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Abstract
Objective: Deep brain stimulation of the ANT is a novel treatment option in refrac-
tory epilepsy with an established efficacy at the group level. However, data on the 
effect of individualized programming are currently lacking. We report the effect of 
programming changes on outcome in deep brain stimulation of anterior nucleus of 
thalamus (ANT DBS). Secondly, we investigated whether the effect differs between 
seizure types. Thirdly, we compared the response status between patients with stimu-
lation contacts verified inside the ANT with patients with contacts located outside 
of ANT.
Methods: The participants were 27 consecutive patients with ANT DBS implanta-
tion with at least two-year follow-up. Seizures were subdivided into focal aware 
(FAS), focal impaired awareness (FIAS), and focal to bilateral tonic-clonic seizures 
(FBTCS). The patients’ seizure diaries were analyzed retrospectively to assess 
changes in different seizure types. Active contact locations for each patient were 
verified from preoperative MRI and postoperative CT fusion images using SureTune 
III (Medtronic Inc, Minneapolis, MN) software.
Results: A significant reduction in monthly mean seizure frequency occurred in 
FIAS: 56% at two-year and 65% at five-year follow-up. The effects on FAS and 
FBTCS were less pronounced. Patients with contacts inside the ANT or on the an-
terolateral border of ANT experienced a greater reduction in seizure frequency than 
patients with outside-ANT contacts. Ultimately, seven patients became responders 
due to changes in DBS programming or repositioning of contacts, increasing our 
responder rate from 44% to 70% as measured by a seizure reduction of at least 50%.
Significance: ANT DBS appears to be especially effective in reducing FIAS, when 
the appropriately chosen contacts are activated.
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1  |   INTRODUCTION

The effectiveness of deep brain stimulation (DBS) of the 
anterior nucleus of thalamus (ANT) in patients with re-
fractory epilepsy was demonstrated in the SANTE trial, 
which had an initial randomized controlled double-blind 
phase1 and an extended five-year follow-up period.2 
Two different measures were evaluated at the end of the 
follow-up of the SANTE trial. The mean decrease in the 
total number of seizures was 67%, and a similar percent-
age of patients experienced a greater than 50% reduction 
in seizure frequency. This improvement in efficacy with 
time is reminiscent of the situation with other forms of 
neuromodulation such as vagal nerve stimulation (VNS).3 
The epilepsy type did not exert any major effect on the 
decrease in the numbers of seizures at the five-year fol-
low-up. Therefore, SANTE demonstrated the long-term 
efficacy of ANT DBS therapy but did not provide infor-
mation about which patients would be the best candidates 
for this form of treatment.2 So far, the published data from 
single-center studies have all adopted the same approach 
as applied in SANTE1 without providing data on the pos-
sibilities for optimizing treatment outcomes based on pro-
gramming changes.4-15

The ANT has been chosen as a stimulation target due to 
its location at a site that allows it to influence the brain's 
predisposition to epileptic seizures. The ANT is a major 
hub in the final common pathway of the spread of a seizure 
prior to impairment of consciousness and secondary gener-
alizaton.16-18 In experimental studies, stimulation of the in-
tralaminar nuclei of thalamus has exerted a major effect on 
consciousness, suggesting that DBS of thalamic structures 
may influence states with an impairment of consciousness 
or awareness.18

The results from previous studies on VNS imply that it 
might be rewarding to measure treatment outcomes in more 
wide-ranging ways than only in terms of total seizure reduc-
tion. The data available from VNS point to a major reduction 
on seizure severity3 in addition to a decrease in the total num-
ber of seizures. Also, recent VNS studies have emphasized 
changes in the dominant seizure type as being the main pa-
rameter of efficacy.19

For these reasons, we set two distinct goals for this study. 
Firstly, we wanted to assess whether seizure outcomes could 
be improved by programming changes or reimplantation 
based on anatomy. We have recently demonstrated the impor-
tance of the detailed individualized anatomical knowledge of 
the stimulated contacts since these determine the probability 
that a patient will respond favorably20,21 both in terms of sei-
zure outcomes and in avoiding psychiatric side-effects.22 Our 
second goal for this study was to analyze the effect of ANT 
DBS on specific seizure types with the emphasis on the im-
pairment of consciousness.

