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Abstract
Objective: Short- term outcomes of deep brain stimulation of the anterior nucleus 
of the thalamus (ANT- DBS) were reported for people with drug- resistant focal 
epilepsy (PwE). Because long- term data are still scarce, the Medtronic Registry 
for Epilepsy (MORE) evaluated clinical routine application of ANT- DBS.
Methods: In this multicenter registry, PwE with ANT- DBS were followed up 
for safety, efficacy, and battery longevity. Follow- up ended after 5 years or upon 
study closure. Clinical characteristics and stimulation settings were compared 
between PwE with no benefit, improvers, and responders, that is, PwE with aver-
age monthly seizure frequency reduction rates of ≥50%.
Results: Of 170 eligible PwE, 104, 62, and 49 completed the 3- , 4- , and 5- year 
follow- up, respectively. Most discontinuations (68%) were due to planned study 
closure as follow- up beyond 2 years was optional. The 5- year follow- up cohort 
had a median seizure frequency reduction from 16 per month at baseline to 7.9 
per month at 5- year follow- up (p < .001), with most- pronounced effects on focal- 
to- bilateral tonic–clonic seizures (n = 15, 77% reduction, p = .008). At last follow-
 up (median 3.5 years), 41% (69/170) of PwE were responders. Unifocal epilepsy 
(p = .035) and a negative history of epilepsy surgery (p = .002) were associated 
with larger average monthly seizure frequency reductions. Stimulation settings 
did not differ between response groups. In 179 implanted PwE, DBS- related ad-
verse events (AEs, n = 225) and serious AEs (n = 75) included deterioration in 
epilepsy or seizure frequency/severity/type (33; 14 serious), memory/cognitive 
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1  |  INTRODUCTION

Neuromodulation techniques in epilepsy—including 
vagus nerve stimulation (VNS), responsive neurostimula-
tion (RNS), external trigeminal nerve stimulation (eTNS), 
focal cortex stimulation (FCS), and deep brain stimulation 
(DBS)—are used as an add- on therapy option for adults 
with drug- resistant focal epilepsy. VNS and eTNS have an 
additional antidepressant effect,1,2 RNS can be tailored to 
the patient's seizure- onset zones and is based on a closed- 
loop- stimulation mechanism.3–5 However, RNS requires a 
localizable seizure focus and is not available in Europe.

A recent technique, DBS of the anterior nucleus of the 
thalamus (ANT), received the Conformit__ Europ__enne 
(CE mark) in 2010, and U.S. Food and Drug Administration 
(FDA) approval in 2018, after its safe and effective use was 
confirmed by the Stimulation of the ANT for Epilepsy 
(SANTE) randomized controlled trial6,7 as well as multiple 
single- center reports (for review see, e.g., Refs [8,9]). Solid 
knowledge exists on safety aspects, potential ANT- DBS 
therapy–related adverse events (AEs), as well as on short- 
term clinical effects. Median monthly seizure frequency 
reduction rates of 41% and 69% were observed after 1 and 
5 years, respectively, in the SANTE trial,6,7 whereas in the 
observational Medtronic Registry for Epilepsy (MORE) 
the median monthly seizure frequency decreased by 25.3% 
at 1 year and 33.1% at 2 years (p < .001), with a responder 
rate of 32.3%.10 Implantation site pain, infections, discom-
fort, paresthesia, dizziness, and leads outside the target 
have been reported among the most frequent AEs.6,7,10 
Only few and mainly small- scaled ANT- DBS reports in-
clude long- term data exceeding 2 years of follow,- up.7,11–15

The most recent long- term follow- up data of the 
SANTE trial reported a median seizure frequency re-
duction rate of 75% at 7 years.11 The limited number of 
long- term evaluations is surprising considering that the 
mechanism of ANT- DBS in epilepsy is mainly based on 

neuromodulation, that is, long- term effects, which become 
increasingly evident over time.8 Long- term multicenter 
observations of the clinical routine use of ANT- DBS are 
needed to evaluate safety, to confirm clinical trends that 
are observed during short- term follow- up, and to com-
pare the effectiveness of different patient management 
approaches. So far it remains largely unclear how patient 
and stimulation- related parameters impact the clinical re-
sponse. Furthermore, the SANTE cohort was implanted 
mainly with earlier generation implantable neurostimula-
tors (INSs) (e.g., Kinetra),11 and large- scale longevity eval-
uations in more current generations of INSs in epilepsy 
(e.g. Activa PC) have not been reported.

The long- term evaluation of the multicenter observa-
tional MORE study seeks to evaluate the long- term (1) 

impairment (29; 3 serious), and depression (13; 4 serious). Five deaths occurred 
(none were ANT- DBS related). Most AEs (76.3%) manifested within the first 
2 years after implantation. Activa PC depletion (n = 37) occurred on average after 
45 months.
Significance: MORE provides further evidence for the long- term application of 
ANT- DBS in clinical routine practice. Although clinical benefits increased over 
time, side effects occurred mainly during the first 2 years. Identified outcome 
modifiers can help inform PwE selection and management.

K E Y W O R D S

ANT- DBS, drug- resistant epilepsy, neuromodulation, neurostimulation, predictor of outcome, 
SANTE

Key points

• The efficacy of deep brain stimulation of the an-
terior nucleus of the thalamus (ANT- DBS) in-
creased over time, achieving a median seizure 
frequency reduction of 56% (n = 46) at 5 years 
and a responder rate of 41% (n = 170) at last 
follow- up.

