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ABSTRACT 

Deep brain stimulation (DBS) of the anterior nucleus of thalamus (ANT) is an 
emerging treatment option for patients suffering from refractory epilepsy who are 
not eligible for resective epilepsy surgery. Although having an established efficacy at 
the group level, data on the effect of individualized programming is currently lacking. 
Surgical precision is crucial if the treatment is to be successful, but the feasibility of 
the microelectrode recording (MER), the optimal method used to supplement target 
localization in other stereotactic neurosurgical procedures, remains to be proven in 
ANT DBS surgery. Furthermore, refractory epilepsy is often associated with a 
cognitive decline and neuronal damage and it is possible that the decreased 
connectivity between ANT and remote structures might impact on the effects of 
DBS. Information about the current state of brain connectivity can be gathered 
indirectly by undertaking a neuropsychological evaluation, given the extensive 
connections that ANT has with hippocampus and retrosplenial cingulum, areas 
associated mainly with spatial memory and with anterior cingulum which is 
important in executive functions. The connections of ANT to orbitomedial 
prefrontal cortex and to anterior cingulate cortex hint at a possible role for ANT in 
emotional functions in addition to executive functions. Moreover, epilepsy and 
depression are known to display a bidirectional association. On this basis, it is 
possible that ANT DBS might exert psychiatric adverse effects. If one is to improve 
the treatment, it would be important to investigate its special features at all levels: 
the properties of the responders, the feasibility of the methods used both during 
surgery and in programming, as well as the stimulation or hardware related adverse 
events. The goal for the future would be to optimize the patient selection, surgical 
precision, programming and management of the adverse effects. 

In this dissertation, the outcome of ANT DBS was investigated in different 
epileptic seizure types and in relation to the anatomic location of the stimulated 
contacts. The effect of programming changes on the outcome was assessed. The 
psychiatric adverse effects and the features of the neuropsychological performance 
profile were evaluated in responders and nonresponders. The feasibility of MER in 
improving target definition accuracy was explored by comparing the correlation of 
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registration to final location of electrodes in a three-dimensional model. The effect 
of MER on outcome was surveyed. 

The study population consisted of 29 consecutive patients treated with ANT 
DBS who had undergone an evaluation for resective epilepsy surgery or who had 
had a previous unsuccessful epilepsy surgery. A significant reduction in monthly 
mean seizure frequency occurred in focal impaired awareness seizures (FIAS): 55% 
at two years’ and 66% at five years’ follow-up at the group level. The effects on focal 
aware seizures (FAS) and focal-to-bilateral tonic-clonic seizures (FBTCS) were less 
pronounced. Patients with contacts inside the ANT or on the anterolateral border 
of ANT experienced a greater reduction in seizure frequency than patients where the 
contacts were outside the ANT. After changes in DBS programming or 
repositioning of the contacts in some of the patients, the responder rate was elevated 
from 44% to 70%, as measured by a seizure reduction of at least ≥50%. Although 
MER was effective in segregating between grey and white matter, it did not increase 
the implantation accuracy in ANT or have any effect on the outcome. 
Paraventricular trajectory lead to significantly more misplacements of the lead than 
the transventricular trajectory (p<0.001). 

At the group level, no changes on mood were observed during ANT DBS 
treatment. Two patients with former histories of depression experienced sudden 
depressive symptoms related to DBS programming settings; these were quickly 
alleviated after changing the stimulation parameters. In addition, two patients with 
no previous histories of psychosis gradually developed clear paranoid and anxiety 
symptoms that also were relieved gradually after changing the programming settings. 
Nonresponders performed worse than responders in neuropsychological tasks 
measuring executive functions and attention. 

Based on this dissertation, ANT DBS appears to be especially effective in 
reducing FIAS, when the appropriately chosen contacts are activated. The majority 
of patients do not seem to experience psychiatric adverse effects. Certain DBS 
parameters might predispose to sudden depressive or slowly manifesting paranoid 
symptoms that are reversible via programming changes. Better executive functions 
and attention seem to predict an improved clinical outcome after ANT DBS surgery. 
MER is effective in localizing nuclear structures in the majority of the patients but a 
single trajectory MER does not reliably differentiate ANT from other grey matter 
structures. Thus, MER does not appear to increase the implantation accuracy in the 
MRI based 3D model or affect the outcome. The transventricular trajectory appears 
to be a superior approach for reaching ANT. An unskilled interpretation or an 
overinterpretation of MER might lead to a mispositioning of the lead.  
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TIIVISTELMÄ 

Talamuksen anteriorisen tumakkeen (ANT, anterior nucleus of thalamus) 
syväaivostimulaatio (DBS, deep brain stimulation) on yleistyvä hoitomuoto 
lääkehoitoresistentin epilepsian hoidossa potilailla, jotka eivät sovellu resektiiviseen 
epilepsiakirurgiaan. Vaikka ryhmätasolla hoito onkin todettu tehokkaaksi, 
tutkimuksia yksilökohtaisesta laitteen ohjelmoinnista ei ole tehty. Hoidon 
onnistumisen kannalta tärkeää on myös elektrodien tarkka anatominen sijoittelu 
kohdetumakkeeseen, mutta muissa stereotaktisissa neurokirurgisissa leikkauksissa 
tarkkuuden parantamiseen käytettyä mikroelektrodirekisteröintiä (MER, 
microelectrode recording) ei ole juurikaan tutkittu ANT DBS -leikkauksissa. 
Lääkehoidolle resistenttiin epilepsiaan liitetään lisäksi kognitiivista tasonlaskua ja 
hermosolujen vaurioitumista ja onkin mahdollista, että ANT:n ja siihen liittyvien 
rakenteiden välisten yhteyksien vähentynyt voimakkuus voi vaikuttaa DBS:n 
hoitovasteeseen. Konnektiviteetista voidaan kerätä epäsuorasti tietoa 
neuropsykologisella tutkimuksella, sillä ANT:lla on laajat yhteydet spatiaalisen 
muistin kannalta keskeisiin alueisiin hippokampukseen ja retrospleniaaliseen 
cingulumiin sekä eksekutiivisissa toiminnoissa aktiiviseen anterioriseen cingulumiin. 
ANT:n yhteydet anterioriselle cingulate-aivokuorelle ja orbitomediaaliselle 
prefrontaaliselle aivokuorelle luovat teoreettisen pohjan sen mahdolliselle roolille 
eksekutiivisten toimintojen ohella emotionaalisissa toiminnoissa. Lisäksi epilepsian 
ja masennuksen välillä tiedetään olevan kahdensuuntainen yhteys. Tältä pohjalta 
onkin mahdollista, että ANT DBS:llä voi olla psykiatrisia haittavaikutuksia. Hoidon 
kehittämisen kannalta on tärkeää tutkia sen erityispiirteitä kaikilla tasoilla: hyvän 
hoitovasteen saaneiden potilaiden ominaisuuksia, käytettyjen menetelmien 
hyödyllisyyttä niin leikkauksissa kuin ohjelmoinnissakin sekä hoitoon liittyviä 
haittavaikutuksia. Näin voidaan jatkossa optimoida potilasvalintaa, kirurgista 
tarkkuutta, ohjelmointia ja mahdollisten haittavaikutusten hallintaa. 

Tässä väitöskirjatutkimuksessa tutkittiin ANT DBS -hoitovastetta eri 
kohtaustyypeissä, stimulaattorin aktiivisten kohtioiden anatomisen sijainnin mukaan 
sekä ohjelmointimuutosten vaikutusta hoitovasteeseen. Psykiatriset 
haittavaikutukset ja neuropsykologisen suoritusprofiilin erityispiirteet hoidosta 
hyötyneillä ja vaille hoitovastetta jääneillä raportoitiin. MER:n hyödyllisyyttä 
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kirurgisen tarkkuuden parantamisessa tutkittiin 3D-mallinnuksen keinoin 
vertaamalla rekisteröinnin korrelaatiota lopulliseen stimulaattorin sijoitteluun sekä 
sen mahdollista vaikutusta hoitovasteeseen. 

Tutkimuspopulaatio koostui 29:stä lääkehoitoresistentin epilepsian vuoksi ANT 
DBS:llä hoidetusta potilaasta, jotka eivät soveltuneet epilepsiakirurgiaan tai jotka 
eivät tulleet kohtauksettomiksi epilepsiakirurgian myötä. Merkittävin 
kohtausvähenemä todettiin tajunnanhämärtymiskohtauksissa: kuukausittaiset 
kohtaukset vähenivät 55% kahden vuoden kohdalla leikkauksesta ja 66% viiden 
vuoden seurannassa ryhmätasolla. Paikallisten ja tooniskloonisten kohtaustyyppien 
kohdalla hyödyt olivat vähäisemmät. Potilaat, joilla stimuloidut kohtiot sijaitsivat 
ANT:n sisällä tai sen anterolateraalisella reunalla, saavuttivat suuremman 
kohtausvähenemän kuin potilaat, joilla kohtiot sijaitsivat ANT:n ulkopuolella. 
Yksilöityjen ohjelmointimuutosten ja tarvittaessa stimulaattorin uudelleenasetuksen 
myötä hoitovasteen saaneiden osuus nousi 44%:sta 70%:iin, kun hoitovaste 
määriteltiin vähintään 50% kuukausittaisella kohtausvähenemällä. Vaikka MER 
erotteli hyvin aivojen valkoista ja harmaata ainetta toisistaan, se ei lisännyt 
implantaatiotarkkuutta ANT:hen tai vaikuttanut hoitovasteeseen. 
Paraventrikulaarinen reittivalinta johti merkittävästi useampiin elektrodin 
virhesijoituksiin kuin transventrikulaarinen reitti (p<0.001). 

Mielialassa ei huomattu muutoksia ryhmätasolla hoidon aikana. Kaksi potilasta, 
joilla oli aiempi masennushistoria, kokivat hoidon aikana äkillisiä masennusoireita 
liittyen DBS-ohjelmointiasetuksiin; nämä oireet helpottivat nopeasti, kun 
ohjelmointiasetuksia muutettiin. Lisäksi kaksi potilasta ilman aiempaa psykiatrista 
hoitohistoriaa kehittivät hitaasti selviä harhaluuloisuus- ja ahdistusoireita, jotka 
väistyivät hitaasti ohjelmointiasetusten muuttamisen jälkeen. Neuropsykologisissa 
testeissä ne, jotka eivät saaneet hoitovastetta, suoriutuivat huonosti 
toiminnanohjausta ja tarkkaavutta mittaavissa testeissä. 

Tämän väitöskirjatutkimuksen pohjalta voidaan todeta, että ANT DBS vaikuttaa 
olevan erityisen tehokas vähentämään tajunnanhämärtyiskohtauksia, kun aktiiviset 
kontaktit on valittu oikein. Suurin osa potilaista ei vaikuta kokevan psykiatrisia 
haittavaikutuksia hoidon aikana. Tietyt DBS-parametrit voivat altistaa äkillisille 
depressiivisille tai hitaasti manifestoituville paranoidisille oireille, jotka ovat 
hoidettavissa ohjelmointiasetuksia vaihtamalla. Parempi suoriutuminen 
eksekutiivisissa toiminnoissa ja tarkkaavuudessa vaikuttaa ennustavan parempaa 
hoitovastetta. MER erottelee hyvin tumakerakenteita yleisellä tasolla, mutta 
yksittäinen rekisteröinti ei erota ANT:ta luotettavasti muista harmaan aineen 
rakenteista. MER ei vaikuta olennaisesti lisäävän implantaatiotarkkuutta MRI-
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pohjaisessa 3D-mallissa eikä sillä näytä olevan yhteyttä hoitovasteeseen. 
Harkitsematon MER:n tulkinta voi jopa johtaa elektrodin virhesijoitukseen. 
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1 INTRODUCTION  

It has been estimated that there are 50 million people in the world suffering from 
epilepsy. For more than 30% of these patients, the condition is classified as 
refractory, referring to the continuing uncontrolled seizures despite appropriate 
administration of at least two anti-epileptic drugs (Kwan & Brodie 2000, Kwan et al. 
2010). Therefore, refractory epilepsy can significantly reduce the life quality of its 
many sufferers (Taylor et al. 2011). 

Refractory epilepsy is primarily treated with resective epilepsy surgery as a 
potentially curative treatment form (Wiebe et al. 2001, Téllez-Zenteno, Dhar & 
Wiebe 2005, Dwivedi et al. 2017). However, not all of the patients suffering from 
refractory epilepsy are eligible for resective surgery; for them, deep brain stimulation 
(DBS) of the anterior nucleus of thalamus (ANT) has been shown to represent a 
promising treatment option. The effectiveness of ANT DBS has been demonstrated 
in one large randomized controlled trial (Fisher et al. 2010, Salanova et al. 2015) and 
several smaller open-label studies (Hodaie et al. 2002, Kerrigan et al. 2004, Andrade 
et al. 2006, Lee, Jang & Shon 2006, Lim et al. 2007, Osorio et al. 2007, Oh et al. 
2012, Lee, Shon & Cho 2012, Kim et al. 2017, Sitnikov, Grigoryan & Mishnyakova 
2018, Koeppen et al. 2019, Herrman et al. 2019, Park et al. 2019). Since 2010, ANT 
DBS has been CE (Conformité Européenne)-approved for epilepsy therapy in 
Europe, and it received approval from the Food and Drug Administration (FDA) in 
the USA in March 2018. There is only limited knowledge of the basic mechanisms 
underpinning DBS or of the optimal stimulation parameters. It has been suggested 
that DBS disrupts or inhibits epileptiform activity in the epileptogenic 
thalamocortical networks (Lega et al. 2010). 

To date, the only randomized controlled study regarding ANT DBS is the 
SANTE trial, which had an initial randomized controlled double blind phase (Fisher 
et al. 2010) and an extended five year follow-up period (Salanova et al. 2015). 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 percentage 
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 VNS (Schulze-Bonhage 2017). The epilepsy type did 
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not exert any major impact on the decrease in the numbers of seizures at the five 
years’ follow-up. Therefore, SANTE demonstrated the long term efficacy of ANT 
DBS therapy but did not provide information about which patients would be the 
best candidates for this form of treatment (Fisher et al. 2010, Salanova et al. 2015). 
So far, the published data from single centre studies have all adopted the same 
approach as applied in SANTE but without providing data on the possibilities for 
optimizing treatment outcomes based on programming changes (Hodaie et al. 2002, 
Kerrigan et al. 2004, Andrade et al. 2006, Lee, Jang & Shon 2006, Lim et al. 2007, 
Osorio et al. 2007, Oh et al. 2012, Lee, Shon & Cho 2012, Kim et al. 2017, Sitnikov, 
Grigoryan & Mishnyakova 2018, Koeppen et al. 2019, Herrman et al. 2019, Park et 
al. 2019). The risk of adverse events is around 10% which is in line with previous 
studies of DBS in movement disorders. There is no unanimity regarding the exact 
surgical target, nor are there studies assessing tools for improving the surgical 
accuracy. 

