procedure for electrode implantation begins with placement of the stereotactic 
frame under general anesthesia. After placement of an MRI localizer grid, fast spin 
echo inversion recovery and standard T2 high-resolution, 1-mm slice images are 
obtained for targeting. Computed tomography may also be a reasonable alternative 
for stereotactic localization. Indirect localization of the desired target can be 
obtained with reference to a standard stereotactic atlas by identifying the anterior 
and posterior commissures on axial images. Frame position relative to the AC-PC 
line is calculated. Direct radiographic identi fi cation of the target is also possible for 
most potential DBS targets, including the anterior thalamic nucleus, the subtha-
lamic nucleus, the caudate, and the hippocampus. 

 The patient is  fi xed in a May fi eld head frame in a supine or a semisitting position. 
Head position is altered to optimize access to the chosen entry point. A burr hole is 
placed and the dura and pia are sharply incised and cauterized with care to avoid 
surface vessels. A guide cannula is inserted under neuronavigation from an MRI 
dataset. The cannula position is con fi rmed with  fl uoroscopy. A monopolar single-
unit recording electrode can be introduced and used for con fi rmation of the targeted 
thalamic nucleus by recording the speci fi c  fi ring pattern. For targeting the anterior 
thalamic nucleus (AN), the lateral ventricle is invariably traversed and no unit 
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  Fig. 4    Illustration of deep brain stimulation. ( a ) Overview of the locations of electrode ( E ) targets 
in thalamic stimulation in the centromedian nucleus ( CE ) or in the ( b ) anterior thalamic nucleus 
( AN ). For anatomical orientation, other marked thalamic structures are the medial- ( ME ), ventral- 
( VE ), lateral- ( LA ), pulvinar- ( PU ), lateral geniculate- ( LG ), medial geniculate ( MG ) nucleus and 
lamina medullaris interna ( LMI ). ( c ) Electrode ( E ) placement in hippocampal ( H ) stimulation.  A  
amygdala,  CG  cingulate gyrus,  FO  fornix,  HYP  hypothalamus,  IG  indusium griseum,  MB  mam-
millary body,  OB  olfactory bulb,  THA  thalamus       
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recordings are made here. Recordings are  fi rst heard in the super fi cial surface of the 
AN. For the AN, the electrode is advanced further until recordings cease as the 
electrode enters the intralaminar region (Fig.  4b , LMI), in which the characteristic 
 fi ring pattern ceases because the white matter generates no signal. Recordings with 
a different  fi ring pattern resume as the electrode enters the dorsomedial nucleus of 
the thalamus (Fig.  4b , ME). For AN speci fi cally, an additional step is used to con fi rm 
lead placement using characteristic EEG activity following frequency stimulation. 
Stimulation parameters include a frequency of 5–10 cycles/s with a pulse width of 
90–330  m s, a pulse amplitude of 4–5 V, and total pulse duration between 3 and 10 s. 
Stimulation at these frequencies in the AN is associated with recruiting rhythms on 
the cortical EEG. 

 Following con fi rmation of EEG activity and removal of the lead, the  fi nal DBS 
lead is inserted. Fluoroscopy is again used to con fi rm electrode placement. The 
electrode is secured with a burr hole cap and the skin incision is closed. The same 
sequence of steps is used for placing the contralateral electrode. The internal pulse 
generator is placed the same day or 1 day later. The scalp incisions are opened and 
the electrode wires are identi fi ed and connected to an extension wire. These are 
tunneled subcutaneously to an infraclavicular position, as described in the VNS 
section above (Fig.  3a ). Postoperatively, lead placement is con fi rmed with MRI or 
CT  [  63  ] .  

   Results 

   Outcome of Direct Brain Stimulation 

     1.     Focus distant brain stimulation : 
   Cerebellar stimulation : A double-blind, randomized controlled pilot study of 
bilateral stimulation of the superomedial cerebellar cortex in  fi ve patients with 
medically refractory motor seizures found a signi fi cant reduction of tonic-clonic 
and tonic seizures over 6 months. Generalized tonic-clonic seizures were reduced 
after 1–2 months and continued to decrease over the  fi rst 6 months. The effect 
was stable over the study period of 2 years and beyond  [  129  ] . 

  Thalamic stimulation : Thalamic stimulation for treatment of epilepsy has 
been performed in the centromedian nucleus  [  33,   127,   130  ]  and the anterior 
nucleus of the thalamus  [  5,   32,   46,   54,   66,   92  ] . 