2  |   MATERIALS AND METHODS

A total of 27 consecutive patients with ANT DBS with at 
least two years of follow-up time were included in the study. 
The clinical features of the patients are presented in Table 1. 
The evaluation of etiology was based on magnetic resonance 
imaging (MRI) findings and clinical history. The seizure 
onset zone was assessed based on video-EEG registrations.

ANT DBS surgery was performed as reported previ-
ously.21 Stimulation was initiated on the fifth postoperative 
day. The initial stimulation parameters were cycles of 1-min-
ute on and 5-minute off, 140 Hz frequency, and 90 µs pulse 
width. The amplitude was increased to 5 V during the first 
weeks of stimulation. Programming was adjusted accord-
ing to individual needs. When different contacts were pro-
grammed, these were typically single contact cathodal with 
respect to the case as anode. If a second contact was added, 
the system became multicathodal. Bipolar stimulation was 
also tested in some of the patients.

The location of the DBS contacts was verified with 
SureTune III (Medtronic Inc) software using preoperative 3 
Tesla MRI and postoperative CT. Contacts located inside the 
ANT or on the anterolateral border of the ANT but not below 
it (representing the thalamo-cortical network) were deemed 
to have been successfully implanted. All other contacts were 
designated as being placed outside of the ANT.

Before the decision to operate, the seizure diaries of pa-
tients were carefully evaluated for reliability based on pre-
vious video-EEG studies taking into account each patient's 
ability to remember and count seizures. The seizures were 
classified according to new ILAE classification23 into focal 
aware seizures (FAS), focal impaired awareness seizures 
(FIAS), and focal to bilateral tonic-clonic seizures (FBTCS). 
Special attention was directed to the severity and duration 
of impaired awareness during the FIAS. For practical pur-
poses, the duration of FIAS was categorized into very short 
seizures lasting less than 30 seconds and typical ones lasting 
more than 30  seconds. By its nature, this categorization is 
somewhat imprecise and arbitrary, but was based on a very 
early observation by the patients and their families in our 
center that the duration of period with impaired awareness 

Key points
•	 Deep brain stimulation of anterior nucleus of thal-

amus for epilepsy is more effective with optimal 
current targeting

•	 Current can be targeted with stimulator program-
ming or repositioning of contacts

•	 The greatest effect appears to be in reducing sei-
zures with impaired awareness
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seemed to decrease after the initiation of successful stimu-
lation. After this preliminary observation, the patients and 
their caregivers were soon trained to prospectively monitor 
not only the seizure types, but also the duration of FIAS prior 
to the implantation to establish a more meaningful baseline 
seizure assessment.

The follow-up visits were conducted by a single experi-
enced epileptologist (JP) except for the first postimplantation 
visit which was undertaken by the neurosurgeon (KL).

The patients were classified as responders if there was 
≥50% reduction in the seizure frequency occurring in the 
past 6  months as compared to baseline. Since defining a 
responder to epilepsy treatment is complicated and the ar-
tificial division into two groups does not always provide the 
most realistic impression of outcome,24 response status was 
further categorized into six different classes by total seizure 
frequency and disabling seizure frequency: Class 0 for sei-
zure reduction of less than 25%, Class 1 for 25%-50% seizure 
reduction, Class 2 for 50%-75% seizure reduction, Class 3 for 
75%-90% seizure reduction, Class 4 for seizure reduction of 
more than 90%, and Class 5 for seizure freedom.

Wilcoxon signed-rank test was used for statistical sig-
nificance as a nonparametric test for related samples. The 
Bonferroni correction was used to adjust probability (p) value 
by multiplying the p value by the number of reviewed time 
points for which the seizure reduction rate was calculated.

The study was approved by the Ethics Committee of the 
Pirkanmaa hospital district. Written informed consent was 
obtained from each of the patients.

3  |   RESULTS

During the follow-up visits, programming changes were 
made according to standard clinical practice. During the fall 
of 2013, individualized contact location information was 
available.20 The majority (n = 18) of patients had contacts 
within ANT or on the anterolateral aspect of ANT during 
the whole follow-up period. In eight patients, the active con-
tacts were not from the beginning in the ANT, and in five 
of these individuals, the contacts were changed successfully 
to those within ANT either by reprogramming or by reim-
plantation. Two of these eight patients (Patients 9 and 24) 
died of SUDEP before undergoing reimplantation, but this 
was not considered stimulation related because these patients 
had very frequent convulsive seizures already prior to initia-
tion of neurostimulation therapy. They still suffered from a 
high frequency of disabling seizures even after seizure reduc-
tion accomplished by DBS. One patient with one unilateral 
contact in the ANT refused suggested reimplantation of the 
other, too inferiorly implanted lead (Patient 5). The contact 
location information was not available for one patient with 
cardiac pacemaker due to lack of high-resolution MRI.