ANT is an appealing target for stimulation due to its anatomy. The thalamus is a 
bilateral symmetrical midline structure in the dorsal diencephalon in the forebrain, 
that is densely connected and functionally related with the cortex and limbic 
structures. The ANT, lying in the anterior aspect of thalamus inside the two branches 
of internal medullary lamina, is considered as a crucial node integrating cortical and 
subcortical information. It is located at a site that allows it to influence the brain’s 
predisposition to epileptic seizures (Hodaie et al. 2002, Aggleton et al. 2010, 
Jankowski et al. 2013). The ANT is a major hub in the final common pathway of the 
spread of a seizure prior to impairment of consciousness and secondary 
generalization (Aggleton et al. 2010, Jankowski et al. 2013, Gummadavelli et al. 
2015). In experimental studies, stimulation of the intralaminar nuclei of thalamus has 
exerted a major effect on consciousness, suggesting that DBS of thalamic structures 
may influence states causing an impairment of consciousness or awareness 
(Gummadavelli et al. 2015). 

There are three subnuclei that can be functionally distinguished in ANT, each of 
which have their own functions: anteromedial nucleus of ANT (AM), anterodorsal 
(AD), and anteroventral nucleus of ANT (AV; also called anterior principal, Apr) 
nuclei. These are elaborately connected to frontotemporal structures although with 
different intensities. Anatomically, AM innervates prefrontal areas (medial prefrontal 
cortex, mPFC; anterior cingulate cortex, ACC) and is thus considered to play a role 
in executive functions and attention. AV has connections to hippocampus and is 
believed to be involved in memory functions. AD is mainly connected to the lateral 
mammillary nucleus, a structure possibly involved in mental and spatial navigation. 
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The connections of ANT suggest that it may contribute to both emotional and 
executive functions (Child & Benarroch 2013). ANT is linked by white matter tracts 
to the Circuit of Papez, a hypothetical neuronal circuitry crucial in mediating the 
formation of memories and emotion (Papez 1937, Lövblad, Schaller & Vargas 2014, 
Dangleish 2004). The ANT stimulation has been reported to activate the cingulate 
gyrus, insular cortex, and lateral neocortical temporal structures (Zumsteg et al. 
2006), which all have projections to amygdala, a structure involved in the initiation 
of emotional responses (Lövblad, Schaller & Vargas 2014). Psychiatric disorders are 
a well-known comorbidity of epilepsy and there seems to be common underlying 
pathophysiological mechanisms underlying the onset of epilepsy and psychiatric 
disorders, including depression and anxiety (Hesdorffer et al. 2012, Josephson et al. 
2017). These relationships suggest that ANT DBS might impact on the psychiatric 
signs and symptoms. There are a few reports of psychiatric adverse effects related to 
ANT stimulation. In the SANTE study (Fisher et al. 2010), the patients in the active 
stimulation group reported more depressive symptoms as compared with the control 
group (sham). One depression event in the active stimulation group was serious 
(suicide). Some, but not all patients, who experienced depression had also a prior 
history of depression. Subjective reports of depression and memory impairments 
have also been reported (Möddel & Elger 2012). This highlights the need for 
investigating psychiatric symptoms of ANT DBS patients. Neuropsychological 
evaluation would also provide an indirect understanding on the state of ANT 
connectivity of patients that are about to undergo the treatment. 

The anatomy of ANT is a one of the reasons for its choice as a stimulation target, 
but it simultaneously poses challenges in reaching the correct surgical target: ANT 
lies deep in the floor of the lateral ventricle and is approximately 10 x 5 x 4 mm of 
size, the exact location and size varying among individuals (Möttönen et al. 2015) 
with only the anterior aspect (Lehtimäki et al. 2016) and the inferior lateral part 
(Krishna et al. 2016) appearing to be beneficial targets for implantation. As the 
success of ANT DBS treatment is dependent on surgical precision, the optimal way 
of reaching the correct target needs to be investigated. The surgery consists of several 
steps that should each be given special attention for the whole procedure to be 
improved in the future: target definition by imaging, preoperative surgical planning 
including selection of trajectory, surgery possibly supplemented with 
electrophysiological mapping and aftercare. 

Target definition in stereotactic neurosurgery is primarily based on anatomical 
atlas information and radiological techniques. High-quality MRI with standard T2 
sequences, contrast enhanced T1 images and different suppression techniques such 
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as short tau inversion recovery (STIR) is an indispensable tool for direct visualization 
of the ANT and surrounding structures, the mammillothalamic tract and external 
medullary lamina (Buentjen et al. 2014, Möttönen et al. 2015). Traditionally, target 
definition has been based on indirect targeting of ANT from atlas information. ANT 
is identified from the sagittal image and coordinates selected in relation to AC-PC 
line (Halpern et al. 2008). In the atlas prepared by Schaltenbrand and Wahren (1998), 
ANT lies 5–6 mm lateral, 12 mm superior and 0–2 mm anterior to the mid-
commissural point (MCP). The Schaltendbrand and Wahren atlas information is 
however based on only three individuals and is likely to have a limited utility in 
selecting precise coordinates for ANT, a structure with extensive locational variation 
between individuals (Schaltenbrand & Wahren 1998). Directly defined ANT has 
been observed to be situated more superiorly, anteriorly and laterally to its equivalent 
in the Schaltenbrand and Wahren atlas (Möttönen et al. 2015). 

Preoperative surgical planning and navigation rely on the assumption that the 
brain tissue remains static at the time of preoperative imaging and at the time of 
surgery. However, dynamic intraoperative changes occur in the brain after opening 
of the dura. Intraoperative air invasion causes anatomical structures to shift and 
might alter their true locations from the stereotactic coordinates estimated from 
preoperative MRI and this might lead to an error in DBS electrode placement. The 
significance of these changes in functional neurosurgery has not been extensively 
studied. Brain shift occurs due to the loss of cerebrospinal fluid and is affected by 
the duration of the procedure and a failure to seal the burr hole completely. Brain 
shift is usually greater in cortical than deep brain structures, possibly because the 
central tissue mass is supported by surrounding bony and falcine structures. Since 
the target structures in functional neurosurgery are usually small in size, even a shift 
of a few millimeters can decrease navigation accuracy and compromise target 
localization. (Halpern et al. 2008, Winkler et al. 2005, Pallavaram et al. 2010) 

After target definition, the optimal trajectory is chosen to reach the target as well 
as avoiding critical structures, such as sulcal vessels. Transventricular and 
paraventricular trajectories are most commonly used in placement of ANT DBS 
electrodes. Transventricular trajectory traversing through the lateral ventricle has a 
higher probability of placing contacts in the ANT target region (Cukiert & Lehtimäki 
2017, Lehtimäki et al. 2016). The paraventricular trajectory, which is sometimes used 
due to the abundance of ventricular veins, appears to be problematic due to the 
thalamo-striatal vein surrounding ANT. Sulcal vessels can be avoided by proper 
planning of the surgical trajectory. (Cukiert & Lehtimäki 2017, Lehtimäki et al. 2018) 
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Target definition accuracy can be supplemented with electrophysiological 
mapping by means of macro- or microstimulation during surgery. Microelectrode 
recording (MER) has the benefits of exerting a minimal microlesioning effect, the 
possibility of multiple exploratory trajectories, independence of patient cooperation 
and minimal risks. MER is conducted with a microelectrode lead that is insulated all 
around except for its tip. It measures voltage alterations between the test electrode 
and a reference electrode. Nuclear structures can be identified from the characteristic 
spike-burst patterns missing in white matter areas. (Tarsy et al. 2008) In order to 
optimize targeting, multiple MER might be required. However, several MER passes 
might prolong the procedure causing excessive cerebrospinal fluid loss (Winkler et 
al. 2005) and increase the risk of intracranial hemorrhage (Obeso et al. 2001) and 
infection (Tolleson et al. 2014) in DBS surgeries. 

The matters discussed above have served as the basis for our investigation of the 
optimal programming settings, psychiatric adverse effects, neuropsychological 
evaluation and feasibility of MER in ANT DBS treatment. We wanted to assess 
whether seizure outcomes could be improved by programming changes or 
reimplantation based on anatomy. We examined the effect of ANT DBS on specific 
seizure types with the emphasis on the impairment of consciousness. When 
investigating possible psychiatric adverse effects, we evaluated previous or present 
psychiatric symptoms in patients intending to undergo an ANT DBS operation and 
to evaluate if these can predict possible psychiatric adverse effects that they might 
experience after the operation. The management of the psychiatric adverse effects is 
also described. With regard to the neuropsychological evaluation, our aim was to 
examine whether the neuropsychological profile could reflect the connectivity of 
ANT and further predict the efficacy of ANT DBS. The rostrally situated AM and 
its frontal connections were a focus of special interest since a more anterior location 
of active contact within the ANT complex appears to be associated with a better 
outcome after DBS (Lehtimäki et al. 2016). The localizing value of MER for targeting 
ANT was investigated by comparing MER data with the final surgical placement of 
ANT DBS electrodes. We also compared both the transventricular and 
paraventricular trajectories and their final target accuracy. The effect of brain shift 
on implant placement was estimated from the intracranial air volume. 

This study highlights the significance of the anatomical location of the stimulation 
field and the consequent actions it induces in brain when the DBS contacts are 
activated. When a seizure reduction is achieved by stimulating this densely connected 
hub between cortical and subcortical structures, also the interconnected emotional, 
executive and amnestic functions might be altered—and the pre-existing conditions 
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may influence the outcome. The study aims to improve the effectiveness and safety 
of ANT DBS by making a neuropsychological evaluation and determining seizure 
types as possible tools for patient selection, assessing the significance of 
individualized programming and the feasibility of MER in surgical target precision, 
as well as measuring the psychiatric adverse effects and their management. 
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2 REVIEW OF THE LITERATURE 

2.1 Epilepsy 

2.1.1 Definition of epilepsy 

Epilepsy is a chronic disorder defined as the tendency to experience unprovoked and 
recurrent seizures. It results from changes in neuronal excitability caused by genetic 
or environmental factors. (Smithson & Walker 2012) Acute symptomatic seizures 
following an acute brain injury must be separated from epilepsy, as these are merely 
manifestations of metabolic disturbances or effects of inflammation, infection, 
toxins or structural changes in the brain and may disappear completely as the primary 
cause is removed (Beghi et al. 2010). In the recent definition of epilepsy issued by 
the International League Against Epilepsy (ILAE), at least one of the following 
conditions has to be fulfilled: at least two unprovoked or reflex seizures occur more 
than 24 hours apart; one unprovoked or reflex seizure and a probability of further 
seizures similar to the general recurrence risk (at least 60%) after two unprovoked 
seizures occur over the next ten years; there is a diagnosis of an epilepsy syndrome 
(Fisher et al. 2014). 

An epileptic seizure is an event of clinically observable changes in motor, 
cognitive or sensory activity resulting from abnormal synchronous firing of neurons. 
The phases of an epileptic seizure include a prodromal phase, sometimes an aura 
preceding the seizure, the seizure itself, and the post-ictal state. In the prodromal 
state, an individual might identify the forthcoming seizure beforehand, whereas an 
aura is a part of the actual seizure including often typical symptoms that reflect the 
location of seizure initiation in the brain. The expression of the seizure derives from 
the areas and networks of the brain affected by the propagation of abnormal 
electrical activity. The state of confusion ensuing the seizure is known as the post-
ictal state. A deviant discharge of neurons, dysfunctional inhibition and abnormal 
synchronization of excitatory neurons have an essential role in the pathophysiology 
of epileptic seizures, which still remains partly undetermined. (Smithson & Walker 
2012) 
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2.1.2 Epidemiology 

It has been estimated that there are 50 million people in the world suffering from 
epilepsy. The prevalence of epilepsy varies due to several factors including the 
definition of epilepsy and study design and is reported to be around 4 to 7 per 1000 
(Beghi & Hesdorffer 2014). In the Nordic countries, the prevalence of epilepsy is 
approximately 6 per 1000 (Syvertsen, Koht & Nakken 2015).  

Approximately 10% of the population will be affected by any convulsive disorder 
and 3% will experience epileptic seizures during their lifetime (Hauser et al. 1996). 
The incidence of epilepsy is around 50 new cases per 100 000 people per year 
depending on the definition of epilepsy. The incidence of epilepsy in the Nordic 
countries is estimated to be 30–60 new cases per 100 000 person-years (Syvertsen, 
Koht & Nakken 2015). The first peak in incidence takes place in the first 20 years of 
life and the second after 60 years of age, reflecting the manifestation of genetic, pre- 
and perinatal epilepsies in the early ages and the greater incidence of strokes and 
tumors later in life. The higher incidence of epilepsy in low-income countries is likely 
to be connected to the incidence of central nervous system infections, traumatic 
brain insults and treatment gaps. The increasing incidence in older age groups 
reflects the greater median age of population and an improved treatment of strokes, 
whereas the decreasing incidence in children is associated with better health care. 
(Smithson & Walker 2012) 

2.1.3 Etiology 

The etiology of structural, genetic, infectious, metabolic, immune, and unknown 
origin are recognized in epilepsy according to ILAE Classification of the Epilepsies 
2017 (Figure 1) (Schaffer et al. 2017). The etiology of epilepsy varies between 
different age groups and countries. A genetic reason is the most common etiology 
of epilepsy in children. Most of the structural epilepsies in children are caused by 
perinatal hypoxia and asphyxia, congenital malformations, and head trauma. 
Epilepsy in adults may be continuation of a childhood-onset condition or result from 
intracranial trauma and alcohol related causes. A structural cause is the most 
common etiology in adult-onset epilepsies. The share of cerebral tumors and 
vascular disease as etiologic factors increases in older adults. Parasitic infections can 
lead to development of epilepsy, especially in the developing countries. (Smithson & 
Walker 2012) However, in 40–50% of cases, no exact cause for the epilepsy can be 
identified (Smithson 2012, Shorvon, Andermann & Guerrini 2011) 



 

29 

Figure 1.  Framework for the ILAE Classification of the Epilepsies 2017. Seizure types denote the 
onset of seizure. (Modified from Schaffer et al. 2017). 