• Seizure- frequency reduction was associated 
with unifocal epilepsy (p = .035) and negative 
history of resective surgery (p = .002).

• Adverse events were typically moderate and 
reversible and manifested primarily during the 
first 2 years after implantation.

• Activa PC depletion (n = 37) occurred on aver-
age after 45 months.

• The incidence rate for sudden unexpected 
death in eilepsy (SUDEP) was 1.62 events for 
1000 person- years.
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clinical effects and (2) safety of ANT- DBS therapy upon 
its clinical routine application, including Activa PC INS 
longevity, as well as (3) its impact on quality of life and 
mood. Furthermore, a comparative evaluation of different 
patient management approaches was performed in order 
(4) to identify outcome- modifying parameters.

2  |  METHODS

2.1 | Study design, approval, and 
registration

MORE is an open- label, observational, international 
multicenter phase IV study (NCT01521754; 25 sites in 13 
countries including 11 European countries, Canada, and 
Russia). The study started in March 2012 and allowed for 
prospective and retrospective enrollment. The primary 
evaluation ended after 2 years of FU and is described in 
detail elsewhere.10

The protocol was updated to allow optional extension 
of follow- up up to 5 years in 2016 (CIP vs 4 17Feb2016). 
The last subject completed 2 years of FU on June 19, 2019, 
and the study was closed. Thus the majority of patients 
were discontinued without having had the possibility to 
continue the observation phase until the 5- year follow- up 
visit.

The study protocol is in accordance with the ethical 
standards laid down in the Declaration of Helsinki and 
was approved by each center's local or central ethics com-
mittee. The study was administered and sponsored by 
Medtronic.

2.2 | Study cohort and 
patient management

For a detailed description of the study cohort and pa-
tient management, we refer to Peltola et  al.10 In short, 
DBS implantation was performed in adult (≥18 years of 
age) people with epilepsy (PwE) after completion of at 
least two full consecutive months of baseline seizure fre-
quency documentation according to the treating centers’ 
standard clinical practice. Although an on- label use of 
ANT- DBS therapy (Medtronic DBS lead model 3387, dual 
channel Activa PC neurostimulator) was foreseen in the 
study protocol, the off- label (according to CE mark) use 
of Medtronic DBS lead model 3389 or the Activa RC INS 
was not explicitly excluded. The individual intrathalamic 
lead positions were evaluated by independent specialists 
based on the preoperative magnetic resonance imaging 
(MRI) and the postoperative computed tomography (CT) 
or MRI data and reported to the treating physicians. Using 

computational methods, atlas of Mai16 was non- rigidly co- 
registered to individual patient's thalamus using MrxBrain 
software, and location of lead contacts was evaluated by an 
experienced neurosurgeon (K.L.). The following criterion 
was defined as a successful bilateral implant: at least one 
contact in ANT or its border area including the mamillo- 
thalamic tract bilaterally.

2.3 | Data acquisition and outcome 
classification

The follow- up visits were conducted according to clinical 
practice and, for data analysis, were grouped into intervals 
of 12 months. During the follow- up visits, the subsequent 
parameters were assessed: monthly frequency of indi-
vidual seizure types (reclassified according to the current 
International League Against Epilepsy (ILAE) classifica-
tion of seizure semiology from 201717), concomitant med-
ication, neurostimulator programming, study deviations, 
and health- related quality of life (HRQOL) as assessed by 
the Quality of Life in Epilepsy Inventory- 31 (QOLIE- 31)18 
and the Short Form 36 Health Survey (SF- 36).19 The 
completion of the HRQOL questionnaires and the Beck 
Depression Inventory II (BDI- II) was optional. AEs in-
cluding device events were reported per the Clinical in-
vestigation of medical devices for human subjects—Good 
clinical practice (ISO 14155:2011) and classified using the 
Medical Dictionary for Regulatory Activities (MedDRA) 
version 22.0. All AEs were reviewed by an external adju-
dication committee for potential relation to DBS therapy, 
system, or procedures.

Subjects were considered as “responders” if they had a 
reduction of at least 50% of their average monthly seizure 
frequency compared to baseline. PwE with worsening 
or no improvement were classified as “no benefit.” PwE 
with <50% seizure frequency reduction were classified as 
“improvers.”

2.4 | Statistical analysis

Descriptive statistics were used to summarize demo-
graphics, clinical cohort characteristics, stimulation set-
tings, and safety aspects. Numerical data are presented 
as median with interquartile range (IQR) or mean with 
respective standard deviation (SD). Group comparisons 
were performed using paired t tests, Kruskal–Wallis 
test, or analysis of variance (ANOVA), as appropriate 
for continuous variables, or Fisher's exact test for cat-
egorical variables. A multivariate analysis was added to 
identify predictors of seizure frequency reduction, using 
unifocal epilepsy, history of VNS, history of resection, 
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gender, age, and cognitive impairment as dependent 
variables. The Kaplan–Meier method was implemented 
to estimate INS longevity. The change in average 
monthly seizure frequency from baseline to last com-
pleted follow- up, as well as the change in the QOLIE- 31, 
SF- 36, and BDI- II scores were assessed using Wilcoxon 
signed rank tests. A p- value of .05 or less was considered 
statistically significant.