 Stimulation of the  centromedian nucleus of the   thalamus  has shown limited effect 
in humans with epilepsy: Chronic, bilateral 60-Hz stimulation of the centromedian 
nucleus of the thalamus in 13 patients reduced primary and secondary generalized 
tonic-clonic seizures but had no effect on complex partial seizures  [  130  ] . A pilot, 
uncontrolled nonblinded trial using continuous stimulation of the centromedian 
nucleus in seven patients reported signi fi cant improvement in only one patient  [  33  ] . 

 The  anterior nucleus of the   thalamus  is an attractive target because of its close 
connections to the mesial temporal structures via the fornix, mammillothalamic 
tracts, and thalamocortical radiations. Several uncontrolled trials yielded varying 
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results: In a publication by Andrade et al.  [  5  ] ,  fi ve of six patients had >50 % sei-
zure reduction. A microthalamotomy effect on seizure expression by implantation 
of the electrodes alone without stimulation was suggested. In another pilot study, 
all four investigated patients showed >50 % seizure reduction. Lim et al.  [  66  ]  
investigated four patients and only one of them had a seizure reduction >50 %. 

 A large multicenter, double-blind, randomized trial using bilateral stimulation 
of the anterior nuclei of thalamus (SANTE) con fi rmed effectiveness (Tables  2  
and  3 ). By 2 years, there was a 56 % median reduction in seizure frequency; 
54 % of patients had a seizure reduction of >50 %, and 13 % of patients were 
seizure-free for at least 6 months. Patients with seizures arising from the tempo-
ral lobe(s) ( n  = 66) had a signi fi cant reduction in seizure frequency compared to 
baseline, whereas those with frontal ( n  = 30), parietal ( n  = 5), or occipital ( n  = 4) 
onsets did not demonstrate signi fi cant reduction. 

  Nucleus subthalamicus : The stimulation of the  subthalamic nucleus  acts via 
modulation of the “dorsal midbrain anticonvulsant zone.” Small open-label trials 
have reported seizure reduction in some patients treated with this technique  [  17, 
  67  ] . The effect, however, seemed not to be strong enough in order to continue 
stimulation of the subthalamic nucleus in larger clinical studies under the stimu-
lation parameters applied so far. 

 Interestingly, deep brain stimulation of the substantia nigra pars reticulata and 
the subthalamic nucleus may be an effective treatment option for patients with 
progressive myoclonic epilepsy in adulthood  [  135  ] . In all  fi ve patients in that 
study, signi fi cant reduction of myoclonic seizures was observed ranging between 
30 and 100 %.  

    2.     Direct stimulation of the   epileptogenic focus : 
   Hippocampal stimulation : Treating temporal lobe epilepsy with stimulation 
seems to be attractive as it could potentially avoid memory de fi cits associated 
with surgery. Moreover, both hippocampi can be stimulated (Fig.  4c ). 

 Uncontrolled studies with good responder rates in patients receiving continuous 
stimulation have been conducted as proof of principle  [  13,   122,   128  ] . Favorable 
results were demonstrated by Velasco et al.  [  128  ]  (all nine patients were responders 
with >50 % seizure reduction) and by Boon et al.  [  13  ]  (seven of ten patients were 
responders with >50 % seizure reduction). However, in the study by Tellez-Zenteno 
et al.  [  122  ] , only one of  fi ve patients experienced >50 % seizure reduction. 

 Currently, larger systematic controlled studies of scheduled stimulation of the 
mesial temporal structures are under way (CoRaStir = prospective randomized 
controlled study of neurostimulation in the medial temporal lobe for patients 
with medial temporal lobe epilepsy; MET-TLE = randomized controlled trial of 
hippocampal stimulation for temporal lobe epilepsy). 

  Responsive cortical stimulation : Responsive neurostimulation is based on the 
concept that brief bursts inhibit after-discharges  [  20,   53,   64  ] . The ideal treatment 
scenario of responsive stimulation includes detection of an electrographic sei-
zure by depth or cortical strip electrodes in the seizure zone before the onset of 
clinical symptoms. An electrical stimulus (short pulse of high-frequency stimulation) 
aborts the electrographic seizure and, therefore, prevents clinical symptoms. The 



184 S. Fauser and J. Zentner

feasibility of such devices has been demonstrated in 65 patients in whom elec-
trodes were implanted  [  82  ] . Another feasibility study performed by a single cen-
ter described a 45 % decrease in seizures in seven of eight patients with a mean 
follow-up of 9 months  [  35  ] . A larger pivotal double-blind controlled trial for 
responsive neurostimulation was performed in 109 patients; results are pending. 