	
 
Genetic epilepsy is thought to result from deficits in the central nervous system 

at the cellular level, such as faulty or dysfunctional channels or receptors. The 
genetics behind these phenotypes are complex, yet some explaining alterations have 
been found to account for some known epilepsies. The relevance of thalamocortical 
neurons participating in rhythmic activity in the development of epilepsy is also 
under discussion. (Shorvon, Andermann & Guerrini 2011) 

Structural epilepsy is related to macroscopic changes in the brain that modify the 
excitatory features of neurons. These effects usually result from cellular damage. In 
acute symptomatic seizures, a rise in extracellular potassium levels and glutamate 
released from damaged brain cells can induce excitatory activation of the 
surrounding neurons and an excessive stimulation can lead to further damage. 
Traumatic brain injuries are related to an increase in the permeability of the blood-
brain barrier, causing the release of cytokines and the appearance of inflammation. 
This might result in the development of pathological neuronal changes, altered gene 
expression as well as changes in the distribution and properties of receptors and 
channels. It has also been theorized that inhibitory neurons are more susceptible to 
damage and their loss would shift the tone of intact neuronal circuits towards 
hyperexcitability. These changes might be responsible for the generation of remote 
structural epilepsy, a condition manifesting as epileptic seizures several years after an 
insult to the brain. (Shorvon, Andermann & Guerrini 2011) 
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2.1.4 Epileptogenesis 

At the neuronal network level, an epileptic seizure requires both hyperexcitability 
and hypersynchrony for epileptiform activity of single neurons to develop into a 
clinically manifesting seizure. Epileptiform activity occurs in a restricted area of the 
brain in focal onset aware epileptic seizures. In focal-to-bilateral tonic clonic seizures, 
the electrical activity spreads from a region of hyperexcitability bilaterally to involve 
both hemispheres. The seizure spread can be detected in the electro-encephalogram 
(EEG) patterns of multiple electrodes placed along the scalp. The generalization of 
the seizure manifests as the development of synchronous activity in all electrodes as 
the seizure spreads through the corpus callosum, subcortical or commissural routes. 
Generalized onset seizures begin in both hemispheres at the same time, which can 
be seen as bilateral synchronous spike-wave pattern on EEG. Thalamic relay 
neurons and inhibitory neurons receiving an input from cortex are considered to 
have a role in the generation of oscillating excitatory and inhibitory activity. 
(Stafstrom 2010, Cain & Snutch 2013) 

In the normal state, the electrical activity recorded by EEG is desynchronized 
and the voltage is low. Larger sharp waves form regionally in the interictal state 
demonstrating synchronized focal activity. A long sequence of high voltage spikes is 
typically evident in the EEG during the ictal state. (Stafstrom 2010) 

Prolonged neuronal depolarization leading to a burst of action potentials is called 
the paroxysmal depolarization shift, and it is regarded as a manifestation of 
epileptiform activity taking place on the membrane of each affected neuron. At the 
neuronal network level, hypersynchronization of these depolarized neurons allows 
for seizure propagation. Thalamocortical, hypothalamic and hippocampal pyramidal 
neurons are thought to be particularly prone to display a paroxysmal depolarization 
shift. (Johnston & Brown 1984) 

Voltage-gated and ligand-gated channels regulate the electrical activity of a 
neuron by controlling the conduction of ions. Voltage-gated sodium and calcium 
channels allow positively charged ions to flow inside the cell triggering a 
depolarization. When depolarization reaches a certain threshold, an action potential 
is generated and the electrical activity starts to spread along the neuron opening 
sequential voltage-gated channels. There are two sodium currents affecting the 
depolarization of the neuron. A rapid inward current accounts for the depolarization 
leading to the action potential. A persistent sodium current regulates the 
subthreshold voltage and the sensitivity of a neuron to initiate action potentials, i.e. 
the amount of rapid inward sodium current needed to reach the threshold level. 
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Voltage-gated potassium channels are activated after a short delay and are 
responsible for shutting down the action potential by allowing a positive current flow 
outside the cell until the membrane potential declines below the threshold level. This 
is called repolarization. Potassium channels are slow to inactivate and a phase of 
hyperpolarization follows shortly as the membrane potential falls below the normal 
level. The enzyme, sodium-potassium adenosine triphosphatase returns the sodium 
and potassium ions back to their original states on each side of the cellular 
membrane. (Hille 2001) 

Ligand-gated receptors relay excitatory and inhibitory impulses over synapses to 
other neurons. Glutamate receptors mediate excitatory whereas γ-aminobutyric acid 
(GABA) receptors convey inhibitory impulses. A dysfunction in either one of 
sodium currents can induce hyperexcitability of a neuron and make it susceptible to 
epileptiform activity. (Hille 2001) 

The paroxysmal depolarization shift, the basis for epileptiform activity, is 
launched by excitatory potentials mediated by ligand-gated non-N-methyl-D-
aspartate acid (non-NMDA) glutamate receptors on postsynaptic neurons and is 
sustained by NMDA glutamate receptor mediated potentials. Voltage-gated 
potassium channels and ligand-gated GABA receptors, which trigger an influx of 
chloride, are largely responsible for opposing the hyperpolarizing currents. The 
subsequent hyperpolarization stabilizes the situation, however if it should fail, then 
there may be abnormal neuronal firing leading to a seizure. Seizure spread is 
characterized by the recruitment of surrounding neurons causing a synchronic 
discharge which may lead to the activation of entire networks. (Stafstrom 2010) 

Synchronized neuronal activity is a characteristic of the hippocampus under 
normal conditions. The mechanisms producing synchrony comprise gap junctions 
between neurons, the composition of the extracellular space, and the intracellular 
and extracellular balance of ions. Gap junctions permit electrical impulses to flow 
directly from cell to cell and the amount of gap junctions is higher in the epileptic 
brain. Ephaptic coupling, meaning interactions within nervous system occurring 
beyond direct synaptic communication, may alter the volume of extracellular space 
impacting on ionic currents flowing through it, which may in turn have a role in 
epileptogenesis. Glial cells play an essential role in restoring the ionic balance after 
neuronal activity, for example astrocytes are known to buffer the potassium content 
and remove extracellular glutamate. (Stafsrom 2010) 

Thalamic relay neurons are another group of cells generating synchronized 
rhythms. They receive an excitatory input from neocortex. The reticular nucleus of 
thalamus obtains an inhibitory input from neocortex and sends excitatory 



 

32 

projections back to neocortical pyramidal cells. This circuit constitutes the 
thalamocortical relay, generating oscillatory rhythms. Disturbances in these rhythmic 
generating systems may induce the generation of abnormal synchronized electrical 
activity, leading to an epileptic seizure. (Chang & Lowenstein 2003) 

Although much is known regarding the pathophysiology of a complicated disease 
like epilepsy,  the exact mechanisms remain concealed. Evidently, epilepsy cannot be 
reduced to a state of particular ion channel or protein malfunction. The concept of 
epilepsy extends to the level of neuronal networks disturbed by abnormalities inside 
neuronal cells, as well as in between these networks. 

2.1.5 Prognosis 

Two thirds of all patients with epilepsy enjoy full control of their seizures with 
antiepileptic drugs (AEDs). Termination of medication at a certain point and 
remaining seizure-free is possible for two thirds of these patients. However, in one 
third of cases, epilepsy is classifiable as refractory, characterized by uncontrolled 
seizures and non-responsiveness to adequate AEDs. (Smithson & Walker 2012, 
Kwan & Brodie 2000) 

Epilepsy has an indisputable impact on the individual both in social and medical 
settings. It increases the mortality rate and is connected to psychiatric comorbidities 
and higher rates of unemployment as well as problems in social life. The higher 
mortality rate in chronic epilepsy is due to accidents, suicide, heart disease, chest 
infections and sudden unexpected death in epilepsy (SUDEP). The annual incidence 
of SUDEP among individuals with epilepsy is 0.33–1.35 per 1000 (Thurman et al. 
2017). Etiology is the most important prognostic factor predicting premature death. 
The standardized mortality ratio (the ratio of the observed numbers of deaths in the 
population with epilepsy to the expected number of deaths estimated by a 
standardization to the population without epilepsy) in epilepsy is around 2.3 
(Thurman et al. 2017). Mortality in individuals with epilepsy compared to the general 
population depends on the etiology: the standardized mortality rate is 1.6 in genetic 
and 4.3 in structural epilepsy (Cockerell et al. 1997). Depression is the most common 
psychiatric illness connected to epilepsy, however the incidence of psychosis is also 
greater than in the general population (Smithson & Walker 2012, Beghi, Giussani & 
Sander 2015). Refractory epilepsy is associated with a cognitive decline covering a 
large range of cognitive functions, especially in association with the occurrence of 
tonic-clonic seizures. Recurrent seizures with impaired awareness have been 
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reported to impair memory and cause a deterioration in executive functions, whereas 
the measures of intelligence might stay normal. Status epilepticus is believed to 
impair predominantly memory. (Thompson & Duncan 2005, Salanova et al. 2015) 

The overall prognosis is favorable for the majority of patients suffering from 
epilepsy. In population-based prospective studies, 71–81% of patients with epilepsy 
achieved a remission of five years or more and 67% were able to discontinue AEDs 
(Cockerell et al. 1997, Sillanpää & Schmidt 2006). The prognosis is most strongly 
connected to the etiology, although EEG findings, seizure types and number of 
seizures before initiation of treatment are important prognostic factors (Beghi 2003, 
Beghi, Giussani & Sander 2015). Genetic epilepsies and normal EEG findings are 
associated with better outcomes (Beghi 2003, Sillanpää & Schmidt 2006), whereas 
structural etiology and an abnormal EEG are often predictors of a less positive 
prognosis (Beghi 2003, Beghi, Giussani & Sander 2015). Intellectual disability and 
structural etiology are overrepresented among patients with refractory epilepsy and 
may be connected to progression of drug resistance (Beghi, Giussani & Sander 
2015), but even in this group, over 60% of patients will ultimately reach remission 
(Sillanpää & Schmidt 2006). Focal seizures have been reported to have a greater risk 
of relapse than generalized-onset seizures (Cockerell et al. 1997). An early response 
to AEDs is often perceived as an indicator of favorable outcome whereas a 
significant amount of experienced seizures before treatment is associated with a less 
favorable prognosis, however they are not necessarily reliable prognostic factors 
(Cockerell et al. 1997, Sillanpää & Schmidt 2006). The impact of age on achieving 
remission is also found to be small (Cockerell et al. 1997). In epilepsy syndromes, 
the evolution of the disease is dynamic and the prognosis varies extensively from 
poor to excellent, though two thirds of the patients enjoy a favourable prognosis in 
the long-term follow-up (Beghi, Giussani & Sander 2015). The overall seizure relapse 
is reported to occur in 23–71% individuals after the first unprovoked seizure (Beghi 
2003).  

As a conclusion, discussing the prognosis of epilepsy in an individual patient is 
irrelevant without a further definition of the epilepsy syndrome. Evidently, epilepsy 
is not a homogenous disease but a group of conditions with different etiologies, 
manifestations and evolutions of the disease. When stating that genetic epilepsies are 
usually associated with a better outcome than structural epilepsies, nonetheless it has 
to be acknowledged that the group of genetic epilepsies include absence syndromes 
predisposed to spontaneous seizure cessation over time and conditions like Dravet 
syndrome, a rare, lifelong and intractable form of epilepsy that often causes a 
cognitive impairment and has a 15-fold higher rate of SUDEP than other childhood-
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onset epilepsies (Skluzacek et al. 2011). Since the evolutions of the disease range 
widely, so should the prognosis always be estimated in relation to a complete 
overview of the patient's situation. 

2.1.6 Epileptic seizures 

ILAE recently revised the basic classification for epilepsy seizure types (Table 1). 
With this categorization, focal onset seizures are initiated within networks inside one 
hemisphere, either locally or widespread. Seizures may further be described by the 
level of awareness, motor and nonmotor onset and generalization from focal to 
bilateral tonic-clonic seizures. Generalized onset seizures begin within networks 
distributed bilaterally in both hemispheres. Unknown onset seizures may present 
with either motor or nonmotor symptoms and they might later be categorized into 
focal or generalized-onset seizures. Motor and nonmotor descriptors can be used to 
further categorization of all seizures, in which case the earliest prominent feature 
classifies the seizure (Figure 1). The seizure might also be unclassified due to the lack 
of specific information. (Fisher et al. 2017)  

The term focal aware seizure has replaced the concept of simple partial seizure, 
focal impaired awareness corresponds to complex partial seizure and focal to 
bilateral tonic-clonic is equivalent to secondarily generalized seizure of the previous 
epilepsy classification issued by ILAE (Fisher et al. 2017, Berg et al. 2010). 
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Table 1.  Expanded version of ILAE 2017 classification of epileptic seizure types. 1Degree of 
awareness usually is not specified in atonic seizures or epileptic spasms. 2Due to 
inadequate information or inability to place in other categories. (modified from Fisher et 
al. 2017)  
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2.1.7 Treatment 

Cornerstones of treating epilepsy are dependable diagnosis and systematic follow-up 
along with the determination of the seizure type, and the epilepsy syndrome specific 
AED treatment. Seizure detection is usually conducted by the means of EEG and 
seizure diaries.  

The EEG measures electrical activity through electrodes distributed along the 
scalp, as described previously. Video electroencephalogram (VEEG) monitoring is 
a practical tool for differential diagnostics and seizure classification, integrating 
manifesting symptoms with their electrical counterparts. Patients have to be 
committed and properly educated to fill in seizure diaries with adequate, consistent 
seizure types. 

Full seizure control can be achieved in 70% of patients with epilepsy through the 
administration of the appropriate AEDs. The usual targets for AEDs are voltage 
gated sodium and calcium channels, GABA receptors and ionotropic glutamate 
receptors, namely NMDA (N-methyl-D-aspartate) and AMPA (α-amino-3-hydroxy-
5-methyl-4-isoxazoleproprionic acid) receptors. The usual AEDs and their 
mechanism of action are demonstrated in Table 2. Many AEDs have overlapping 
molecular targets. Blockade of voltage gated sodium channels is the antiepileptic 
mechanism of oxcarbazepine, carbamazepine, eslicarbazepine acetate, lamotrigine, 
lacosamide, topiramate, phenytoin, zonisamide, felbamate and rufinamide. The 
actions of gabapentin and pregabalin are based on the modulation of voltage gated 
calcium channels. The target for levetiracetam and brivaracetam is synaptic SV2A 
(vesicle glycoprotein 2A) present on the surface of glutamate vesicles in presynaptic 
nerve terminal. Topiramate, valproate, vigabatrin, felbamate, stiripentol, 
barbiturates, and benzodiazepines including clobazam potentiate GABAergic 
activity in cells. Perampanel and topiramate are AMPA receptor blockers, whereas 
lamotrigine and felbamate block NMDA receptors. Retigabin is a KCNQ potassium 
channel (potassium channels encoded by KCNQ genes) activator. (Stafstrom 2010, 
Perucca & Mula 2013, Chen et al. 2014, Klein et al. 2015, Stafstrom & Carmant 2015) 
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Table 2.  Anti-epileptic drugs. AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid; 
GABA, γ-aminobutyric acid; KCNQ, potassium channels encoded by KCNQ genes; 
NMDA, N-methyl-D-aspartate; SV2A, synaptic vesicle glycoprotein 2A. 

	

Mechanism AED 

voltage-gated sodium channel blockers oxcarbazepine, carbamazepine, eslicarbazepine 
acetate, lamotrigine, lacosamide, topiramate, 
phenytoin, zonisamide, felbamate, rufinamide 

modulation of voltage gated calcium channels gabapentin, pregabalin 

SV2A related glutamate release modulator levetiracetam, brivaracetam 

GABA receptor activator topiramate, benzodiazepines including clobazam, 
valproate, vigabatrin, felbamate, stiripentol, 
barbiturates 

AMPA receptor blockers perampanel, topiramate 

NMDA receptor blockers lamotrigine, felbamate 

KCNQ potassium channel activator retigabine 

	

2.1.8 Refractory epilepsy 

Around 30% of patients with epilepsy have a condition classified as refractory. 
Refractory epilepsy is defined by ILAE as the failure to achieve sustained seizure 
freedom after two tolerated, appropriately chosen and used antiepileptic drug trials 
as monotherapy or combination treatments. (Kwan et al. 2010) According to the co-
existing hypotheses concerning the development of drug resistance, most drug-
resistant states have even evolved before the initiation of AED treatment. In some 
cases however, the resistance might develop after a period of successful AED 
treatment or be remitting and relapsing in its nature. (Sillanpää & Schmidt 2006). 