The safety and INS longevity analyses were performed 
on all enrolled and implanted subjects (all patients set, 
APS). Cohort characteristics and stimulation parameters 
are reported for all implanted PwE who met the eligibility 
criteria (full analysis set, FAS). The analyses of the long- 
term effectiveness and patient- reported outcomes were 
performed on the available patient set, that is, all PwE 
who completed the respective study visit. In addition, 
some analyses focused on patients who had both baseline 
and follow- up seizure diary data at every relevant visit 
(constant cohort, CC). Patients had to have had the spec-
ified visit in order to be included in the relevant analysis.

3  |  RESULTS

The participant timeline is summarized in Figure  1, in-
cluding the reasons for discontinuation. The FAS en-
compassed 170 PwE and a total of 104, 62, and 49 PwE 
completed the 3- year (mean 37.1 months), 4- year (mean 
47.5 months), and 5- year follow- up (55.9 months), respec-
tively. Most discontinuations (68%; 82/121) were due to 
completion of the primary objective phase of the study at 
2- year follow- up to closure of the study observation phase 

for patients who decided to extend follow- up beyond 
2 years. Five PwE left due to a lack of benefit. A compari-
son of demographic and clinical characteristics of PwE 
who completed the 5- year follow- up visit and those who 
did not is given in Table S1: significant group differences 
were revealed only for the number of anti- seizure medi-
cations (ASMs) taken at the time of DBS implantation 
(5- year completers: 2.7 ± 1.0 vs non- completers: 3.1 ± 1.2; 
p = .017), as well as the prevalence of VNS therapies and 
epilepsy surgeries performed prior to ANT- DBS (5- year 
completers vs non- completers: only VNS 40.8% vs 32.2%, 
VNS and resective surgery 0% vs11.6%; p = .049). The co-
hort characteristics at the time of the annual visits are 
summarized in Table  S2. The mean length of exposure 
to DBS therapy of all implanted PwE (APS, n = 179) was 
3.4 ± 1.3 years. Subjects were followed for a cumulative 
total of 617.0 years. A total of 73 FAS patients (42.9%) had 
prior VNS therapy, of which 28 were explanted and 21 
turned off upon DBS implantation. In 24 PwE, VNS was 
continued in parallel with ANT- DBS therapy.

3.1 | Long- term effect on 
seizure frequency

The median percent change in monthly seizure fre-
quency from baseline at 1-  to 5- year follow- up is visual-
ized in Figure 2A. For the CC (n = 46), a median seizure 
frequency reduction of −28.3% was observed at 1 year 
(p < .001), which progressively improved up to a −56.1% 
reduction at 5 years (p < .001). Similar reduction rates were 
calculated for the FAS (n = 170). Most pronounced effects 

F I G U R E  1  Participant timeline. 
The flow- chart summarizes the number 
of people with epilepsy (PwE) who 
completed the annual follow- up clinical 
visits or discontinued between phases. 
Most PwE (82/121; 68%) discontinued as 
planned, as follow- up beyond 2 years was 
optional. The 3- year follow- up visit took 
place after a mean observation time of 
37.1 months post implantation, the 4- year 
visit after 47.5 months, and the 5- year 
visit after 55.9 months post implantation. 
APS, all patients set; DBS, deep brain 
stimulation; FAS, full analysis set; FU, 
follow- up.
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were observed for focal to bilateral tonic–clonic seizures 
(FBTCS; n = 15; −77.4% at 5 years; p = .008), but signifi-
cant seizure frequency reductions were also achieved for 
focal impaired awareness seizure (FIAS; n = 37; −48.4% 
at 5 years; p = .015) and, by trend, for focal aware seizures 
(FAS; n = 13; −55.0% at 5 years; p = .191). At last follow-
 up (median 3.5 years), most PwE (126/170; 74.1%) showed 
clinical improvement under ANT- DBS therapy, including 
69 responders (40.6%) (Figure S1). Half of these became 
responders within 13.5 months and 75% within 24 months 
(Figure 2B). One fourth (44/170; 25.9%), however, did not 
improve or clinically worsened at last follow- up compared 
to baseline.

At last follow- up, seven PwE (4%) were seizure- free 
for a mean duration of 15.3 ± 10.4 months. These PwE 
had a mean disease duration of 28.9 ± 16.7 years, tried on 
average 7.0 ± 2.3 ASMs until implantation, with 2.0 ± 1.0 
ongoing ASMs at time of implantation. Five of them had 
a temporal and two had a frontal seizure onset. A sum-
mary of the demographics and clinical characteristics by 
response group is given in Table 1.

3.2 | Patient and site- related seizure 
outcome modifiers

The comparison of demographics and clinical character-
istics of the different response groups, that is, no benefit, 
improvers, and responders, did not reveal any statistically 
significant differences except for gender (Table 1, p = .016). 
In the long run, patients with temporal lobe epilepsy 
(TLE) achieved a slightly stronger reduction in their me-
dian monthly seizure frequency than patients with frontal 
or parieto- occipital lobe epilepsy. Patients with multifocal 
epilepsy had less favorable outcomes (Table S3).