Prior to the recognition of the major effect of contact lo-
cation, changes to voltage, pulse frequency, pulse duration, 
and cycling had been evaluated without any effect on seizure 
frequency. After gathering detailed contact location informa-
tion, more than one contact was activated in several patients. 
In addition, parameter changes were made due to stimulation 
induced side-effects in some patients. Table 2 describes the 
detailed information on programming changes.

The relative change in the mean monthly number of sei-
zures could be seen already during the first six months of 
treatment with DBS (Figure 1A). Seven patients had a statis-
tically significant (P = .028) decrease in seizure rate of −12% 
at one-year follow-up but they only met the responder criteria 
later after optimization with a significant mean seizure re-
duction of −55% (P = .018). Examples of those patients with 
either optimal contacts or suboptimal but later optimized 
contacts are presented in Figure 1B–D.

If the stimulation site was in the ANT from the very be-
ginning, there was a better response. The importance of the 
stimulation location and optimization is demonstrated in 
Figure 1 and Table 2.

Of the 18 patients that had activated contacts bilaterally 
within ANT or on the anterolateral aspect of ANT during the 
whole follow-up period, nine were responders from the begin-
ning, three were responders after optimization, and six were 
nonresponders. Optimizing by programming was most often 
reached with activating contacts that were more superior and 
in the ANT. Among the eight patients without active contacts 
in the ANT from the beginning, it was possible to obtain an 
optimal anatomical contact by changing the active contacts in 
three patients (Patients 14, 15, and 19) who became respond-
ers. In the other two patients, a reimplantation was performed 
to obtain bilateral contacts in the ANT (Patients 16 and 22), 
but only Patient 16 became a responder. For the one patient 
with initially one unilateral contact active in ANT (Patient 
5) who refused suggested reimplantation, the active contacts 
were changed to the most superior ones by reprogramming 
and this allowed the volume of activated tissue around the 
other contact (that itself remained inferior to ANT) to reach 
ANT. This patient was a responder from the beginning, but 
the programming changes alleviated the patients’ psychiatric 
adverse effects.22

The situation from the individual patient perspective is 
demonstrated in Table 2a showing the relative change with 
regard to different seizure types. The relative change in total 
and disabling seizures is represented in Figure 2, and the re-
lated optimization procedures in individual patients are dis-
played in Table 2.

When the seizure types were analyzed separately with re-
gard to mean monthly seizure frequencies either for the first 
two years (Table 3a) or five years (Table 3b), differential 
effects could be discerned. The dominant seizure type was 
FIAS, which was present in 96% of the patients. FAS and 



      |  411JÄRVENPÄÄ et al.