Resective surgery is an effective treatment for a number of patients with 
intractable epilepsy with a localizable seizure focus (Wiebe et al. 2001, Schramm et 
al. 2011, Dwivedi et al. 2017, Barbaro et al. 2018). These patients should be offered 
the chance of having the seizure focus resected, since the resective surgery might 
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stop completely the seizures. The most common pathologies treated surgically in 
adults are mesial temporal sclerosis (40%), tumors (30%) and cortical dysplasia 
(10%). However, 10–40% of patients with refractory mesial temporal lobe epilepsy 
and 30–60% of patients with intractable focal neocortical epilepsy will not achieve 
seizure freedom after resective surgery (Englot & Chang 2014). 

Neurostimulation is a mini-invasive treatment option for intractable epilepsy. 
Several stimulation targets varying from vagus nerve, centromedial nucleus of 
thalamus, anterior nucleus of thalamus (ANT), subthalamic nucleus, hippocampus, 
parahippocampal cortex, cerebellar cortex, and nucleus caudatus to extratemporal 
foci have been reported in the treatment of epilepsy. In vagus nerve stimulation 
(VNS), the electrical stimulation of the 10th cranial nerve is suggested to deliver 
antiepileptic effects by influencing the thalamus as a part of the limbic structures via 
nucleus tractus solitarius, however the exact mechanism of action is currently 
unknown (Rutecki 1990). VNS is reported to reduce focal seizure frequency by 30–
50% in at least half of the treated patients (Ryvlin et al. 2014, Cukiert 2015). 
Responsive focal cortical neurostimulation (RNS) has been represented in the 
treatment of refractory focal onset seizures with promising results (Heck et al. 2014), 
but this treatment is currently unavailable outside of the United States of America. 
Deep brain stimulation (DBS) is a neurostimulation modality in which the electrical 
current may be targeted to subcortical structures mediating seizure propagation and 
has been introduced as a way to treat different types of epilepsy. DBS of ANT has 
been an emerging treatment option for intractable focal epilepsy after the publication 
of the promising results from the SANTE trial (Fisher et al. 2010). 
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2.2 Deep brain stimulation 

2.2.1 Introduction  

After years of experiments of applying electricity in the treatment of neurological 
disorders, DBS was first used to treat pain in the 1960s. In a modern sense, DBS 
was first conducted in 1987 to stimulate the ventral intermediate nucleus of thalamus 
to treat Parkinson's disease, which opened a new era of DBS. Later in the 1990s, the 
field of usage expanded to treat other movement disorders. (Velasco 2000, Sugiyama 
et al. 2015, Tarsy et al. 2008) 

Nowadays DBS is used to treat a variety of diseases including Parkinson's disease, 
essential tremor, obsessive-compulsive disorder, Tourette's syndrome, major 
depression and epilepsy (Tarsy et al. 2008). DBS of the anterior nucleus of thalamus 
has been an emerging treatment option for intractable localization-related epilepsy 
after the promising results reported in a large double-blind randomized trial (Fisher 
et al. 2010) and many smaller scale open trials. (Hodaie et al. 2002, Lim et al 2007, 
Oh et al. 2012).  

The aim of DBS treatment is to minimize symptoms with the least possible side 
effects. Minimizing the battery use and the need for AEDs are also important goals. 
Successful DBS therapy requires proper patient selection, exact lead implantation, 
skilled device programming, appropriate AED treatment, management of adverse 
effects, psychoeducation and support (Tarsy et al. 2008). 

In a DBS procedure, electrodes are implanted stereotactically to specific regions 
in the brain and connected by extension cables to an internal pulse generator (IPG), 
usually placed in a subcutaneous pocket in the upper chest area. The IPG generates 
current conducted to the target structures and is powered by high-performance 
batteries. The electrode used in deep brain stimulation is tetrapolar and consists of a 
silicone tube and sequential platinum electrodes with 0.5–1.5 mm spacing. 
Programming and analyzing the function of IPG is conducted with an external 
device. The adjusted parameters are pulse frequency, amplitude and duration, 
monopolar or multipolar and continuous or cycling stimulation. Each DBS device 
may be programmed according to individual needs, aiming at the reduction in seizure 
frequency and in some cases, even seizure freedom. (Velasco et al. 2010)  
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2.2.2 Mechanism of action 

The exact mechanism of DBS remains to be revealed, although several mechanisms 
have been proposed. DBS has been observed to cause both inhibition and excitation 
and these are suggested to exert both short and long-term effects. The short-term 
effects have been linked with the high frequency firing from DBS electrodes 
disrupting the pathological bursting and oscillations produced by epileptogenic foci, 
replacing them with a regular electrical activity pattern and preventing seizure 
propagation. The impact on neurotransmitter release, in particular, excitatory 
glutamate and inhibitory GABA, has also been observed to result from DBS. In the 
long term, DBS causes long-term potentiation and long-term depression mediated 
by inhibition and excitation, leading to alterations in synapse plasticity. Furthermore, 
the lesion effect has clinical significance at least for the first months after DBS 
surgery. (Sugiyama et al. 2015, Fisher et al. 2010, Tarsy et al. 2008, Halpern et al. 
2008)  

2.2.3 DBS in epilepsy 

There are two fundamentally different approaches to stimulate the brain in epilepsy. 
For instance, focal onset seizures may be treated with individually tailored cortical 
responsive stimulation (RNS), aiming to disrupt local abnormal and 
hypersynchronous neuronal activity near the epileptogenic focus (Heck et al. 2014, 
Tarsy et al. 2008). In DBS, electrodes are targeted to the subcortical structures 
mediating seizure propagation distant from the foci and may be used for focal-onset 
epilepsies (Fisher et al. 2010, Tarsy et al. 2008). 

Several potential targets for DBS in epilepsy have been explored in open-label 
trials, including the centromedian nucleus of thalamus, hippocampus, subthalamic 
nucleus and cerebellum (Zangiabadi et al. 2019). Thalamic nuclei lie in an important 
point connecting extensively cortical and subcortical structures and are therefore 
appealing targets for stimulation (Figure 2).  
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Figure 2.  Anatomical targets and their connecting networks. Neural circuits targeted for deep brain 
stimulation in epilepsy include the Circuit of Papez (violet), cerebellar circuit (orange) and 
basal ganglia (red). CM; centromedian nucleus of thalamus; GPe, external globus pallidus; 
GPi, internal globus pallidus; MB, mammillary bodies; SC, superior colliculus; SNr, 
substantia nigra; STN, subthalamic nucleus; VB, ventrobasal nucleus of thalamus. 
(modified from Laxpati, Kasoff & Gross 2014) 

	
	
	

The position of ANT as an appealing stimulation target was first established in 
animal studies by Mirski et al. in the 1980s, who reported evidence for the essential 
role of ANT in seizure propagation (Mirski & Ferrendelli 1984, Mirski & Ferrendelli 
1986, Mirski, McKeon & Ferrendelli 1986). Stimulation of ANT was first performed 
to treat epilepsy by the functional neurosurgeon, Irving S. Cooper and the 
neuromodulation-oriented neurologist Adrian Upton in the 1980s (Cooper & Upton 
1985, Upton et al. 1985, Upton et al. 1987). Stimulation of ANT has later been 
evaluated in several animal models (Table 3), single-center studies and one large-
scale randomized controlled trial (Fisher et al. 2010) with favourable results (Table 
4). 

With regard to other DBS targets, Francisco Velasco was the first to introduce 
stimulation of the centromedian nucleus of thalamus in the treatment of multifocal 



 

42 

epilepsy and Lennox-Gastaut syndrome in 1987 (Velasco et al. 1987). The 
centromedian nucleus lies at the center of an ascending network connecting the brain 
stem and diencephalon to the cerebral cortex and might thus inhibit the propagation 
of generalized seizures. Below the thalamus lies another potential target, the 
subthalamic nucleus (STN), a structure that inhibits substantia nigra pars reticulata 
GABAergic projections to tectum, which might reduce the frequency of epileptic 
seizures. The inhibition of seizure propagation by stimulation of the STN might be 
due to the activation of the dorsal midbrain anticonvulsant zone, lying ventral to the 
superior colliculi. Stimulation of hippocampus in turn might have a role in 
suppressing initiation and seizure spread of temporal epileptic seizures, owing to its 
location in the Circuit of Papez. In addition, cerebellum and the head of the caudate 
nucleus have been proposed as DBS targets. Stimulation of cerebellum is suggested 
to activate inhibitory Purkinje cells, which decreases excitatory activation of the 
thalamus and further inhibits excitatory projections to the cortex, possibly 
suppressing epileptogenic activity. The anterior aspect of caudate nucleus is 
associated with an inhibition of neurons in the neocortex and therefore its 
stimulation might have an antiepileptic effect. The connection of caudate nucleus to 
the thalamus and cerebral cortex is known as the caudate loop. (Halpern et al. 2008, 
Tarsy et al. 2008).  

Less common targets studied in DBS for epilepsy include caudal zona incerta, 
posterior hypothalamus and nucleus accumbens. Like the subthalamic nucleus, zona 
incerta is typically utilized for DBS in Parkinson's disease. Some of the many 
connections of zona incerta expand to intralaminar nuclei of thalamus, cingulate 
cortex, cerebellum, subthalamic nucleus in addition to superior colliculus, possibly 
mediating antiepileptic effects (Mitrofanis 2005). Nucleus accumbens in turn has 
connections between frontal and temporal lobes and its involvement in the 
propagation of epileptic seizures has been suggested based on animal models 
(Schmitt et al. 2014). The potential of posterior hypothalamus stimulation in the 
treatment of epilepsy was discovered in early hypothalamotomy experiments that 
were conducted to treat patients with uncontrollable aggression in the 1970s. Most 
of the patients also had pre-existing epilepsy. After hypothalamotomy, it was noted 
that 41% (9/22) of the patients exhibited a marked reduction in the seizure rate and 
one of them even obtained a complete seizure freedom—a finding that later inspired 
studies on the stimulation of posterior hypothalamus to treat epilepsy. (Sano et al. 
1970) 
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These different targets have been investigated in small patient populations in the 
treatment of epilepsy. The studies are shown in Table 5. Large-scale double-blinded 
controlled trials will be required to unravel the potential of these targets in DBS.  
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Table 3.  Experimental animal models investigating the role of ANT and ANT DBS in epilepsy. 

 
Study Subject Seizure 

induction 
Results 

Mirski & 
Ferrendelli 
1984 

guinea pig pentylen- 
etrazol (PTZ) 

The epileptic seizures ceased completely after interruption of the 
connection between the mammillary bodies and ANT by discrete 
bilateral electrolytic lesions of the mammillothalamic tract; it also 
protected from the lethal effect of PTZ. 

Mirski & 
Ferrendelli 
1986 

guinea pig kainic acid, 
bicuculline,  
PTZ 

GABA agonist, muscimol, terminated ongoing epileptic seizures and 
selective GABA transaminase inhibitor γ-vinyl-γ-aminobutyric acid 
(vigabatrin, VGB) protected from convulsions and lethal effects of PTZ 
when injected into the ANT, but not when injected to other thalamic 
nuclei, mammillary bodies, cortex, striatum or directly into the 
cerebrospinal fluid. 

Mirski, 
McKeon & 
Ferrendelli 
1986 

rat PZT, maximal 
electroshock 
(MES) 

Injection of VGB into ANT protected against PTZ seizures but not 
against MES seizures, and injection of VGB into the substantia nigra 
protected against MES seizures but not against PTZ seizures, 
indicating that separate neuronal circuits mediate PTZ and MES 
induced seizures. 

Mirski et al. 
1997 

rat PTZ Low-frequency stimulation induced seizures, while high-frequency 
stimulation was anticonvulsant. 

Hamani et al. 
2004 

rat pilocarpine Bilateral stimulation prolonged latency for SE development. 

Hamani et al. 
2008 

rat pilocarpine High currents predicted anticonvulsant effects instead of stimulation 
frequency; stimulation after initiation of SE was ineffective. 

Lado 2006 rat kainic acid Bilateral stimulation increased seizure frequency after kainic acid 
induced SE. 

Takebayashi 
et al. 2007 

rat kainic acid Bilateral stimulation prevented all kainic acid induced seizures. 

Stypulkowski 
et al. 2011 

ovine penicillin High-frequency stimulation inhibited ictal activity in the hippocampus; 
the effect outlasted the duration of the stimulation. 

Stypulkowski 
et al. 2013 

ovine – Stimulation produced stimulation site and parameter dependent 
network effects within the Circuit of Papez that were both excitatory and 
inhibitory. 

Gibson et al. 
2016 

swine – Left-sided, unilateral stimulation induced frequency-dependent 
activation in temporal, prefrontal, and sensorimotor cortex—cortical 
regions including but not limited to the Circuit of Papez. 

Meng et al. 
2016 

rat kainic acid Left-sided, unilateral stimulation exerted a neuroprotective effect on 
hippocampal neurons. 
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Table 4.  Clinical studies of ANT DBS in epilepsy. Responder rate is percentage of patients in 
study population with ≥50% seizure reduction. 1,2Same study population. *According to 
onset zone. ANT, anterior nucleus of thalamus; CCS, case-cohort study; FAS, focal 
aware seizure; FBTCS, focal to bilateral tonic clonic seizure; FIAS, focal impaired 
awareness seizure; n, number of patients; OL, open label; PRDBS, prospective, 
randomized, double-blind study; RCT, randomized, controlled trial; SB, single blind. 
 