The multivariate analysis based on mixed models re-
vealed significant effects on seizure frequency reduction 
rates for negative history of epilepsy surgery (p = .002) and 
for unifocal epilepsy (p = .035). No association was found 
for prior VNS (p = .678), age (p = .835), gender (p = .936), 
or cognitive impairment (p = .524), although univariate 
models showed by trend better outcomes in PwE without 
cognitive impairment (last follow- up: −40.0% (n = 106) vs 
−27.9% (n = 64); p = .519) or who have been implanted at 

F I G U R E  2  Median total monthly 
seizure frequency percent change from 
baseline. (A) The median percent change 
in monthly seizure frequency from 
baseline at 1 to 5 years post implantation 
is visualized with reddish bars for 
the constant cohort (n = 46) and with 
turquoise bars for the calculated outcome 
for the full analysis set without missing 
imputation (both cohorts comprised 
subjects with available seizure diary 
data). The analyzed number of patients is 
summarized in the table at the upper- right 
corner. The median seizure frequency 
reduction rates regarding seizure 
semiology are summarized in the lower 
table. FAS, focal aware seizure; FBTCS, 
focal to bilateral tonic–clonic seizure; 
FIAS, focal impaired awareness seizure; 
IQR, interquartile range; sz, seizure. 
Error bars represent IQR. (B) Time to 
first response. Error bars represent 95% 
confidence intervals.
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T A B L E  1  Demographic characteristics by response profile at last follow- up.

Variable
No benefit 
(n = 44)

Improver 
(n = 57)

Responder 
(n = 69)

Seizure- free 
(n = 7)

Age at baseline, years

Mean ± SD 34.3 ± 9.5 35.2 ± 9.9 36.9 ± 12.0 38.9 ± 13.2

Gender, n (%)

Female 18 (40.9%) 17 (29.8%) 38 (55.1%) 4 (57.1%)

Site level of implant, n (%)

Number of implants ≤10 26 (59.1%) 34 (59.6%) 28 (40.6%) 3 (42.9%)

Number of implants >10 18 (40.9%) 23 (40.4%) 41 (59.4%) 4 (57.1%)

Disease duration, years

Mean ± SD 22.2 ± 13.0 22.6 ± 10.0 24.2 ± 13.2 28.9 ± 16.7

Baseline monthly seizure frequency

Minimum–maximum 0–610 1–392 0–415 0–12

Median 13.2 11.5 18.7 3.3

Psycho- social history, n (%)

Cognitive impairment 23 (52.3%) 19 (33.3%) 22 (31.9%) 2 (28.6%)

Mood disorders 9 (20.5%) 12 (21.1%) 15 (21.7%) 2 (28.6%)

Number of total (prior and current) ASMs taken at baseline

Mean ± SD (median) 9.0 ± 3.1 (9.0) 8.6 ± 3.4 (9.0) 8.7 ± 3.3 (8.0) 7.0 ± 2.3 (6.0)

Number of ASMs taken at time of implantation

Mean ± SD (median) 3.1 ± 1.4 (3.0) 2.9 ± 1.0 (3.0) 2.9 ± 1.1 (3.0) 2.0 ± 1.0 (2.0)

Prior surgical procedure for epilepsy, n (%)

VNS implant 23 (52.3%) 26 (45.6%) 24 (34.8%) 1 (14.3%)

Prior resective brain surgery for epilepsy 10 (22.7%) 12 (21.1%) 12 (17.4%) 3 (42.9%)

Surgical categories, n (%)

Neither a VNS nor a prior resective brain surgery for 
epilepsy

17 (38.6%) 25 (43.9%) 35 (50.7%) 3 (42.9%)

Presence of VNS implant only 17 (38.6%) 20 (35.1%) 22 (31.9%) 1 (14.3%)

Prior resective brain surgery for epilepsy 4 (9.1%) 6 (10.5%) 10 (14.5%) 3 (42.9%)

Both a VNS and prior resective brain surgery for epilepsy 6 (13.6%) 6 (10.5%) 2 (2.9%) 0 (0%)

Seizure type (ILAE, 2017), n (%)

Focal impaired awareness seizures 38 (86.4%) 50 (87.7%) 58 (84.1%) 5 (71.4%)

Focal to bilateral tonic–clonic seizures 31 (70.5%) 37 (64.9%) 41 (59.4%) 3 (42.9%)

Focal aware seizures 16 (36.4%) 18 (31.6%) 33 (47.8%) 2 (28.6%)

Other 1 (2.3%) 1 (1.8%) 3 (4.3%) 0 (0%)

Region of the brain does the seizure most likely originate, n (%)

Unifocal

Temporal 13 (29.5%) 24 (42.1%) 29 (42.0%) 5 (71.4%)

Frontal 7 (15.9%) 11 (19.3%) 12 (17.4%) 2 (28.6%)

Parieto- occipital 3 (6.8%) 4 (7.0%) 9 (13.0%) 0 (0%)

Other 1 (2.3%) 1 (1.8%) 0 (0%) 0 (0%)

Multifocal

Diffuse or multifocal 16 (36.4%) 14 (24.6%) 11 (15.9%) 0 (0%)

Other 4 (9.1%) 3 (5.3%) 8 (11.6%) 0 (0%)

Imaging result

Normal/non- lesional 16 (36.4%) 26 (45.6%) 22 (31.9%) 2 (28.6%)

Abnormal/lesional 28 (63.6%) 31 (54.4%) 47 (68.1%) 5 (71.4%)
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experienced centers, that is, centers with more than 10 
implantations (last follow- up: −50.6% (n = 82) vs −27.9% 
(n = 88); p = .202; Figure S2). The number of ASMs did not 
change relevantly over time and was comparable between 
response groups (Table 1).