T A B L E  2   Relative change in seizure frequency in individual patients (A). Seizure categories are classified as follows: 0, seizure reduction 
<25%; 1, seizure reduction 25%-50%; 2, seizure reduction 50%-75%; 3, seizure reduction 75%-90%; 4, seizure reduction ≥90%; and 5, seizure-free. 
Class as assessed by total seizures is reported down on the left, class according to disabling seizure on the right. The changes in programming, 
electrodes, or AEDs leading to a change of class are depicted in symbols. Patient 8 (marked with an asterisk), despite enjoying a promising seizure 
reduction rate, later needed to have the implants removed due to an infection. Patient 9 (marked with two asterisks) displayed an over 50% seizure 
reduction in the most severe and predominant seizure type FBTCS; however, this had little effect on the complete picture: The number of seizures 
remained high, and this patient later died from epilepsy. Patients 20 and 21 were responders for disabling seizures but not for total seizures. 
Stimulated contacts in each patient (B). In Medtronic 3389 electrode, contacts 0-3 are located on the left and contacts 8-11 are on the right. Higher 
numbers are directed superiorly. Contacts in ANT are depicted in medium green, and contacts in VA are in light green and contacts in MD in 
turquoise. One contact was in lateral ventricle and is depicted in light blue. Patient 8 had cardiac pacemaker and lacks the location information due 
to a low-quality MRI. Conversion from a nonresponder to a responder is marked with a red stripe
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FBTCS were both present in 56% of all patients. The most 
prominent change occurred in FIAS (56% reduction at two 
years (P  =  .009, n  =  26) and 65% reduction at five years 
(P = .882, n = 12)). When FIAS were analyzed in terms of 
the duration of the impairment of awareness, the reduction 
in longer FIAS was 65% at two years (P = .003, n = 25) and 
75% at five years (P  =  .066, n  =  11), when the reduction 
in shorter FIAS was 41% at two years (P = 1.440, n = 12) 
and −56% at five years (P = .768, n = 7; Figure 3). When 
taken into account that for five patients, the duration of FIAS 
changed from the longer to the shorter type after initiation of 
ANT DBS, those seizures with an impairment of awareness 
for more than 30 seconds displayed a substantially larger ef-
fect than that encountered for very short seizures. The FBTCS 
rate reduction was 56% at two years (P = .069, n = 15) and 
54% at five years (P = .108, n = 8). However, the mean pre-
DBS seizure frequency in FBTCS was only 4.5 per month.

Antiepileptic drugs (AEDs) were used as part of the 
treatment. There were two patients on monotherapy, six 
on two AEDs, 13 on three AEDs, and six on four AEDs 
at the time of initiation of ANT DBS. AED changes were 
made in 20 patients during the treatment. In two patients, 

the AED medication was increased; in three patients, it was 
decreased, and in 15 patients, some of their medications 
were increased, while some others were decreased. AED 
changes were made mainly due to tolerability issues. The 
AED changes led to increases in seizure frequency in two 
patients, while seizure control was not worsened in the 
other patients. In 13 patients, a new AED was initiated or 
the dose of preexisting AED increased but these changes 
did not lead to improvements in any patients. Six patients 
had their AED treatment unchanged during the follow-up 
period. In one patient, stimulation was turned off because 
of an unclear situation (Patient 16), and later, PHT was 
withdrawn and LCM was initiated. This led to an improve-
ment in seizure control that was less than 50% from the 
baseline. Only after repositioning of the DBS electrodes to 
the correct position, did this patient convert to a responder. 
In all of the other patients, AED changes were not respon-
sible for the improvement in seizure control.

All individual programming changes are demonstrated in 
detail in the Table S1. 3D reconstructions of ANT and lead 
location together with therapy response are provided in the 
Figures S1–S3.

F I G U R E  1   Total seizure reduction and the impact of exact contact location on seizure reduction at two-year follow-up (n = 27) (A). Mean 
monthly seizure frequency is depicted on the y-axis. The seizure reduction in patients that were responders from the beginning (n = 12) is depicted 
in yellow and in patients that were nonresponders during the follow-up (n = 8) are shown in gray (lower x-axis). The seizure reduction in those 
patients who were initially nonresponders but later both contacts were optimized successfully (n = 7) is depicted in blue: The first 12 mo with no 
bilateral contacts in ANT are illustrated with a dotted line (lower x-axis) and the first 12 mo in the same patients after optimization with a solid line 
(upper x-axis). Examples of contact locations (B-D). One patient with optimal contacts from the very beginning who responded well to treatment 
(B). A nonresponder with suboptimal contacts (C) later had the contacts optimized and changed to become a responder (D)
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4  |   DISCUSSION

This study demonstrates the importance of individualized 
optimization of the stimulation parameters in patients with 
ANT DBS. These results highlight the crucial importance 
of the anatomical stimulation site as reported previously.20 
The significance of stimulation location was demonstrated 
by the change in seizure outcomes when the optimal stim-
ulation site was identified. Several patients were able to 
convert from nonresponder status to responder with opti-
mal programming parameters. Our study has also a second 
major finding, that is the demonstration that the effect of 
ANT DBS treatment in our epilepsy patients is more pro-
nounced in FIAS, where it seems to decrease both the fre-
quency and duration of these seizures. Furthermore, the 
frequency of FBTCS also decreased, but the clinical signifi-
cance was of lesser importance, since the majority of those 

who had frequent tonic-clonic seizures before undergoing 
ANT DBS were still remarkably disabled by the amount of 
the remaining seizure burden. These two seizure categories 
were the dominant seizure types in our study. The effect 
was not dependent on the epilepsy type, and there was no 
difference with regard to the seizure onset zone.