 

Study Design n Seizure 
reduction 

Responder 
rate 

Follow-up 
time, 
mean / 
range 

ANT 
verified 
with 
imaging 

Seizure 
types 
specified 

Upton et al. 1987 OL 6 – 67% >36 mo  no no 

Sussman et al. 1988 OL 5 – 60% 12–24 mo no no 

Hodaie et al. 20021 SB 5 mean 
54% 

60% 15 mo no yes 

Kerrigan et al. 2004 OL 5 mean 
48% 

80% 20 mo no yes 

Andrade et al. 20061 SB 6 – 83% 5 yrs no no 

Lee, Jang & Shon 
2006 

OL 3 mean 
75% 

– 6 mo no no 

Lim et al. 2007 OL 4 mean 
49% 

25% 24 mo no no 

Osorio et al. 2007 SB 4 mean 
76% 

100% 36 mo no yes 

Fisher et al. 20102 RCT 110 median 
56%  

54% 2 yrs no yes* 

Oh et al. 2012 OL 9 mean 
58% 

78% 35 mo no no 

Lee, Shon & Cho 
2012 

OL 15 mean 
71% 

87% 39 mo no no 

Piacentino et al. 
2015 

OL 6 – 60% >36 mo yes yes 

	



 

46 

Study Design n Seizure 
reduction 

Responder 
rate 

Follow-
up time, 
mean / 
range 

ANT 
verified 
with 
imaging 

Seizure 
types 
specified 

Voges et al. 2015 CCS, 
OL 

9 – 78% 28 mo no no 

Salanova et al. 
20152 

RCT 83 median 
69%  

68% 5 yrs no yes* 

Lehtimäki et al. 2016 OL 15 – 67% 25 mo yes no 

Krishna et al. 2016 OL 16 mean 
65% 

69% 52 mo yes no 

Kim et al. 2017 OL 29 median 
70%  

76% 6 yrs yes yes 

Sitnikov, Grigoryan 
& Mishnyakova 2018 

OL 12 mean 
80% 

83% 7 mo–  
5.2 yrs 

yes yes* 

Herrman et al. 2019 PRDBS 18 mean 
22% 

22% 12 mo no yes 

Schaper et al. 2019 OL 10 – 50% 12 mo yes no 

Koeppen et al. 2019 OL 10 median 
70% 

70% F(I)AS, 
86% FBTCS 

22 mo yes yes 

Park et al. 2019 OL 7 mean 
58% 

71% 12–18 
mo 

no yes 

	
	 	



 

47 

Table 5.  Studies of different DBS targets (other than ANT) for treatment of epilepsy. FBTCS, 
focal to bilateral tonic clonic seizure; FIAS, focal impaired awareness seizure; GTCS, 
generalized tonic clonic seizure; n, number of patients; SE, status epilepticus. 

	

Study Target n Reduction in seizure 
frequency, mean 

Velasco el al. 1987 centromedian nucleus of thalamus 5 80–100% GTCS, 
60–80% FIAS 

Fisher et al. 1992 centromedian nucleus of thalamus 6 30% 

Velasco et al. 2000a centromedian nucleus of thalamus 13 57% FBTCS 

Chkhenkeli et al. 2004 centromedian nucleus of thalamus  
(head of caudate nucleus,  
cerebellar dentate nucleus) 

5 80% improved 

Andrade et al. 2006 centromedian nucleus of thalamus 2 0% 

Velasco et al. 2006 centromedian nucleus of thalamus 13 80% 

Cukiert et al. 2009 centromedian nucleus of thalamus 4 80% 

Valentin et al. 2012 centromedian nucleus of thalamus 1 100% 

Valentin et al. 2013 centromedian nucleus of thalamus 11 82% generalized seizures, 
49% frontal lobe epilepsy 

Son et al. 2016 centromedian nucleus of thalamus 14 68% 

Velasco et al. 2000bc  hippocampus 10 100% 

Vonck et al. 2002 hippocampus 3 77% 

Vonck et al. 2005 hippocampus 7 ≥50% in 43% 

Tellez-Zenteno et al. 
2006 

hippocampus 4 26% 

Boon et al. 2007 hippocampus 10 50% 

Velasco et al. 2007 hippocampus 9 83% 

McLachlan et al. 2010 hippocampus 2 33% 
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Study Target n Reduction in seizure 
frequency, mean 

Boëx et al. 2011 
Bondallaz et al. 2013 

hippocampus 8 67% 

Tyrand et al. 2012 hippocampus 12 58% 

Vonck et al. 2013 hippocampus 11 70% 

Cukiert et al. 2014 hippocampus 9 61% 

Jin et al. 2016 hippocampus 3 93% 

Lim et al. 2016 hippocampus 5 45% 

Cukiert et al. 2017  hippocampus 16 FIAS: ≥50% in 21%  
FAS: ≥50% in 44% 

Benabid et al. 2002 subthalamic nucleus 1 81% 

Chabardès et al. 2002 subthalamic nucleus 5 51% 

Shon et al. 2005 subthalamic nucleus 2 87–89% 

Handforth et al. 2006 subthalamic nucleus 2 33–50% 

Lee et al. 2006 subthalamic nucleus 3 49% 

Vesper et al. 2007 subthalamic nucleus 1 50% myoclonic seizures,  
100% GTCS 

Wille et al. 2011 subthalamic nucleus 5 30–100% 

Capacci et al. 2012 subthalamic nucleus 2 0–65% 

Cooper et al. 1976 cerebellum 15 67% improved 

Van Buren et al. 1978 cerebellum 5 0% 

Levy et al. 1979 cerebellum 6 ≥50% in 33% 

Bidznski et al. 1981 cerebellum 14 93% improved 
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Study Target n Reduction in seizure 
frequency, mean 

Wright et al. 1984 cerebellum 12 0% 

Davis et al. 1992 cerebellum 27 85% improved 

Chkhenkeli et al. 2004 cerebellum (head of caudate nucleus,  
cerebellar dentate nucleus) 

11 45% seizure free, 
45% improved 

Velasco et al. 2005 cerebellum 5 67% 

Chkhenkeli & 
Chkhenkeli 1997 

head of caudate nucleus  57 unclear 

Chkhenkeli et al. 2004 head of caudate nucleus  
(cerebellar dentate nucleus) 

38 55% seizure free,  
37% improved 

Franzini et al. 2008 
 

caudal zona incerta  
(posterior hypothalamus) 

2 85% in 50%,  
remission of SE in 50% 

Anderson et al. 2017 caudal zona incerta 3 100% improved 

Franzini et al. 2008 posterior hypothalamus 2 75–80% 

Benedetti et al. 2015 posterior hypothalamus 5 90% 

Schmitt et al. 2014 nucleus accumbens 5 38% 
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2.2.4 Patient selection 

An extensive assessment is performed by a multi-professional team including a 
neurologist, a neurosurgeon, a neurophysiologist, a psychiatrist and a 
neuropsychologist before considering DBS surgery. Candidates are referred for 
assessment by the multi-professional team. If resective surgery is not an option, DBS 
along with other forms of neurostimulation can be considered (including VNS, in 
some countries RNS). The neurosurgeon and the neurologist assess the patient's 
disability and weigh the benefits and risks of DBS. The neurosurgeon evaluates the 
risks associated with the surgery and explains the procedure and its risks to the 
patient. The psychiatrist diagnoses and treats patients with psychiatric conditions 
that may possibly be worsened due to DBS. A neuropsychological evaluation is used 
to assess the baseline condition, detection of surgery contraindications and to 
evaluate the cooperation ability in the preoperative state and to detect postoperative 
demands. Postoperative neurological testing provides information associated with 
the surgical outcome, need for rehabilitation and identification of 
neuropsychological complications. (Tarsy et al. 2008) 

ANT DBS is approved in the European Union and by the FDA for the treatment 
of focal refractory epilepsy. In the SANTE trial, patients included for ANT DBS 
trial had to have refractory epilepsy which was non-responsive to at least two 
adequate AEDs for at least 12–18 months and focal-onset seizures with an 
association with injuries and an impaired quality of life (Fisher et al. 2010). 
Insufficient seizure reduction after resective surgery or VNS might become 
indications for DBS in epilepsy (Halpern et al. 2008). 

2.2.5 Preoperative planning 

Target definition in stereotactic neurosurgery is primarily based on anatomical atlas 
information and radiological techniques. Anatomical atlases are constructed from 
histological tissue sections collected from 1 to 111 brains, depending on the atlas. 
Available atlases are provided Spiegel & Wycis, (1952, 1962; 1 brain), Talairach et al., 
(1957; 1 brain), Schaltenbrand & Bailey (1959; 7–111 brains), Andrew & Watkins 
(1969; 19 brains), Van Buren & Borke (1972; 6 brains), Emmers & Tasker (1975; 2 
brains), Schaltenbrand & Wahren (1977, 1998; 3 brains), Afshar, Watkins & Yap 
(1978; 30 brains), Talairach & Tournoux (1988; 1 brain), Morel, Magnin & 
Jeanmonod (1997; 5 brains), Mai et al. (1998, 2003; 6 brains) and Morel (2007; 7 
brains). The disadvantage of the atlas information is that it is usually based on only 
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a few brains. Due to the anatomical variations between individuals, planning a 
stereotactical surgery always requires high-quality radiological imaging to map the 
actual structures present in the patient. Usually 3 Tesla magnetic resonance imaging 
(MRI) is used due to its high segregation ability, supplemented by suitable sequences 
and suppression or weighting techniques depending on the structure of interest. 

Preoperative surgical planning and navigation rely on the assumption that the 
brain tissue remains static at the time of preoperative imaging and at the time of 
surgery. However, dynamic intraoperative changes occur in the brain after opening 
of the dura. Intraoperative air invasion causes anatomical structures to shift and 
might alter their true locations from stereotactic coordinates estimated from 
preoperative MRI. This might lead to an error in DBS electrode placement. The 
significance of these changes in functional neurosurgery has not been extensively 
studied. Brain shift occurs due to the loss of cerebrospinal fluid and is affected by 
the duration of the procedure, a failure to seal the burr hole completely and intrinsic 
features of the brain. Brain shift is usually greater in cortical than deep brain 
structures, possibly because central tissue mass is supported by surrounding bony 
and falcine structures. Since the target structures in functional neurosurgery are 
usually small in size, even a few millimeter shift can decrease navigation accuracy and 
compromise target localization. (Winkler et al. 2005, Pallavaram et al. 2010) Further 
intraoperative target verification is needed to optimize electrode placement. 

Target definition accuracy can be supplemented with electrophysiological 
mapping by the means of macro- or microstimulation. Microelectrode recording 
(MER) has the benefits of minimal microlesioning, possibility of multiple 
exploration trajectories, independence of patient cooperation and minimal risks. 
MER is conducted with a microelectrode lead, which except for its tip, is completely 
insulated. It measures voltage alterations between the test electrode and a reference 
electrode. Electrical signals are amplified and background noise is filtered. Nuclear 
structures can be identified from the characteristic spike-burst patterns missing in 
white matter areas. (Tarsy et al. 2008) To optimize targeting, multiple MER might 
be required because of brain shift (Halpern et al. 2008). However, several MER 
passes might prolong the procedure, favoring a loss of cerebrospinal fluid (Winkler 
et al. 2005) and an increase the risk of intracranial hemorrhage (Obeso et al. 2001). 
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2.2.6 Imaging of ANT 

High-quality magnetic resonance imaging (MRI) is the basis of specific imaging of 
ANT. In order to achieve exact imaging, a magnetic field strength of 3 Tesla is used. 
In the future, even more accurate imaging with 7 Tesla MRI is likely to become more 
common. MRI with magnetization prepared gradient echo (MPRAGE), short tau 
inversion recovery (STIR) and fast gray matter acquisition T1 inversion recovery 
(FGATIR) enable direct visualization of ANT and surrounding structures, the 
mammillothalamic tract and the external medullary lamina (Cukiert & Lehtimäki 
2017, Möttönen et al. 2015). Demarcation of ANT subnuclei can be achieved using 
3 Tesla MRI with subnucleus-specific adjusted acquisition parameters and sufficient 
image resolution and contrast (Buentjen et al. 2014) 

2.2.7 Targeting of ANT 

Traditionally, target definition has been based on an indirect visualization of ANT 
from atlas information. ANT is identified from the sagittal image and coordinates 
selected in relation to AC-PC line (Halpern et al. 2008). In Schaltenbrand and 
Wahren (1998) atlas, ANT lies 5–6 mm lateral, 12 mm superior and 0–2 mm anterior 
to mid-commissural point (MCP) (Cukiert & Lehtimäki 2017). The Schaltendbrand-
Wahren atlas is however based on only three individuals and hence it is likely to have 
a limited utility in selecting precise coordinates for ANT, a structure with extensive 
variation in the stereotactic space between individuals. Directly defined ANT has 
been observed to be situated more superiorly, anteriorly and laterally to its equivalent 
in the Schaltenbrand-Wahren atlas. (Möttönen et al. 2015, Cukiert & Lehtimäki 
2017). A more anterior location of active contact within the ANT complex may be 
associated with a better outcome after DBS (Lehtimäki et al. 2016) (Figure 3.). 
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Figure 3.  Schematic illustration of visible landmarks in 3T MRI sagittal plane and ANT normalized 
coordinate system, where the anterior border of ANT is set to 1 and its posterior border to 
0 on the y-axis. In all, 74% of the deep brain stimulation contacts situated in the anterior 
side of the cutoff level 0.58 (blue color) lead to a favorable outcome to the treatment. In 
contrast, 83% of the contacts situated posterior to this cutoff level (red color) were 
nonresponders. AM, anteromedial nucleus of ANT; AV, anteroventral nucleus of ANT; Th, 
thalamus; Ve. I, lateral ventricle; MB, mammillary bodies; mtt, mammillothalamic tract; 
ANT, anterior nucleus of thalamus (Lehtimäki et al. 2016) 

	
 
A 3 Tesla MRI with suitable radiological techniques (MPRAGE, STIR, FGATIR) 

is conducted preoperatively for direct visualization of ANT and surrounding 
structures, the mammillothalamic tract and external medullary lamina (Cukiert & 
Lehtimäki 2017, Möttönen et al. 2015). The surgical trajectory is determined using 
the information acquired from imaging. Sulcal vessels and significant vascular 
structures are avoided in the determination of the surgical trajectory. These 
structures include the thalamostriatal vein, callosomarginal artery, internal cerebral 
vein and choroidal vein. Transventricular trajectory traversing through the lateral 
ventricle is a more applicable route than a paraventricular trajectory, due to the shape 
and orientation of the ANT (Lehtimäki et al. 2018). Patients with epilepsy operated 
via the transventricular trajectory appear to benefit better from ANT DBS treatment 
than patients operated using the paraventricular route. The paraventricular trajectory 
sometimes has to be used due to an abundance of ventricular veins, however 
problems related to vascular structures in this technique persist due to the position 
of thalamo-striatal vein surrounding the ANT. (Cukiert & Lehtimäki 2017, 
Lehtimäki et al. 2016) During the procedure, target definition accuracy can be 
improved by conducting microelectrode recording (MER) (Möttönen et al. 2015). 
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2.2.8 ANT DBS procedure 

In the ANT DBS implantation procedure, the target is first identified with 
appropriate imaging techniques. The target coordinates are determined from a 
preoperative MRI performed in advance, usually combined with a preoperative CT 
scan taken with the stereotactic frame on the day of the surgery. The initial target 5–
6 mm lateral, 12 mm superior and 0–2 mm anterior to mid-commissural point (MCP) 
is adjusted for each patient, utilizing the mammillothalamic tract as a landmark 
(Lehtimäki et al. 2016, Cukiert & Lehtimäki 2017). 