3.3 | System-  and procedure- related 
seizure outcome modifiers

At 2 and 5 years, 77.6% and 76.7% of implants, respec-
tively, had at least one contact in each ANT or its border 
area including the mamillo- thalamic tract. However, the 
surgical success rates were not associated with the clinical 
response rates at 5- year follow- up (successful implanta-
tions: non- responders 85.7%, improvers 66.7%, responders 
87.5%).

PwE with transventricularly implanted electrodes 
achieved by trend better outcomes than PwE with ex-
traventricularly implanted electrodes, but no significant 
group difference was revealed based on the small sub-
groups (Table S4). Seizure frequency reduction rates ap-
peared independent of the lead model used (3387: n = 39 
vs 3389: n = 129 vs mixed: n = 1).

Throughout the annual visits, the three response 
groups were stimulated with parameters similar to 

the ones used in the SANTE trial, that is, cyclic mode 
(1 min ON, 5 min OFF time), amplitude of 5 V, high fre-
quency stimulation (145 Hz), and a pulse width of 90 μs. 
Furthermore, no increase in bipolar stimulation occurred 
(1 year: 15.2%, 3 year: 17.3%, 5 year: 16.3%). Although no 
clear trend was observed in the stimulation setting over 
time, the responder group stayed closest to the SANTE 
parameters, whereas PwE without or only intermittent re-
sponse revealed a greater variability in their stimulation 
settings over the course of the study (Table 2; Table S5).

3.4 | HRQOL and depression 
symptom severity

Figure 3 summarizes the mean changes in HRQOL meas-
ures and BDI scores over time. About one third of PwE 
had an improvement in QOL after DBS implant, with 
a ≥5- point increase in QOLIE- 31, which has been re-
ported to be indicative of a clinically meaningful change 
in DRE20:1 year: 36% (30/84), 3 year: 37% (17/46), 5 year: 
41% (7/17). Overall, no significant change from baseline 
was observed for the mean SF- 36 Physical and Mental 
Component Summary at the annual visits. The depression 
severity as measured by the BDI- II improved progressively 
from baseline to 4- year follow- up (9.0 ± 8.1 vs 7.0 ± 5.4) 

Variable
No benefit 
(n = 44)

Improver 
(n = 57)

Responder 
(n = 69)

Seizure- free 
(n = 7)

Temporal: mesial 13 (46.4%) 31 (54.4%) 47 (68.1%) 5 (100.0%)

Sclerosis 4 (50.0%) 7 (58.3%) 3 (25.0%) 2 (40.0%)

Cortical dysplasia 1 (12.5%) 2 (16.7%) 0 (0%) 0 (0%)

Dysembryoplastic neuroepithelial tumor 
(DNET)—Ganglioglioma

0 (0%) 1 (8.3%) 0 (0%) 0 (0%)

Other 3 (37.5%) 2 (16.7%) 0 (0%) 0 (0%)

Temporal: lateral 3 (23.1%) 5 (25.0%) 12 (42.9%) 2 (40.0%)

Sclerosis 0 (0%) 0 (0%) 1 (8.3%) 1 (50.0%)

Cortical dysplasia 0 (0%) 4 (80.0%) 5 (41.7%) 1 (50.0%)

Inflammatory 0 (0%) 0 (0%) 1 (8.3%) 0 (0%)

Other 3 (100%) 1 (20.2%) 5 (41.7%) 0 (0%)

Temporal: mesial and lateral 2 (15.4%) 2 (10%) 5 (17.9%) 1 (20.0%)

Cortical dysplasia 1 (50.0%) 0 (0%) 1 (20.0%) 0 (0%)

DNET—Ganglioglioma 0 (0%) 0 (0%) 1 (20.0%) 0 (0%)

Other 1 (50.0%) 2 (100%) 3 (60.0%) 1 (100.0%)

Frontal 5 (17.9%) 7 (22.6%) 14 (29.8%) 0 (0%)

Parietal 8 (28.6%) 5 (16.1%) 10 (21.3%) 0 (0%)

Occipital 8 (28.6%) 8 (25.8%) 5 (10.6%) 0 (0%)

All 4 lobes 1 (2.6%) 0 (0%) 0 (0%) 0 (0%)

Abbreviations: ASM, anti- seizure medication; VNS, vagus nerve stimulation.

T A B L E  1  (Continued)
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but did not reach significance. No association was found 
between the HRQOL or BDI and the individual change in 
seizure frequency (data not shown). Subgroup analyses by 
response groups were not meaningful, most likely due to 
the small number of available data sets at the 3-  to 5- year 
follow- up. PwE with discontinued VNS therapy (n = 49), 
which is known to have an antidepressant effect, did not 
experience a deterioration in depression severity.