Currently, there are only limited amount of data available 
regarding programming changes. In the long-term phase of 
the SANTE study, changing stimulation voltage from 5.0 to 
7.5 V or frequency from 145 to 185 Hz did not show an ef-
fect on the seizure frequency more than initial settings.1 We 
described previously patients that developed psychiatric ad-
verse effects associated with ANT DBS programming set-
tings.22 As new-onset psychiatric symptoms are a common 
finding following epilepsy surgical procedures, these symp-
toms related to ANT DBS can be alleviated by changing 
the stimulation intensity and different active contacts. The 

F I G U R E  2   Reduction in total (A) and disabling seizures (B) in constant cohort2 of patients with a five-year follow-up (n = 12). Reduction in 
total (C) and disabling seizures (D) in constant cohort of patients with a two-year follow-up (n = 27). Seizure categories are classified as follows: 0, 
seizure reduction <25%; 1, seizure reduction 25%-50%; 2, seizure reduction 50%-75%; 3, seizure reduction 75%-90%; 4, seizure reduction ≥90%; 
and 5, seizure-free
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adverse effects might have been due to off-target stimulation 
given that the ANT has links to many neural circuits related 
to emotion and cognition.25 In addition to these, many of the 

previous studies regarding ANT DBS have concentrated on 
the optimal stimulation target, seizure reduction rate, and se-
lecting a surgical trajectory. Instead, the effects of changing 
the stimulation site on outcomes have not been reported. In 
our current study, seven patients out of 27 became responders 
due to changes in DBS programming or repositioning of con-
tacts. Reprogramming the DBS increased our responder rate 
from 44% to 70%, if this is measured by a seizure reduction 
of at least 50%. The present study highlights the need to care-
fully monitor the seizure changes in addition to the mental 
status of patients undergoing DBS implantation so that thera-
peutic adjustments can be made as necessary.25

Our study provides additional evidence about the impor-
tance of the exact anatomical locations of the contacts re-
sponsible for ANT DBS stimulation.20 After reprogramming 
(change of active contacts) or reimplantation, marked thera-
peutic effectiveness was observed. Choosing active contacts 
that were located more superior inside the ANT seemed to 
be beneficial. Furthermore, in several patients, the addi-
tion of a second active contact to widen the volume of tis-
sue activated seemed to confer additional positive effects. 
Other changes to stimulation parameters such as changes in 
voltage, pulse width, stimulation frequency, or alteration of 

T A B L E  3   Two-year cohort (a) and five-year cohort (b)

 (a)

Seizure type 6 mo 12 mo 24 mo

FAS (n = 15) −16% (P = .594) −6% (P = 1.590) −57% (P = .033)

FIAS total (n = 26) −43% (P = .045) −47% (P = .003) −56% (P = .009)

FIAS < 30 s (n = 12) −29% (P = 2.787) −28% (P = 1.971) −41% (P = 1.440)

FIAS> 30 s (n = 25) −52% (P = .021) −58% (P = .003) −65% (P = .003)

FBTCS (n = 15) −50% (P = .069) −56% (P = .069) −56% (P = .069)

Total −37% (P = .003) −37% (P = .000) −57% (P = .000)

(b)

Seizure type 6 mo 12 mo 24 mo 36 mo 48 mo 60 mo

FAS (n = 6) 7% (P = 4.116) 3% (P = 5.358) −22% (P = .480) −36% (P = .276) −25% 
(P = 2.070)

−11% 
(P = 2.778)

FIAS total 
(n = 12)

−37% (P = .138) −39% (P = .078) −54% (P = .060) −54% (P = .048) −59% (P = .048) −65% (P = .882)

FIAS < 30 s 
(n = 7)

−37% (P = 2.070) −33% (P = 2.070) −−51% (P = .768) −53% (P = .696) −49% (P = .696) −56% (P = .768)

FIAS> 30 s 
(n = 11)

−38% (P = .126) −46% (P = .108) −57% (P = .024) −55% (P = .024) −69% (P = .024) −75% (P = .066)

FBTCS 
(n = 8)