A stereotactic frame is placed under local or general anesthesia with frame tilt 
parallel to the anterior commissure—posterior commissure (AC-PC) line (Halpern 
et al. 2008). After imaging and coordinate determination, the patient is set in a supine 
or semi-sitting position and prepared according to the regular stereotactic surgery 
protocol including anesthesia, wash and covering of the patient. The surgical check-
list is gone through. The point of entry usually lies 1.5–3 cm from the midline, 
located between coronal suture and the hairline. A skin incision is made in 
consistency with the location of the planned trepanation hole. A subgaleal pocket is 
prepared bluntly beside the incision for either one side to place the connector and 
excess lead wire. A trepanation hole 14 mm in diameter is drilled usually with a 
straight-edged perforator in the planned site and sharp incision and cauterization is 
performed on the dura and pia. The trepanation hole ring is placed close against the 
bone around the hole. The lead holder is applied to the stereotactic frame, with a 
guide tube at a distance of 1.25–2.5 cm from the skull. The stylet is positioned in the 
insertion cannula, a device supporting the lead trajectory at the entry at the surface 
of thalamus. The insertion cannula is placed 10 mm proximally to the preset surgical 
target and the stylet is removed and then the DBS lead is passed through the cannula 
to the targeted area. Different lead frame kits are available for Leksell and Radionics 
stereotactic frames to stabilize the lead during the procedure. The stimulation target 
lies between the surgical target and the surface of thalamus, usually at a 3.5–4 mm 
distance. The interspace between the two middlemost contacts are aimed at the 
surgical target using fluoroscopy, leading to a positioning of the two most superior 
contacts (2 and 3 on the left; 10 and 11 on the right in Medtronic 3389 electrode) 
inside the ANT. The surgical target is located by the microelectrode recording 
(MER) electrode by placing it 10 mm from the target and performing a test 
stimulation in 0.5–1 mm steps while approaching the target. ANT is identified by 
the typical burst firing pattern with the frequency of firing evident on the MER 
recording. The MER electrode is then removed and a stopper is attached onto the 
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lead according to the determined depth of the target. The lead is attached to the lead 
holder and applied carefully along the trajectory determined previously. A burr hole 
cap is used to fixate the lead and the incision is closed with the second lead being 
placed as above. The Leksell frame is removed, the IPG is placed in the subclavicular 
pocket and the lead is connected to an extension wire tunnelled subcutaneously from 
the IPG. The correct placement of the leads is verified by a postoperative CT scan. 
(Medtronic, Inc. 2014, Halpern et al. 2008, Tarsy et al. 2008, Cukiert & Lehtimäki 
2017) 

The correct placement of the DBS electrode is verified with a postoperative CT 
scan after recovery from anesthesia. Contacts lying inside the ANT based on fusion 
images of the preoperative MRI and postoperative CT scans are chosen for chronic 
stimulation. The stimulator is turned on after a few postoperative days, typically the 
fifth postoperative day. The initial stimulation parameters are a frequency of 140 Hz, 
pulse width of 90 µs and 1 min on—5 min off cycling. The amplitude is raised to 5 
V during a period of 5–21 postoperative days. Patients are discharged approximately 
seven days postoperatively. The parameters are optimized during outpatient visits 
according to individual needs. According to the protocol in our center, the first 
follow-up visits are 3 and 6 months after the procedure and then every 6 months 
during the first four postoperative years. The last standard follow-up visit is at the 
end of the fifth postoperative year. Complementary follow-up visits can be arranged, 
if necessary. (Lehtimäki et al. 2016, Cukiert & Lehtimäki 2017) 

2.2.9 Settings 

The aim of DBS is to deliver electrical current to a specific target while avoiding 
current spread to adjacent structures. The axon population recruited by DBS is 
controlled by choosing adequate stimulation parameters. Higher amplitudes increase 
the volume of activated tissue (VAT), reaching axons further away from the 
electrode. A higher pulse width decreases the difference of stimulation thresholds 
between larger and smaller axons, but if the pulse width is too high, this can result 
in adverse effects at amplitudes needed for a good clinical response. (Denys, Feenstra 
& Schuurman 2012, Tarsy et al. 2008) 

Stimulation can be applied using monopolar or multipolar stimulation. A 
quardipolar DBS lead has four contacts, each of which can be programmed as a 
cathode (negative pole) or an anode (positive pole). When there is no anode in the 
DBS lead, IPG functions as the anode and this is called monopolar stimulation. 
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Monopolar stimulation produces a spherical electrical field and VAT when 
impedance is constant. The electrical field is narrower in bipolar or tripolar 
stimulation and emphasizes towards the cathode. The stimulation voltage diminishes 
inversely in proportion with the distance from the cathode in monopolar stimulation, 
with the square of the distance in bipolar and with the cube of the distance in a 
tripolar stimulation. Using bipolar stimulation, the electrical field increases with the 
squared distance from the anode to the cathode consuming less battery than in 
smaller distances generating an equivalent electric field. Monopolar stimulation 
requires a lower intensity than multipolar stimulation, but it may activate neural 
elements outside the target area. Multipolar stimulation decreases impedance and 
increases current in the activated tissue. (Denys, Feenstra & Schuurman 2012, Tarsy 
et al. 2008)  

The DBS electrodes currently available are models 3387 and 3389 by Medtronic. 
They are quadripolar silicon leads consisting of four consecutive 1.5 mm platinum 
contacts with 0.5 mm (3389) to 1.5 mm (3387) spacing. An external device 
(Medtronic model 7432 or Envision) is used for wireless programming of stimulation 
parameters using a radiofrequency. (Tarsy et al. 2008) Some stimulator models are 
rechargeable. MRI tolerable stimulator models, autostimulation devices and 
multidirectional lead models are being developed. (Sugiyama et al. 2015) 

Various factors affect the volume of activated tissue (VAT) in DBS. By selecting 
adequate stimulation parameters, the ability of pathological oscillations to cause 
clinical seizures might be decreased. The amount of electrical current delivered to 
the targeted tissue can be controlled by adjusting the electrode’s configuration and 
stimulation parameters voltage, pulse width and impedance (Tarsy et al. 2008). 
Therapeutic amplitudes in DBS treatment normally vary between 1–5 V at pulse 
widths of 60–450 µs (Tarsy et al. 2008), the minimum parameters for stimulation 
being at least 2.8 V or 2.8 mA for a clinically evident effect (Denys, Feenstra & 
Schuurman 2012, Tarsy et al. 2008). Typical stimulation parameters in ANT DBS 
are 140 Hz frequency, 90 µs pulse width, 5 V amplitude, and 1 min on—5 min off 
cycling (Lehtimäki et al. 2016, Fisher et al. 2010). 

Amplitude is the amount of voltage alternation and pulse width defines the 
magnitude of charge delivered to the tissue as well as the number of neurons which 
are activated. Electrode impedance determines the current delivered to the tissue, 
when voltage is constant. It is affected by electric properties of the surrounding tissue 
and encapsulation around the lead. Encapsulation, resulting from the body's 
response to a foreign body, involves the formation of a fibrotic capsule and 
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surrounding gliosis. Nonetheless, encapsulation is usually minimal after DBS 
implantations. (Denys, Feenstra & Schuurman 2012, Tarsy et al. 2008) 

The current needed to stimulate a neuron decreases as the pulse width increases. 
Basically, a low voltage and a short pulse width result in a small VAT possibly not 
enough for activating all the desired neurons. Conversely, a high voltage and short 
pulse width produces a large VAT that may recruit off-target neural elements. Low 
voltage and long pulse width appropriately balanced give rise to a relatively small 
VAT required to activate the target cells and minimize the activation of surrounding 
structures. (Tarsy et al. 2008) 

Frequencies over 100 Hz threshold level have been observed to be beneficial in 
DBS in treatment of essential tremor and Parkinson's disease. The explanation for 
this could be a resonating DBS pulsation, as high frequency signals return back to 
their initiation point through a closed network between cortical and subcortical 
structures. They might also increase post-synaptic excitatory potentials enhancing 
synaptic actions. (Tarsy et al. 2008) 

The predisposition to stimulation differs in neuronal cells, their parts and types 
of organization. Nerve fibers parallel to the electric field and closer to the electrode 
are more easily stimulated than fibers further away and lying perpendicular to the 
electric field. Axons require lower stimulation amplitudes for stimulation than 
somas. Branching and larger axons have a lower threshold for stimulation than 
smaller axons with no branches. Neurons are not likely to be stimulated in uniform 
electric fields. (Denys, Feenstra & Schuurman 2012, Tarsy et al. 2008) 

Excitation can be produced by a small intensity current (5–15 µA) and frequency 
(10–40 Hz). For inhibition, the required intensity of stimulation is 3–5 times higher 
than that producing excitation. Neuronal lesioning results from currents over 10 
times those causing inhibition, and higher currents enlarge the lesion progressively. 
(Velasco 2000) 

Continuous, cyclical and closed-loop paradigms can be used in DBS. Continuous 
stimulation is traditionally used to treat movement disorders. Cyclical stimulation 
rotates between preset on- and off-stimulation periods and is the usual choice in 
DBS for epilepsy. A closed-loop stimulation is activated at the time of seizure 
initiation and requires a reliable seizure detection or prediction algorithm to prevent 
the seizures. This type of stimulation is likely to have the least adverse effects and 
may well become more popular in the future, as technology develops. (Tarsy et al. 
2008) 
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2.2.10 Adverse effects & complications 

Serious adverse events of ANT DBS are rare and most of the side-affects are mild 
and transient in nature. During the first year, there is a risk of device-related adverse 
effects such as paresthesias (18%), pain in the implant area (11%) and infection (9%). 
In a large-scale randomized controlled trial, no device-related deaths were observed 
and the rate of SUDEP was within the expected range for patients with refractory 
epilepsy (Fisher et al. 2010). 

The most serious surgery-related complications include death, hemorrhagic 
stroke, intraoperative air embolus, status epilepticus, infection and misplacement of 
the DBS electrode. Hemorrhage has been reported in 2–3% but fatal hemorrhages 
occur in less than 1%. The risk of infection varies from 2–25%, with the vast majority 
being superficial; the risk for serious infection is around 4%. The most common sites 
for an infection are the IPG pocket (7%), the extension wire tunnel (6%) and the 
trepanation site (2%). Parenchymal brain infections have not been detected. (Tarsy 
et al. 2008) The possibility of generating new seizure types has been reported, most 
of which appear to be focal seizures with retained awareness (Fisher et al. 2010). The 
risk of stroke is less than 3% and the risk for subsequent neurological deficits is 1%. 
There is some risk of suboptimal lead placement i.e. 0–13%. (Tarsy et al. 2008) and 
electrodes placed outside the ANT have to be repositioned in 8% of cases (Fisher et 
al. 2010). Venous air embolism and permanent neurological damage are possible but 
very rare complications. The risk of seizure during the surgery is 1–3%. The risk of 
status epilepticus during treatment is 5%. (Tarsy et al. 2008) Single patient cases with 
seizures associated with the initiation of stimulation have been reported (Fisher et 
al. 2010, Nora et al. 2018). 

Subjective reported complaints, such as those related to depression and memory 
impairment, have not manifested in neuropsychological evaluations of cognition and 
mood (Fisher et al. 2010, Tröster et al. 2017). Other stimulation-related side effects 
including paresthesias, dysarthria, diplopia, nystagmus, anxiety, psychotic behavior, 
suicidal ideation, obsessive-compulsive thoughts, aggression, anorexia and lethargy 
have been reported (Tarsy et al. 2008, Halpern et al. 2008). The most common 
hardware-related complications are lead fracture, lead migration and device erosion. 
Lead disconnection, skin erosion and device malfunction are other possible 
hardware-related complications. The risk of hardware-related complications is 
around 8% (Oh et al. 2002). The risk of recurring surgery due to a complication is 
14%, mostly concerning subcutaneous parts of the implanted material. The risk of 
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second surgery on the intracranial lead due to a complication has been estimated as 
6%. (Tarsy et al. 2008) 
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2.3 Anatomy and connections of the ANT 

2.3.1 Anterior nucleus of thalamus 

The ANT is located in the anterior aspect of dorsal thalamus, bordered on both sides 
by the internal medullary lamina. The mammillary bodies, entorhinal cortex and 
adjoining hippocampal structures project to the ANT, the mammillary bodies via the 
mammillothalamic tract (mtt). (Jones, 2007) With its numerous connections, ANT 
can be considered as a crucial node integrating cortical and subcortical information; 
it lies at a site allowing it to influence the brain’s predisposition to epileptic seizures 
(Hodaie et al. 2002, Aggleton et al., 2010, Jankowski et al. 2013). The ANT is linked 
by white matter tracts to networks regulating amnestic functions and consciousness 
(Circuit of Papez), a hypothetical neuronal circuitry crucial in mediating the 
formation of memories and emotion (Papez 1937, Lövblad et al. 2014, Dangleish 
2004). 

2.3.2 Subnuclei of ANT 

Three subnuclei can be functionally distinguished in ANT: anteromedial (AM), 
anterodorsal (AD) and anteroventral (AV; also called anterior principal) nuclei. 
These are elaborately connected to frontotemporal structures with different 
emphases (Figure 4). 
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Figure 4.  Main connections of AD, AV, and AM subnuclei of ANT. AM connects to frontal areas 
medial prefrontal cortex (mPFC) and anterior cingulate cortex (ACC) (in blue). AV is 
connected to subicular cortex of hippocampus both directly and indirectly via the 
retrosplenial cortex (in yellow). The medial mammillary nucleus receives axons from AV 
and the lateral mammillary nucleus from AD (in orange). 

	

	

	
The AM connects anatomically to prefrontal areas and is thus considered to play 

a role in frontal functions. Among the most densely connected structures are medial 
prefrontal cortex (pMFC) and anterior cingulate cortex (ACC), which are important 
in cognitive control and executive functions. These areas are thought to be 
responsible for response conflict and error monitoring as a part of an internal 
feedback system regulating goal-oriented behavior. (Riddenrinkof at al. 2004, 
Fernandez-Duque, Baird & Posner 2000). Another dense group of fibers connects 
the AM to the medial paravisual area. Less dense projections from AM lead to the 
granular retrosplenial, anterior prefrontal and orbitofrontal cortex with some 
projections reaching hippocampal areas (namely presubiculum, ventral subiculum, 
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entorhinal and perirhinal areas) can be distinguished. The AM is also reciprocally 
connected to the amygdala, mostly to the basolateral nucleus. (Jones 2007) 

Conversely, AV and AD lack frontal connections. AV has extensive connections 
to hippocampus, directly to subiculum and indirectly via the retrosplenial cortex. 
Further connections of AV extend to the medial mammillary nucleus and the limbic 
system. These interconnections constitute a return-loop system relaying rhythmic 
theta activity to the hippocampus that is a considered to play a role in memory 
functions. (Aggleton et al. 2010, Jankowski et al. 2013, Byne et al. 2008, Groen et al. 
1999)  

With respect to AD, its most important connections are to the lateral mammillary 
nucleus, although it also connects to parts of the hippocampus. This system has 
often been compared to a compass since it reacts to certain head directions 
irrespective of its location, and thus it is possibly important for mental and spatial 
navigation. (Aggleton et al. 2010, Jankowski et al. 2013, Vann 2013) The lateral dorsal 
nucleus, associated with the head direction system in the AD, is considered to be 
involved in spatial memory. The observed deterioration of spatial memory after 
lesions of the mammillary bodies and mammillothalamic tract might be associated 
with the damage of these cells. (Jones 2007) 

2.3.3 Circuit of Papez 

The ANT is linked by white matter tracts to networks regulating amnestic functions 
and consciousness. The ANT lies within the Circuit of Papez, a theoretical neuronal 
circuitry mediating the formation of memories and emotion. The Circuit of Papez, 
proposed by James Papez in 1937, consists of thalamus, sensory cortex, 
hypothalamus, ANT, cingulate cortex and hippocampus. In theory, the cingulate 
cortex integrates information from emotional stimuli arriving from the 
hypothalamus through the ANT and sensory cortex. It directs information onward 
back to the hypothalamus via the cingulum. The information is passed further via 
the fornix and the mammillothalamic tract through the entorhinal cortex of the 
hippocampus, which links the circuit to the limbic system. (Papez 1937, Lövblad et 
al. 2014, Dangleish 2004) The connections between hippocampus, mammillary 
bodies, ANT and cingulate gyrus are involved in memory functions. The system of 
multiple and partly reciprocal interconnections is however complex and is more 
accurately described as a system of hippocampal-diencephalic-cingulate connections 
rather than a loop. The anterior hippocampus projects directly to the prefrontal 
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cortex and the indirect networks from the hippocampus to the prefrontal cortex arise 
mainly from posterior regions of the hippocampus. These indirect connections 
include a subcortical diencephalic route via the fornix, and a cortical cingulate route 
via the retrosplenial cortex. (Bubb, Kinnavane & Aggleton 2017). 