3.5 | Adverse events

During the 5- year follow- up, 655 AEs were reported in 156 
of 179 (87.2%) implanted subjects, of which 225 of 655 AEs 
(34.4%) were classified as DBS- related (Table 3). The inci-
dence rate was 1061.5 events for 1000 person- years, and 
most AEs (76.3%) occurred during the first 2 years after 
DBS implantation. AEs occurring in at least 5% subjects 
are reported in Table S6. In addition, a total of 222 severe 
adverse events (SAEs) occurred in 102 of 179 subjects 
(57.0%), of which 75 of 222 SAEs (33.8%) were rated as 
DBS related. The most frequently (≥2%) reported DBS- 
related AEs/SAEs by Preferred Term (PT) were seizure/
epilepsy related events (33/655, 5.0%) and memory/cogni-
tive impairment (29/655, 4.4%) (Table 3). Thereby, seizure 
AEs referred to an increased seizure frequency or severity 
or to the occurrence of a new seizure type.

Most of the (DBS- related and unrelated) seizure AEs/
SAEs (38/53 events; 71.7%) occurred during the first 2 years 
after implantation. Except for four PwE, the seizure AEs 
were resolved in all PwE at last follow- up. Furthermore, 
three status epilepticus AEs including one potentially 
DBS- related status epilepticus were reported in three PwE 
from implantation to 5- year follow- up.

Memory impairment was reported in 28 of 179 (15.6%) 
PwE, 9 of which had prior history of memory impairment. 
Most (19/29, 65.5%) memory AEs were categorized as moder-
ate, 9 of 29 (31.0%) as mild, and 1 (3.4%) as severe. About three 
fourths (n = 21, 72.4%) were rated as DBS related and only one 
(3.4%) of these AEs was not resolved at last follow- up.

A total of 33 depression (includes depression and de-
pressed mood) AEs (14 DBS- related) was reported in 28 
of 179 (15.6%) PwE and rated as mild in 7, moderate in 22, 
and severe in 4 events. Of note, nearly all (29/33; 87.9%) 
depression AEs occurred during the first 2 years after im-
plantation and led to reprogramming in four PwE and 
therapy suspension in one patient. Prior history of de-
pression was affirmed by 11 of 28 PwE (39.3%). Suicidality 
(two ideations, two attempts, one completed) was re-
ported in four PwE. Half of them were female and had a 
history of mood disorder. In addition, they had a mean age 
of 41.5 ± 9.0 years, a disease duration of 19.5 ± 10.8 years, 
a median baseline seizure frequency of 18.5 per month, 
and therapy with mean 2.5 ± 0.6 ASMs at implantation. 

F I G U R E  3  Mean change in measures 
of quality of life and depression from 
baseline to 5- year follow- up. Mean 
changes in quality of life at annual visits 
compared to baseline were measured via 
standardized questionnaires (QOLIE- 31 
and SF- 36), whereby an increase in the 
total score reflects an improvement in 
life quality. The depression severity 
was assessed via the BDI, whereby a 
decrease in the total score represents 
an improvement in depression severity. 
BDI- II, Beck Depression Inventory; 
MCS, Mental Component Summary; 
PCS, Physical Component Score; QOLIE, 
Quality of Life in Epilepsy; SF- 36, Short 
Form 36.
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Remarkably, all four PwE had TLE. Five deaths occurred 
at 1.5–4.6 years post implantation due to suicide (n = 1), 
endocarditis (n = 1), possible (n = 1) or definite (n = 2) sud-
den unexpected death in epilepsy (SUDEP21) and were 
rated as non- DBS related. The incidence rate for SUDEP 
was 1.62 events for 1000 person- years.

Although it was not in the scope of the study, double 
stimulation with VNS and DBS did not lead to more fre-
quent or different AEs compared to DBS only.

3.6 | Device performance

A total of 59 of 170 PwE (34.7%) had a least one device 
modification, with 19 PwE (11.2%) having lead modifica-
tions. The most frequent lead modification type was ex-
plantation with replacement. Seven device deficiencies in 
five FAS patients (2.9%) were reported from implantation 
to 5- year follow- up, including one extension damage, two 

lead damages, two electrical impedance issues, and two de-
vice malfunctions. Definitive device explantation was per-
formed in eight PwE (4.5%) due to lead malposition (n = 1), 
dizziness (n = 1), infection (n = 3), or lack of seizure reduc-
tion (n = 3). Mean survival time to definitive explant was 
41.0 months.

INS depletion occurred in 37 PwE (20.7%) at 
45.0 ± 13.2 months post implantation, on average. Most of 
these PwE (33/37; 89.2%) were on cyclic mode with me-
dian stimulation settings similar to the SANTE parame-
ters except of a higher median stimulation amplitude of 
6 V (maximum 8 V).

3.7 | Other reported events

Five pregnancies have been reported in three patients dur-
ing follow- up visits, including one reported AE of miscar-
riage unrelated to DBS therapy.