 Responsive neurostimulation is challenging for mainly two reasons: (1) Patient-
speci fi c algorithms must be de fi ned in order to detect early epileptiform activity in 
a given patient. (2) In case of incomplete stimulation of the seizure onset zone, 
 epileptic activity may propagate from not preserve areas and expand over the whole 
brain. 

  Safety aspects of direct   brain stimulation : Most common adverse effects in 
stimulation of the  anterior nuclei of the   thalamus  are as follows:

   (a)     Device - related adverse events : 
 Paresthesias (18.2 %), pain at implantation site (10.9 %), and infections 
(12.7 %) were most commonly seen. Asymptomatic hemorrhages were noted 
in 4.5 % patients. Both depression and memory complaints were signi fi cantly 
higher in the stimulation group compared to the control group  [  32  ] . Kerrigan 
et al.  [  54  ]  reported a 5 % risk of infection and a 5–7.5 % risk of intracerebral 
hemorrhage leading to clinical symptoms.  

   (b)     Epilepsy - related complications : 
 Six percent of patients experienced new seizure types and 9 % of patients 
had an increase in seizure frequency compared to baseline. In 5 % of patients 
status epilepticus occurred: in two patients following implantation, in one 
patient following the initiation of stimulation after the blinded phase, and in 
one patient following discontinuation of stimulation. One percent of patients 
experienced simple partial seizures corresponding to the stimulation cycle 
following initiation of stimulation  [  32  ] .     

 Most common adverse effects of  responsive neurostimulation studies  included 
device-related events reported in 9 % of patients, such as infections, skin erosion, 
cranial reconstruction, and increased seizures, all of which resolved  [  82  ] . In 
another responsive neurostimulation feasibility study, no serious device-related 
adverse event was observed  [  35  ] .     
 One safety concern that still remains is that chronic subthreshold stimulation may 

induce neural injury. Experience with deep brain stimulation for patients with Parkinson’s 
disease, however, suggests that chronic stimulation can be delivered safely  [  41  ] .    

   SEEG-Guided Thermocoagulation 

   History 

 Developed in the 1960s for the treatment of behavioral disorders  [  89  ] , stereotactic 
 radiofrequency thermocoagulation (RFTC) lesioning was proposed for treatment of 
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drug-resistant temporal lobe epilepsy by producing lesions in the amygdala- 
hippocampus structures  [  34  ] . The outcome of stereotactic RFTC targeted on a 
selected structure such as the amygdala or hippocampus proved de fi nitively less 
favorable than that of standard surgery  [  93  ] . In recent years, the ef fi cacy of this 
method has been improved by aiming at a tailored (total or partial) destruction of the 
epileptogenic zone using SEEG guidance  [  40  ] .  

   Indications 

 Thermocoagulation may be a treatment option for patients in whom stereoelectro-
encephalography (SEEG) is used for invasive video-EEG monitoring and who are 
not eligible for surgery because of multiple epileptogenic foci or because of the 
vicinity of the epileptogenic focus with respect to eloquent areas.  

   Techniques 

 The procedure is performed without anesthesia. Lesions are made using a radiofre-
quency lesion generator system (Radionics Medical Products, Burlington, MA) con-
nected to the SEEG electrodes (Dixi Medical, Besancon, France). The lesions are 
produced between two contiguous contacts of the selected electrodes. Temperature 
cannot be monitored in vivo at the electrode contacts, so the lesions are made using 
a 50-V, 120-mA current, which was found in vitro to increase the local tempera-
ture to 78–82 °C within a few seconds. A depth EEG recording is performed for 
at least 5 min before and after the RFTC procedure between the two contacts used 
for RFTC as well as at all contacts located on the same electrode. The choice of 
targets depends on data from video-SEEG recordings. Criteria are low-amplitude 
fast-activity pattern or spike-wave  discharges at onset of seizures and no clinical 
response to stimulation  (noneloquent areas)  [  15  ] .  

   Results 

   Outcome of Thermocoagulation 

 SEEG-guided RFTC showed a favorable bene fi t/risk ratio in a case series of 13 
patients in whom surgery was risky or not feasible. Seven of these patients (54 %) 
bene fi ted from RFTC, with a reduction of >50 % in seizure frequency  [  15  ] . Best 
results were obtained in patients with malformations of the cortical development 
(dysplasia and heterotopia)  [  68,   15  ]  (Table  2 ). 