−36% (P = .168) −45% (P = .168) −47% (P = .168) −42% (P = .126) −58% (P = .072) −54% (P = .108)

Total −34% (P = .114) −37% (P = .018) −52% (P = .048) −53% (P = .030) −57% (P = .018) −61% (P = .036)

Note: Relative change in different seizure categories in two-year follow-up (n = 27) and in five-year follow-up (n = 12). Significant P values are indicated with bold 
text.
FAS, focal aware seizure; FIAS < 30 s, focal impaired awareness seizure of duration less than 30 s; FIAS> 30 s, focal impaired awareness seizure of duration of at 
least 30 s; FBTCS, focal to bilateral tonic-clonic seizure

F I G U R E  3   Mean seizure reduction in 5-year follow-up (n = 12): 
FAS, focal aware seizures (red); FIAS, focal impaired awareness 
seizures (yellow); and focal to bilateral tonic-clonic seizures, FBTCS 
(violet)
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stimulation cycle were done occasionally, but the effect of 
these changes was minimal in comparison with the contact 
selection. Although the seizure reduction appears to im-
prove over time, the reprogramming related improvements 
in seizure reduction occurred quickly during the next three 
months after changing the active contacts. In most of the pre-
vious studies,1,2,4,21 the exact individual anatomic locations 
have not been detailed, making it difficult to draw reliable 
conclusions about the efficacy of ANT DBS stimulation. In 
one study, the combined activation maps from responding 
contacts were plotted on an atlas-based ANT-anatomy, sug-
gesting that there would be a hot spot located in the inferior 
and lateral part of ANT in close proximity to the mammillo-
thalamic tract.26 Unfortunately, this approach does not take 
into account the individual variations in the anatomy of the 
ANT.20,27 Van Gompel et al (2015)28 also emphasized that 
the anterior nucleus seems to be a difficult location to reliably 
target and proposed that an alternative route via a posterior 
inferior parietal approach.

The most significant effect in our study was observed 
in patients with FIAS. In FBTCS, there was over 50% re-
duction in seizure rate in the whole group, but the results 
were distorted by two patients with initially 12-25 monthly 
FBTCS who achieved significant decreases in the seizure 
frequency during ANT DBS treatment. The other patient 
died of SUDEP two years after ANT DBS implantation and 
was thus clinically considered as a nonresponder. The ma-
jority of patients in this group (12 out of 15) had three or 
less FBTCS per month before undergoing ANT DBS. Only 
six out of 15 patients had ≥50% reduction in FBTCS, and 
for one-third, there was no reduction in the FBTCS rate. 
Therefore, the effects on FBTCS seemed less pronounced. 
Since FIAS and FBTCS were the predominant seizure types 
in most of our patients, these effects were most straightfor-
ward to quantify.

In the first SANTE analysis of the three-month blinded 
phase, some information concerning the seizure types was 
obtained. The seizure type prospectively designated by the 
participant as being most debilitating improved by 40% in 
the stimulated group versus 20% in the control group. During 
the blinded phase, injuries produced by seizures occurred in 
26% of the control subjects but only in 7% of the actively 
stimulated subjects, highlighting the impact on seizure se-
verity.1 In the long-term follow-up, the median reduction 
for temporal lobe seizures amounted to 76%; for frontal lobe 
seizures, it was 59%. The remaining seizure onset locations 
displayed a median reduction of 68% at 5 years.2 These long-
term follow-up data demonstrate the ANT DBS is also ef-
ficacious for other epilepsy types in addition to temporal 
lobe epilepsy. Nonetheless, it is frequently postulated that 
ANT DBS therapy is only effective in patients with limbic 
seizures.29 Similarly, in an 11-year single-center experience, 
no difference with respect to epilepsy types was observed, 

with a median 70% seizure reduction being reported.12 In one 
randomized controlled study and in several noncontrolled 
studies investigating ANT DBS, approximately every sec-
ond patient with intractable epilepsy achieved good seizure 
reductions which ranged from 46% to 90%.4-15 Our median 
seizure reduction for all seizures at five years is similar to 
previous studies.