Description
All adverse events (number of 
patients (%) [number of events])

Serious adverse 
events (number 
of patients (%) 
[number of 
events])

Total number of events 156 (87.2%) [655] 102 (57.0%) [222]

Deep brain stimulation 
(DBS)–related events

113 (63.1%) [225] 56 (31.3%) [75]

Procedure- related 
events

49 (27.4%) [73] 27 (15.1%) [32]

Device- related events 99 (55.3%) [185] 43 (24.0%) [57]

System component–
related events

30 (16.8%) [39] 17 (9.5%) [20]

Program stimulation–
related events

86 (48.0%) [153] 30 (16.8%) [40]

Memory impairment 20 (11.2%) [21] 3 (1.7%) [3]

Cognitive disorder 8 (4.5%) [8] 0 (0%) [0]

Seizure 19 (10.6%) [22] 11 (6.1%) [12]

Epilepsy 10 (5.6%) [11] 2 (1.1%) [2]

Depression 11 (6.1%) [13] 4 (2.2%) [4]

Device deployment 
issue

7 (3.9%) [7] 5 (2.8%) [5]

Device dislocation 6 (3.4%) [7] 6 (3.4%) [7]

Headache 7 (3.9%) [8] 1 (.6%) [1]

Anxiety 7 (3.9%) [9] 1 (.6%) [1]

Irritability 6 (3.4%) [6] 0 (0%) [0]

Implant site pain 6 (3.4%) [6] 1 (.6%) [1]

Psychotic disorder 5 (2.8%) [6] 3 (1.7%) [4]

Dizziness 4 (2.2%) [4] 1 (.6%) [1]

Non–DBS- related events 135 (75.4%) [430] 74 (41.3%) [147]

Death NA 5 (2.8%) [5]

T A B L E  3  Adverse events in ≥2% of all 
implanted subjects (n = 179) until 5- year 
follow- up.
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4  |  DISCUSSION

The MORE 5- year follow- up provides, besides the SANTE 
reports,6,7,11 the first multicenter long- term data on the 
clinical application of ANT- DBS therapy for people with 
drug- resistant focal epilepsy. It is unique in its observa-
tional design, allowing for an individualized ANT- DBS 
therapy implementation at the physicians’ discretion and 
thereby reflects clinical routine. In contrast to shorter term 
follow- ups (<3 years), the up to 5- year, long- term observa-
tion further allowed analysis of the device performance, 
long- term tolerability of ANT- DBS, and the response time 
course.

Progressive reductions in the average monthly sei-
zure frequency rates were observed, reaching a median 
reduction of 56% (CC, n = 46) at 5- year follow- up and a 
responder rate of 41% at last follow- up (FAS, n = 170) with 
most pronounced effects on FBTCS. Significantly better 
seizure outcomes were observed in people (1) with unifo-
cal epilepsy, and (2) without history of resective surgery. 
Of note, therapy outcome was independent of age, gen-
der, disease duration, prior VNS, and stimulation settings. 
Quality of life and BDI scores improved slightly over time, 
unrelated to the seizure frequency reduction rate. AEs 
occurred mainly during the first 2 years after implanta-
tion and encompassed the previously described range of 
epilepsy- associated events, cognitive and affective symp-
toms. Activa PC INS depletion occurred after an average 
of 3.8 years.

4.1 | Long- term efficacy

The MORE long- term evaluation confirms the previ-
ously reported gradual decrease in monthly seizure 
frequency rates under ANT- DBS therapy and carries 
on the trend of the 2- year evaluation.10 However, the 
achieved overall seizure frequency reduction and re-
sponder rates slightly underscored the ones reported 
in the SANTE trial (5 year: 56% vs 69%; responder rate: 
41% vs 68%).7 The observed differences are most likely 
due to the lower number of people with unifocal epi-
lepsy (MORE vs SANTE: 67% vs. 82%) and TLE (MORE 
vs SANTE: 39% vs 60%), who are by trend more likely 
to achieve favorable outcomes.10 Of note, in the SANTE 
trial, PwE were exclusively implanted transventricu-
larly. With the limitation that the subgroup of trans-
ventricularly implanted PwE was much smaller in the 
MORE registry than the SANTE trial, their outcome 
was comparable (MORE vs SANTE at 5 year follow- up: 
n = 28 vs n = 74; median seizure frequency reduction 
from baseline 62% vs 69%). Cohort characteristics in-
cluding median baseline seizure frequency (MORE vs 

SANTE: 15.8 vs 19.5 per month), disease duration (23.1 
vs 22.3 years), prior VNS (43% vs 44.5%), and prior re-
section (20% vs 24.5%) did not strikingly differ between 
both trials.7 Furthermore, in SANTE, all implants were 
evaluated by an expert group and only PwE with MRI 
verified lead contacts bilaterally within the ANT were 
included in the study (nearly 10% were reimplanted).6 
The observational MORE, in contrast, had no preset 
surgical method or guided selection of lead contacts, 
potentially explaining the lower seizure reduction 
rates and more delayed therapy response compared to 
SANTE.

4.2 | Outcome modifiers

Up to now, the optimal patient selection, implantation, 
and stimulation setting remain an unanswered but urgent 
clinical question.9,22 The multicenter approach allowed 
identification of positive outcome modifiers including 
unifocal epilepsy and negative history of epilepsy sur-
gery. These PwE might be less severely affected and bear 
a higher potential for neuromodulation than people with 
multifocal epilepsies or prior surgery. However, the pro-
posed association requires further evaluation. In epilepsy, 
unifocality and pretreatment seem to be even more rel-
evant than age, as no age-  or disease stage–dependent ef-
fects have been observed—in contrast to the EARLYSTIM 
trend in Parkinson's disease.23 In line with the MORE 
2- year evaluation, better outcomes were also observed in 
PwE without cognitive impairment and implantation at 
experienced centers. These parameters did not reach sig-
nificance in the long- term follow- up—potentially due to 
the reduced sample size at 3-  to 5- year follow- up.