The ANT connects mainly to the subicular cortex of the hippocampus, prefrontal 
cortex and retrosplenial cortex via several reciprocal connections. Through its 
connections to the mammillary bodies, ANT may influence hippocampal functions 
via their modulation (Vann et al. 2013). Lesions in ANT have been observed to 
deteriorate spatial and temporal memory and spatial functions. (Dalrymple-Alforda 
et al. 2015) 

2.3.4 Default mode network 

The thalamus projects to the posterior cingulum impacting on the default mode 
network of the brain. The default mode network (DMN) is a brain network which 
becomes activated when the brain is not engaged in performing active tasks. It is 
thought to have a key role in consciousness and to be responsible for spontaneous 
autobiographical and introspective thought processes as well as integrating 
information of the outside environment and comparing them with the intrinsic 
models of the world and self. At the center of the DMN lies the posterior cingulate 
cortex (PCC), medial prefrontal cortex (mPFC) and angular gyrus, structures which 
become almost silent during intent processes (Figure 5). The PCC receives an input 
from the anterior cingulate and thalamus, parts of the Papez circuit, and has 
therefore a close interaction with the memory circuits. (Mantini & Vanduffel 2013) 

2.3.5 Other connections 

The cingulate and retrosplenial cortices provide projections to the thalamus via the 
internal capsule. The mammillary peduncle, arising from dorsal tegmentum of the 
midbrain, carries fibers to the mammillary complex and further from the lateral 
mammillary nucleus bilaterally to the AD, which projects back to tegmentum. There 
are ipsilateral connections from the lateral mammillary nucleus back to the dorsal 
tegmental nucleus. Fibers arising from the hippocampal area descend to the ANT 
through the fornix. Most of these connections arise from subiculum, presubiculum 
and parasubiculum. The fornix targets medial mammillary nucleus bilaterally, lateral 
mammillary nucleus ipsilaterally and carries projections to the entorhinal cortex. The 
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medial mammillary nucleus projects ipsilaterally to the AD, AV and to the deep 
tegmental nuclei. (Powell 1958) 
	

Figure 5.  The parts of the default mode network (DMN): medial prefrontal cortex (mPFC), posterior 
cingulate cortex (PCC), precuneus and angular gyrus. Anteromedial (AM) subnucleus of 
anterior nucleus of thalamus (ANT) has connections to mPFC which is a part of the DMN. 
Anterior cingulate cortex (ACC), a part of the Papez circuit, is connected to PCC, a part of 
DMN. Parts of the Circuit of Papez are depicted in blue and parts of DMN in green. Exact 
connections are not demonstrated here. 
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3 AIMS OF THE STUDY   

In Study I, there were three aims: 

(1) To examine the effect of programming changes on outcome in patients 
with ANT DBS. 

(2) To investigate whether the effect differs between seizure types.  
(3) To compare the response status between patients with stimulation contacts 

verified inside the ANT with patients with contacts located outside of ANT.  

There were three aims for Study II: 

(1) To evaluate previous and current psychiatric symptoms in patients with 
epilepsy undergoing ANT DBS surgery. 

(2) To assess the predictability of psychiatric adverse effects.  
(3) To report programming-related psychiatric adverse effects. 

The aim of Study III was: 

(1) To evaluate the cognitive performance of patients with refractory epilepsy 
treated with DBS to determine whether neuropsychological profiles could 
reflect the connectivity of ANT and further predict the efficacy of ANT 
DBS. 

In Study IV, there were two aims: 

(1) To examine the localizing value of MER for targeting ANT by comparing 
MER data correlation with final surgical placement of ANT DBS electrodes 
and outcome. 

(2) To compare the targeting accuracy with the transventricular and 
paraventricular implantation trajectories. 
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4 MATERIALS AND METHODS   

4.1 DBS protocol in Tampere University Hospital 

Patients who have failed to achieve seizure freedom following adequate AED trials 
(whether in monotherapy or combined regime) of two tolerated and appropriately 
chosen and used AEDs are referred to a specialized epilepsy center for assessment. 
The seizure onset zone is localized with EEG and 3T MRI and on some occasions, 
the assessment is supplemented with sleep deprivation EEG, VEEG and 18-F-
FDG-PET (positron emission tomography with 2-deoxy-2-[fluorine-18]-fluoro-D-
glucose). If the epileptogenic zone can be located (or more specialized imaging and 
monitoring techniques are needed to achieve this goal) and the patient is willing to 
undergo invasive options, the patient is referred to a center specializing in epilepsy 
surgery. In the epilepsy surgery center, the feasibility of resective or ablative surgery 
is evaluated. The evaluation may be supplemented individually with MEG 
(magnetoencephalography), sometimes with ictal SPECT (single-photon emission 
computed tomography), or with invasive monitoring methods such as stereo EEG 
and subdural grid. If resective or ablation surgery is not an option or the surgery 
proves unsuccessful, then VNS or DBS can be considered (Figure 6).  

Currently there is no strong, comparative research data regarding which one of 
these two options—VNS or DBS—should be selected to treat refractory epilepsy. 
The patient's age, cognition, performance, prevailing seizure types, psychiatric 
situation and his/her own preference are aspects to be considered. At the moment 
in Tampere University Hospital, young age of the patient and FIAS as the 
predominant seizure type are factors favoring the choice of DBS, whereas cognitive 
problems and situations aiming at a more modest outcome might often lead to the 
selection of VNS, which is a form of neuromodulation that has been available in the 
clinical field to treat epilepsy for longer than DBS and partly because of that, it is 
currently a more common form of treatment. In Tampere University Hospital, there 
are around 20–25 VNS procedures but only 2–4 DBS surgeries performed each year. 
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Figure 6.  Patient flow for evaluation of ANT DBS treatment option in refractory epilepsy in Tampere 
University Hospital. 
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4.2 Patients 

There were 29 consecutive patients with ANT DBS implantation performed in 
Tampere University Hospital (Tampere, Finland) between 2010 and 2018. The 
inclusion criteria for the studies were regular keeping of a seizure diary, programming 
visits according to protocol, sufficient follow-up time at the time of the study (at 
least two years in Studies I and III, one year in Study III and six months in Study 
IV), psychiatric evaluation prior to surgery and one year post-surgery (Study II), 
neuropsychological evaluation prior to or shortly after the surgery (Study III), and 
the availability of a preoperative 3 T MRI and postoperative CT (Study IV). A total 
of 27 consecutive patients were included in Study I, 22 patients in Study II, 16 
patients in Study III, and 28 in Study IV. The flow chart of patients is demonstrated 
in Figure 7. 

The patient population was heterogeneous in terms of etiology, MRI findings, 
and AED therapy. The clinical features of the patients are presented in Table 6. All 
patients were examined with VEEG, 3T MRI, and nearly all with 18-F-FDG-PET 
to evaluate if they were suitable for resective surgery. The evaluation of etiology was 
based on MRI findings and clinical history. The seizure onset zone was assessed 
based on VEEG registrations. The patients had their ongoing AED treatments, and 
the possible psychiatric medications were also continued at the time of operation. 
AEDs and psychiatric medication used during the follow-up are displayed in Table 
7.  

Figure 7.  Patient flow in Studies I–IV.  
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Table 6.  Patient demographics. MER, microelectrode recording; n, number of patients; SD, 
standard deviation. 
 

 Study I Study II Study III Study IV 

 
n 

 
27 

 
22 

 
16 

 
28 

MER no MER 

16 12 

Patients n:o 1–27 n:o 1–22 n:o 1–14, 
n:o 16–17 

n:o 1–5,  
n:o 7–29 

  

Gender 
Female 
Male 

 
9 (33.3%) 
18 (66.7%) 

 
8 (36.3%) 
14 (63.6%) 

 
5 (31.3%) 
11 (68.8%) 

 
8 (28.6%) 
20 (71.4%) 

 
4 (25.0%) 
12 (75.0%) 

 
4 (33.3%) 
8 (66.7%) 

Age at DBS implantation 
Range (yrs) 
Mean (yrs) 
SD (yrs) 

 
22–56 
34.8 
11.3 

 
22–56 
36.2 
11.5 

 
22–56 
34.4 
11.2 

 
21–61 
35.3 
12.3 

 
22–54 
37.0 
11.5 

 
21–61 
32.9 
13.4 

Years with epilepsy at DBS 
implantation 
Range (yrs) 
Mean (yrs) 
SD (yrs) 

 
 
3–49  
20.8 
14.3 

 
 
3–49 
21.8 
14.8 

 
 
3–44 
19.8 
14.0 

 
 
3–49 
21.0 
14.7 

 
 
5–49  
25.0  
13.7 

 
 
3–44 
15.8 
15.0 

Etiology 
Cortical  
Encephalitis 
Unknown 
Infarct dysplasia (CD) 
Hippocampal sclerosis + CD 

 
8 (29.6%) 
8 (29.6%) 
8 (29.6%) 
2 (7.4%) 
1 (3.7%) 

 
7 (31.8%) 
7 (31.8%) 
6 (27.2%) 
1 (4.5%) 
1 (4.5%) 

 
6 (37.5%) 
5 (31.3%) 
5 (31.3%) 
0 (0%) 
0 (0%) 

 
9 (32.1%)  
8 (28.6%)  
8 (28.6%)  
2 (7.1%) 
1 (3.6%)  

 
4 (25.0%) 
3 (18.8%) 
6 (37.5%) 
1 (6.3%) 
1 (6.3%) 

 
5 (41.7%) 
5 (41.7%) 
2 (16.7%) 
1 (8.3%) 
0 (0%) 

MRI 
Normal 
CD 
  Heterotopia 
  Bilateral perisylvian  
    polymicrogyria    
  Temporal sclerosis + CD 
Hemimegencephaly 
Inflammatory lesion 
Hypoxic or ischemic lesion 
Temporal atrophy 

 
13 (48.1%) 
8 (29.6%) 
3 (11.1%) 
3 (11.1%) 
 
1 (3.7%) 
1 (3.7%) 
3 (11.1%) 
1 (3.7%) 
1 (3.7%) 

 
11 (50.0%) 
7 (31.8%) 
2 (9.1%) 
3 (13.6%) 
 
1 (4.5%) 
1 (4.5%) 
2 (9.1%) 
1 (4.5%) 
0 (0%) 

 
8 (50.0%) 
5 (31.3%) 
2 (12.5%) 
2 (12.5%) 
 
0 (0%) 
1 (6.3%) 
2 (12.5%) 
0 (0%) 
0 (0%) 

  
13 (46.4%)  
9 (32.1%)  
4 (14.3)  
3 (10.7%)  
 
1 (3.6%)  
0 (0%) 
3 (10.7%)  
1 (3.6%)  
1 (3.6%)  

 
8 (50.0%) 
4 (25.0%) 
1 (6.3%) 
2 (12.5%) 
 
1 (6.3%) 
0 (0%) 
1 (6.3%) 
1 (6.3%) 
1 (6.3%) 

 
5 (41.7%) 
5  (41.7%) 
3 (25.0%) 
1 (8.3%) 
 
0 (0%) 
0 (0%) 
2 (16.7%) 
0 (0%) 
0 (0%) 
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 Study I Study II Study III Study IV MER no MER 

Seizure onset zone 
Frontal 
Frontotemporal 
Temporal 
Parietal 
Occipital 
Multifocal 

 
6 (22.2%) 
1 (3.7%) 
4 (14.8%) 
1 (3.7%) 
1 (3.7%) 
14 (51.9%) 

 
6 (27.2%) 
0 (0%) 
3 (13.6%) 
1 (4.5%) 
1 (4.5%) 
11 (50.0%) 

 
5 (31.3%) 
0 (0%) 
2 (12.5%) 
1 (6.3%) 
0 (0%) 
8 (50.0%) 

 
5 (21.4%)  
3 (10.7%) 
4 (14.3%)  
1 (3.6%)  
1 (3.6%)  
14 (50.0%) 

 
5 (31.3%) 
1 (6.3%) 
3 (18.8%) 
1 (6.3%) 
1 (6.3%) 
5 (31.3%) 

 
0 (0%) 
2 (16.7%) 
1 (8.3%) 
0 (0%) 
0 (0%) 
9 (75.0%) 

Seizure types 
FAS 
FIAS < 30 s 
FIAS > 30 s 
FBTCS 

 
14 (51.9%) 
11 (40.7%) 
26 (96.3%) 
16 (59.3%) 

 
11 (50.0%) 
9 (40.9%) 
22 (100%) 
13 (59.1%) 

 
7 (43.8%) 
7 (43.8%) 
16 (100%) 
11 (68.8%) 

 
15 (53.6%)  
12 (42.9%)  
27 (96.4%)  
17 (60.7%)  

 
7 (43.8%) 
5 (31.3%) 
16 (100%) 
10 (62.5%) 

 
8 (66.7%) 
7 (58.3%) 
11 (91.7%) 
7 (58.3%) 

Prior mental health issues 
Depression 

 
6 (22.2%) 

 
5 (22.7%) 

 
4 (25.0%) 

 
7 (25.0%) 

  

	

4.3 Ethics approval 

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

4.4 Classification of seizures and outcome 

Before the decision to operate, the seizure diaries of patients were carefully evaluated 
for reliability based on previous VEEG studies taking into account each patient’s 
ability to remember and count seizures. The seizures were classified according to the 
new ILAE classification (Fisher et al. 2017) into focal aware seizures (FAS), focal 
impaired awareness seizures (FIAS) and focal to bilateral tonic-clonic seizures 
(FBTCS). Special attention was directed towards the severity and duration of 
impaired awareness during the FIAS. For practical purposes, the duration of FIAS 
was categorized into very short seizures lasting less than 30 seconds and typical those 
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 
seemed to decrease after the initiation of successful stimulation. After this 
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preliminary observation, the patients and their caregivers were soon trained to 
prospectively monitor not only the seizure types, but also the duration of the FIAS. 