To date, however, previous ANT DBS studies have not 
investigated whether neurostimulation might specifically re-
store an impaired level of consciousness when the patient is 
in ictal or postictal states. There are preclinical studies sup-
porting the theory that activation of the intralaminar thalamic 
nuclei with neurostimulation would be a promising neurosur-
gical target for improving the level of consciousness during 
and after seizures.18 In an animal model, ANT DBS has been 
reported to induce parameter-dependent activation within the 
temporal, prefrontal, and sensorimotor cortices.30 The an-
terior nucleus of thalamus has extensive connections to the 
anterior cingulate cortex, a structure modulating the default 
mode network (DMN), which is responsible for the preser-
vation of consciousness. Therefore, ANT DBS stimulation 
may be involved in preventing the down-regulation of DMN, 
which has been shown to occur during FIAS.31 Greater posi-
tive connectivity with DMN has been reported in ANT DBS 
responders as compared to nonresponders.32 In our study, 
more significant changes were observed in longer FIAS 
supporting the role of ANT DBS stimulation in restoring 
consciousness during seizures. Even though the duration of 
impaired awareness can be difficult to assess with precision, 
this aspect may be the first indications of positive effects of 
stimulation after the initiation of the therapy, highlighting the 
importance of paying attention to these details in the seizure 
diaries.

It is not straightforward to assess the seizure reduction 
since patients that are treated with ANT DBS are also re-
ceiving AEDs. Taking the patient's best interest as a prior-
ity, some AED changes usually have to be undertaken due to 
tolerability issues or in attempts to improve seizure control 
during long follow-up periods. It can be debated whether it 
is the neurostimulation or the AEDs that are responsible for 
changes in seizure frequency.33 In our patient population, 
only one patient changed to another seizure reduction class 
after the AED medication was altered. This patient had the 
stimulator turned off before the AED change due to an un-
clear response to treatment and had a slight improvement in 
seizure frequency after the alteration of medication, but the 
significant change into a responder happened for this patient 
only later after reposition of the DBS contacts from a subop-
timal location to ANT.

There were two people in our study that died of SUDEP 
not considered to be stimulation-related. According to a recent 
systematic review, the clinical safety of ANT DBS is sup-
ported by several studies suggesting that the treatment is well 
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tolerated among refractory epilepsy patients.34 In a recent case 
report of a patient who died of SUDEP eight months after un-
dergoing ANT DBS surgery, a postmortem study showed only 
mild inflammation along the lead track and no significant mi-
croscopic or histochemical differences compared with a con-
trol tissue of an individual without epilepsy.35 In our center, 
patients that have been selected for ANT DBS treatment suffer 
from a drug-resistant epilepsy with high frequency of disabling 
seizures and if epilepsy surgery or VNS have been inapplica-
ble or unsuccessful. This might have caused a selection bias 
that might explain the relatively high amount of SUDEP in our 
study, as included has been patients with a significant seizure 
load over time, a matter that is often associated with cognitive 
decline and neuronal damage.36 These changes might lead to 
decreased connectivity between ANT and remote structures, 
which might impact on the effects of DBS.37 Thus, ANT DBS 
should not be used as a last resort therapy, but to be considered 
in the early stages of refractory epilepsy.

The limitations of our study include the small number 
of patients representing all of the different epilepsy and 
seizure types; in particular, we lacked patients with bitem-
poral epilepsy. Using Bonferroni correction comes at the 
cost of reducing statistical power, but in turn diminishes a 
chance of incorrectly rejecting a null hypothesis in a set-up 
of multiple comparisons. In addition, the nonresponders 
had a lower seizure frequency before ongoing ANT DBS 
treatment compared to responders, which might have a 
distorting impact on some results. On the other hand, we 
did have exact details of the individualized anatomy of the 
stimulation sites combined with special attention to patient 
seizure diaries, highlighting the importance of reporting 
detailed anatomical data with reference to seizure and other 
outcomes.

5  |   CONCLUSIONS

The characterization of the response of ANT DBS on the dif-
ferent seizure types seems to be helpful in selecting those 
patients most suitable for this form of therapy, with our re-
sults indicating that the best treatment response is obtained 
for seizures with impaired awareness. The efficacy of this 
therapy can be significantly increased with optimal program-
ming and contact location when the total seizure count is 
used as an outcome measure. In the future, we need to in-
vestigate other optimal programming parameters in addition 
to contact activation and to establish better criteria for se-
lecting the most suitable candidates for different models of 
neurostimulation.38
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