Similar to the 2- year evaluation, current experts’ clini-
cal practice, and other long- term reports,9,11,22 stimulation 
settings stayed close to the initial SANTE parameters and 
did not differ relevantly between response groups at last 
follow- up. Furthermore, clinical response was typically 
achieved within the first 2 years after implantation. Both 
could indicate that stimulation setting is less crucial for 
therapy success than candidate selection and surgical pa-
rameters. However, it remains to be elucidated whether 
systematic changes in the stimulation settings could 
convert non- responders into responders. Smaller- scaled 
studies did not reveal conclusive results for different stim-
ulation approaches (for summary see, e.g., Fasano et al.9). 
Sufficiently powered subgroup analyses would be de-
sirable to reveal the best stimulation settings for certain 
seizure- onset zones and seizure characteristics. Further 
analysis is also needed on the clinical importance of elec-
trode placement within the ANT, the lamina, or neighbor-
ing thalamic nuclei, which requires a detailed MRI- based 
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analysis of the precise location of the active contacts and 
will be reported separately.

ANT- DBS therapy led to meaningful QOL improvement 
in about one third of the available PwE. No association was 
found, however, between seizure frequency reduction and 
measures of HRQOL or BDI scores and no difference was 
seen between response groups. This is likely due to the 
limited number of available data sets for the 4-  and 5- year 
follow- up. However, the patients might also become more 
aware of their own disabilities and epilepsy associated lim-
itations after a reduction of their seizure frequency, reflect-
ing in unchanged HRQOL and BDI scores .24

4.3 | Safety and mortality

There were no unanticipated device-  or therapy- related 
AEs. AEs occurred mainly within the first 2 years after im-
plantation, were of moderate severity, and were typically 
easily resolvable. It is notable that suicidality occurred 
only in people with TLE, half of whom had a history of 
mood disorder. A number of reports emphasized that PwE 
have an up to 5- fold increased rate of death by suicidality 
compared to the general population, with highest rates in 
people with TLE and history of surgery.25–27 The increased 
suicidality rate in TLE was attributed to the impairment 
of limbic regions leading to mood disturbance, aggression, 
and impulsivity. Of interest, suicides tended to occur once 
good seizure control was obtained in people with chronic 
TLE.28,29 The so- called “burden of normalization” is high-
est in people with TLE, because they achieve the highest 
rates of seizure freedom after surgery and—by trend—
also under ANT- DBS therapy.7,9,11,30

During the 5- year follow- up, five deaths occurred, 
none of which were considered to be related to the device 
or the therapy. This number is in line with the SANTE 
trial, which reported 5 deaths over 441 subject- years at 
5- year follow- up.7 The observed SUDEP rate of 1.6 per 
1000 patient- years is also comparable to the one reported 
in the SANTE trial (2.1/1000 patient- years) and below the 
SUDEP rate expected in people with drug- resistant epi-
lepsy (6–9/1000 patient- years).11,31–33 The SUDEP risk is 
driven substantially by the frequency of FBTCS,34,35 which 
are effectively reduced by ANT- DBS therapy. Altered 
thalamo- cortical coupling and increased vigilance, as well 
as repeated nocturnal arousal reactions under cyclic ANT- 
DBS, might constitute further protective factors.36–39

4.4 | INS longevity

Activa PC INS depletion occurred on average after 
3.8 years, whereas an INS longevity of 2.9 years was 

reported for the Kinetra model in the SANTE trial using 
similar stimulation parameters.11

4.5 | Strengths and limitations

The international multicenter design of the registry en-
sured coverage of the geographic area where the therapy 
was available per CE mark, with large variety in health 
care systems, sociocultural environments, implantation 
techniques, and patient management strategies. As this 
was an observational study documenting clinical- routine 
use in a post- market environment, there was no control 
group. The registry protocol also allowed for a retrospec-
tive enrollment, which makes it prone to documenta-
tion and recall errors. Furthermore, seizure frequency is 
known to greatly fluctuate and thus the short baseline 
interval of 2 months bears the risk of reflecting an excep-
tionally good period and to consequently cover the true 
efficacy at long- term follow- up. Due to the consequently 
limited sample size at 2-  to 5- year follow- up, the long- 
term follow- up results should be interpreted with caution. 
It was further optional to provide HRQOL and BDI data, 
which led to limited data sets and prohibited meaningful 
analyses. Other outcome parameters such as seizure se-
verity, seizure duration, or duration of the postictal phase 
were not assessed at all and should be considered in future 
trials.

5  |  CONCLUSION

ANT- DBS therapy is safe and effective also during long- 
term use up to 5 years. Candidate selection and patient 
management might be optimized based on the identified 
outcome modifiers, but the potential of different stimu-
lation settings still needs to be explored. Clinical benefit 
increases over time and is accompanied by a low risk of 
typically moderate and reversible AEs, which manifest 
mainly during the first 2 years after implantation. The lon-
gevity of the Activa PC INS exceeded the one of Kinetra by 
about 1 year.
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