 Conversely, results of RFTC in patients eligible for lesionectomy are clearly 
inferior to those of surgery. Thus, SEEG-guided RFTC is not recommended as an 
alternative to resective surgery.  
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   Safety Aspects of Thermocoagulation 

 In the above-mentioned case series, complications were rare. No permanent neuro-
logical or cognitive impairment occurred after any procedure. Three of 43 patients 
showed transient adverse effects. Dysesthesia of the mouth occurred following 
intrainsular RFTC in two patients, and motor apraxia in the left hand occurred fol-
lowing RFTC in the right supplementary motor area in one patient  [  15  ] .     

   Summary, Conclusions and Proposals for the Future 

 Several surgical options exist for patients with medically intractable epilepsy in 
whom the epileptogenic focus cannot be surgically removed and in whom very dis-
abling seizures persist despite optimal pharmacotherapy. These techniques allow a 
reduction of seizure frequency but do not cure the patient. The  fi rst-line aim is to 
ameliorate quality of life. The choice of the individually adequate palliative proce-
dure depends on several factors. A thorough risk/bene fi t assessment is necessary 
and several points should be taken into consideration. 

 First, evidence base and experience concerning outcomes and long-term effects 
vary remarkably among the different palliative approaches. Corpus callosotomy and 
VNS have been performed in large patient series and long-term follow-up analyses 
are available. For VNS, randomized and double-blinded trials exist. Deep brain 
stimulation, on the other hand, is an emerging treatment option for medically intrac-
table epilepsy. The best targets and modes of stimulation are still under investiga-
tion. Larger, more well-controlled studies are necessary. 

 Second, the most disabling seizure types, epilepsy syndromes, or other patient-
speci fi c characteristics should be considered when deciding on the best palliative 
surgical technique. Tables  1a ,  b ,  2 , and  3  summarize different seizure types and 
epilepsy syndromes and the respective responsiveness to different palliative surgical 
techniques reported in the literature during the past 10 years (Tables  1a  and  b : sei-
zure reduction per seizure type in corpus callosotomy and VNS; Table  2 : seizure 
outcome in general after different approaches; Table  3 : possible indications for pal-
liative procedures depending on the leading seizure type or underlying syndrome). 
Moreover, some palliative procedures are suitable only for highly selected patient 
groups such as SEEG-guided thermocoagulation for patients undergoing invasive 
video-SEEG monitoring and MST for patients with an epileptogenic focus in elo-
quent brain areas. 

 Third, the invasiveness of alternative palliative procedures varies considerably. The 
implantation of a VNS is a low-risk procedure compared to a corpus callosotomy. 
Anterior corpus callosotomy is less frequently associated with chronic disconnection 
syndromes than is complete corpus callosotomy; however, it is also less effective in 
reducing seizure severity and frequency. In patients with Lennox-Gastaut syndrome, 
for example, VNS and anterior or complete callosotomy are potentially alternative 
therapies. Identifying suitable candidates for each procedure remains challenging. 
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The decision is based on mainly individual criteria, a general consensus does not exist. 
Important individual features of the patients include the most disabling seizure type(s), 
the urge for immediate improvement (how many drop attacks? how many generalized 
tonic-clonic seizures?), presumed quality of life, intellectual performance, and the age 
of the patient. In some patients a two-step procedure is justi fi ed, beginning with a low-
risk procedure and then, in case of failure, therapy with higher risks. It should be taken 
into consideration that it takes time for the maximal anticonvulsive effect of VNS to 
be seen. Procedures with a higher perioperative risk or risk of postoperative prolonged 
or permanent neurologic de fi cits are only legitimate if seizure outcome is supposed to 
be superior to less invasive procedures. This has been shown for complete corpus cal-
losotomy versus anterior corpus callosotomy and is supposed for callosotomy versus 
VNS with respect to drop attacks and generalized tonic-clonic seizures. 

 The establishment of new therapeutic strategies such as deep/direct brain stimu-
lation in medically intractable epilepsy is a most intriguing topic and will depend 
mainly on the proof of equality or superiority to well-known palliative procedures. 
Finally, cost-effectiveness (in particular that of individually tailored devices for 
responsive cortical stimulation) will not be just a marginal factor in the acceptance 
of these new therapeutic strategies.      
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