The patients were classified as responders if there was a ≥50% reduction in the 
frequency of the predominant seizure type in the last 6 months counted from the 
time of the study compared to the baseline, as suggested previously by Orosz et al. 
(2014). The predominant seizure type was determined by a physician as being the 
clinically most disabling seizure type, not necessarily the most frequent or the most 
severe seizure type. Nonresponders had less than a 50% decrease in seizure 
frequency during follow-up. 

However, defining a responder to epilepsy treatment is complicated, and the 
artificial division into two groups does not always provide the most realistic 
impression of outcome (Karoly et al. 2019). In Study IV, responders were further 
divided into groups of progressive responders and partial responders as defined by 
Kulju et al. (2018): Progressive responders had a progressive reduction in seizure 
frequency with optimal DBS contacts, whereas partial DBS responders had an initial 
>50% decrease in seizure frequency but a fluctuating seizure count over the long 
term. In Study I, the response status was categorized even further into six different 
classes by total seizure frequency and disabling seizure frequency:  

 
Class 0 for seizure reduction of less than 25% or increase in seizures; 
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.  

4.5 Psychiatric assessment 

When the operation was being planned, a psychiatric interview was performed at 
baseline by an experienced psychiatrist concentrating on former and current 
psychiatric symptoms and medications. The follow-up visit was conducted at one 
year after the surgery. The Symptom Checklist-90 (SCL-90; Derogatis, Lipman & 
Covi 1973) was performed to evaluate the subjective psychiatric symptoms. Beck 
Depression Inventory (BDI; Beck et al. 1961) and Montgomery and Åsberg 
Depression Rating Scale (MADRS; Montgomery & Åsberg 1979) were used to assess 
the presence and severity of depressive symptoms. The Alcohol Use Disorders 
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Identification Test (AUDIT; Babor et al. 2001) was applied to evaluate the risks 
associated with alcohol use. Neuropsychiatric symptoms were inquired by using the 
Neuropsychiatric Inventory (NPI; Cummings et al. 1994). An increase in score 
indicates increased severity of symptoms in all of the tests used. 

4.6 Neuropsychological evaluation 

In our institution, the neuropsychological evaluation is performed as a part of the 
DBS protocol. At the time of Study III, the neuropsychological evaluation reports 
between 2011 and 2014 were available and were reviewed retrospectively.  

The median timing for the neuropsychological evaluation was 1 day before the 
implantation and a mean of 130 days after the implantation (SD 317 days). The 
following cognitive domains were evaluated: (1) executive functions and attention; 
(2) memory and learning; (3) language functions; and (4) visual functions. Executive 
functions and attention were evaluated using the Controlled Oral Word Association 
Test (COWAT) including semantic (animals) and phonemic (letters P-A-S; a Finnish 
version of F-A-S) fluency, the Trail-Making Test A and B (TMT A+B), digit span of 
Wechsler Adult Intelligence Scale III (WAIS-III; Wechsler 2005), and the Stroop 
Color-Word Interference Test (Stroop 1935). The Rey Auditory Verbal Learning 
Test (RAVLT; Rey 1964) and drawing from memory of Rey-Osterrieth Complex 
Figure Test (ROCFT; Osterrieth 1944) were used in the evaluation of memory and 
learning. Total score (total number of words recalled in trials 1 through 5), post-
interference recall (number of words recalled after interference), and recognition 
(number of correctly recognized words in delayed recall) of the RAVLT were used 
in the analysis. Language functions were evaluated with the WAIS-III’s Similarities. 
Visual functions were assessed by copying and copying time of the ROCFT and 
block design of the WAIS-III. 

Raw scores of cognitive tests were converted to age-standardized Z-scores using 
published Finnish (WAIS-III; Wechsler 2005) and international (Mitrushina et al. 
2005) normative data. The scores were first transformed so that a larger value always 
indicated a better performance. To determine a composite score for each of the four 
cognitive domains, an average of the Z-scores was calculated. In this study, the Z-
scores were scaled as follows: Z-scores equal to or smaller than -3 were considered 
to represent a severe deficit; Z-scores from -2.99 to -2 were indicative of a moderate 
deficit; and Z-scores from -1.99 to -1 were indicative of a mild deficit. Scores equal 
to or greater than -0.99 were considered as demonstrating normal performance. 
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Out of the 20 patients that underwent ANT DBS surgery and had been evaluated 
by a neuropsychologist prior to or shortly after the surgery, three of the reports had 
not been conducted with the latest protocol and were thus unavailable. One patient 
with a favorable outcome had been assessed only with two tests (TMT A and 
ROCFT Copy) that require functional motor abilities; this patient was excluded from 
the study as being unable to perform the tests reliably because of significant ataxia. 
Thus, there were 16 patients included in Study III. 

4.7 Image fusion and target definition 

4.7.1 Three-dimensional models 

Three-dimensional (3D) models of DBS electrodes, ANT, surrounding nuclei 
ventral anterior nucleus of thalamus (VA) and dorsomedial nucleus of thalamus 
(MD), MER points and volume of activated tissue were constructed using 
preoperative 3 T MRI and postoperative CT scan fusion images. The software used 
for creating 3D models was Medtronic SureTune II (Medtronic Inc, Minneapolis, 
MN) for Study II and Medtronic SureTune III (Medtronic Inc, Minneapolis, MN) 
for Studies I and IV. The planned theoretical target was inside the ANT, slightly 
above the termination of the mammillothalamic tract (mtt) (Figure 8). The location 
of the final DBS contacts was verified from the 3D models created. 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 having been placed outside of the 
ANT. The difference between planned and final surgical targets was measured in 
Study IV. 
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Figure 8.  Planned surgical and stimulation targets inside the ANT, slightly above the termination of 
the mammillothalamic tract (mtt).  
 

	
	

4.7.2 Intraoperative air invasion 

The volume of air resulting from intraoperative opening of dura was calculated from 
postoperative CT scan using the intensity based structure delineation function of 
SureTune III in Study IV. The largest diameter of air column was measured in the 
axial plane. 

4.8 Surgery 

Surgery was planned using the Surgiplan (Elekta, Stockholm, Sweden) and Brainlab 
Elements (Brainlab AG, Munich, Germany) software programs. The initial surgical 
target was defined to be 5–6 mm lateral, 12 mm superior, and 0–2 mm anterior to 
the midcommissural point. The mtt and ANT were identified individually from the 
3T MRI STIR images and the surgical target was adjusted accordingly (Cukiert & 
Lehtimäki 2017). A transventricular trajectory was performed primarily (52 
implantations out of 58) with the secondary option being the paraventricular 
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trajectory which was chosen in cases where there were abundant ventricular veins 
(6/58). Under general anesthesia, the surgery was performed using insertion cannula 
reaching to 10 mm from the planned target to implant the DBS electrodes 
(Medtronic 3389). The electrodes were fixed to the skull and connected to extension 
cables and further to the internal pulse generator (Activa PC, Medtronic) implanted 
within a subcutaneous pocket in the upper chest area. 

4.9 Microelectrode recording 

MER was performed on 17 patients (32 hemispheres) during the surgery before the 
implantation to study the feasibility of exploiting MER in ANT DBS. One of these 
patients with a cardiac pacemaker was excluded from Study IV as being unable to 
undergo the high-quality MRI needed for the creation of a 3D model. Hence, 16 
patients (30 hemispheres) operated under MER guidance were included in Study IV. 
Twelve patients operated without MER guidance were also included in Study IV. 

A total of 28 of patients were operated under general anesthesia during the 
surgery (one of them excluded from Study IV due to lack of high-quality MRI). One 
patient (Patient 1) in the MER group had the surgery performed under local 
anesthesia.  

MER was classified into 4 groups according to level of electrical activity:  
 

high activity:   ≥ 2.5 spikes ≥ 40 µV per second 
moderate activity:  1.5–2 spikes ≥ 40 µV per second 
low activity:  frequent low amplitude spikes < 40 µV per second 
no activity. 

 
In 3D models, measuring points with high MER activity level are depicted in dark 

green dots, moderate activity level in bright green dots, low activity level in light 
green dots and no activity in red dots. 

MER data was combined into the SureTune III 3D model of implanted 
electrodes, showing the MER trajectory with respect to ANT and surrounding 
structures. A correlation of MER activity level with 3D models of grey and white 
matter structures was classified into 3 groups according to adequate overlap:  
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2 high correlation for abundant positive MER signals in assumed grey 
matter or negative signals in assumed white matter or cerebrospinal 
fluid, 

1 moderate correlation for the majority of the signals being positive in 
assumed grey matter or negative in assumed white matter, 

0 no correlation if MER signals were negative in assumed grey matter or 
positive in assumed white matter or cerebrospinal fluid. 

4.10 Programming 

The DBS was turned on in the fifth postoperative day. Stimulation was programmed 
to a cycle of 1 min on—5 min off with a frequency of 140 Hz and a pulse width of 
90 µs. The amplitude was increased to 5 V during the first weeks of stimulation. 
Programming was later adjusted according to individual needs and the initially 
chosen contacts were changed if necessary due to insufficient response or adverse 
events. When different contacts were programmed, these were typically single 
contact cathodal with respect to the case as the anode. If a second contact was added, 
the system became multi-cathodal. Bipolar stimulation was also tested in some of 
the patients.  

The follow-up visits were conducted by an experienced epileptologist (JP) except 
for the first post-implantation visit which was undertaken by the neurosurgeon (KL). 
During the follow-up visits, programming changes were made according to the 
standard clinical practice.  

In Study I, detailed information of contact location was extracted from 3D 
models and programming changes and outcome were reported. Two patients were 
excluded from Study I due to a follow-up that was less than two years. In addition, 
the contact location information was not available for one patient with a cardiac 
pacemaker unable to undergo high-resolution MRI, thus this patient was excluded 
from the review of contact location. 

4.11 AEDs and psychiatric medication 

AEDs were used as a part of the treatment. There was one patient on monotherapy, 
five on two AEDs, 18 on three AEDs and five on four AEDs at the time of initiation 
of ANT DBS. AED changes were made in 21 patients during the treatment. In seven 
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patients, the AED medication was increased; in one patient, it was decreased, and in 
13 patients, some of their medications were increased while in some others they 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 19 patients, a new AED was initiated or 
the dose of a pre-existing AED increased (in four of these patients, the only 
increased AED was CLB), but these changes did not lead to improvements in any 
patient. Eight patients had their AED treatment unchanged during the follow-up 
period. In one patient, stimulation was turned off because of an unclear situation 
(Patient 2) and later PHT was withdrawn and LCM was initiated. This led to an 
improvement 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 being a responder. In all of the other patients, AED changes were not responsible 
for the improvement in seizure control. 

4.12 Statistical analysis 

Statistical testing was performed using Statistical Package for the Social Sciences 
(SPSS) software.   

In Study I, Wilcoxon Signed Ranks test was used as a nonparametric test for 
related samples when statistical significance of seizure types with regard to the mean 
monthly seizure frequencies was analyzed. 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. 

Study II is a case series type of descriptive study, hence statistical testing was not 
performed. The sample size in Study III was relatively small, consisting of only 16 
patients, which did not permit extensive statistical comparisons between the groups. 
In Study IV, the Pearson Chi-Square test was used for categorical variables.  
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Table 7.  Anti-epileptic and psychiatric medication at baseline and during the follow-up. The first 
value indicates the dosage of the medication at baseline and the last value the dosage 
at the time of the last follow-up; simple arrow indicates a change in the medication that 
had been made by 1 year after the initiation of ANT DBS; and arrow ending with a 
vertical line indicates a change in the medication that had been made by the last 
follow-up visit. CLN, clonazepam; ESC, escitalopram; QTP, quetiapine. 
 

Patient AED (mg) Psychiatric 
medication (mg) 

 Patient AED (mg) Psychiatric 
medication (mg) 

1 CBZ 1000, CLB 10→20 MZP 0→30⇥0  16  OXC 1800 – 
2 CLN 8→6, LCM 0⇥500, 

PHT 200⇥0 
–  17 OXC 1800, PER 0⇥8,  

VPA 1300, ZNS 200  
– 

3 CBZ 1200, CLB 
0→40⇥30 
 

CIT 10→15⇥10  18 CLB 10, LCM 400, 
PER 8 

RIS 0⇥1 

4 CLB 15⇥30, ESL 0⇥2000, 
OXC 1500→1800⇥0,  
ZNS 400→300⇥200 

–  19 CLB 0⇥10, LCM 
200⇥300, OXC 900, 
ZNS 500 

– 

5 VPA 2500⇥2000,  
LCM 0→400, PER 0⇥10 

–  20 LCM 500⇥600,  
TPR 400→300⇥150 

CIT 20⇥10 

6 CBZ 800⇥0, ESL 0⇥1600, 
LCM 200⇥0, LEV 1000, 
PER 0⇥12, ZNS 400 

CIT 40→30⇥30,  
RIS 2→1⇥0,  
QTP 0⇥300 

 21 ESL 1600→0,  
LCM 0→ 400⇥450,  
PGB 600, ZNS 400 

CIT 0→20, QTP 
0→25⇥0 

7 CLB 20⇥25, LTG 150,  
VPA 1500, ZNS 400 

–  22 ESL 2000, LEV 3000,  
ZNS 400 

– 

8 CLB 30→40→40,  
LCM 400⇥600,  
LTG 0⇥200, OXC 1500⇥0 

–  23  LCM 200, LEV 3000,  
VPA 900, ZNS 300 
 

– 

9 CLB 20→25,  
LCM 0→500⇥450,  
OXC 900→0,  
ZNS 500→200⇥300 

–  24  LCM 400, LEV 
3000→2000, LTG 
400 

– 

10 CBZ 400⇥0, CLB 15,  
ESL 0⇥800, ZNS 
400⇥500 

–  25 
 

ETO 750, LCM 600,  
LEV 1000, ZNS 500 

CIT 0→20 

11 CLB 20, OXC 1500,  
TPR 400 

CIT 20  26 CLB 20, LCM 500,  
LEV 2000, PER 10 

ESC 20 

12  CLB 30, ESL 0⇥1600,  
OXC 1800⇥0,  
TPR 600→400 

–  27 CBZ 1200, CLB 
30→10⇥20, ZNS 200 

– 

13 ESL 0⇥1200,  
LCM 400⇥600,  
LEV 2000⇥3000,  
OXC 1200⇥0 

CIT 20,  
RIS 0→0.5,  
CLN 0.5 

 28 CBZ 0⇥600, CLB 
25→30, ESL 
2000→1600, PER 
8⇥10, PHT 0→200⇥0 

– 

14 CLB 0⇥10, CBZ 600⇥0, 
LCM 400⇥300 

CIT 20  29 CLB 20, LCM 600, 
LTG 100 

– 

15  CLB 20→25, OXC 1650, 
ZNS 400⇥300 

–     



 

79 

5 RESULTS       

5.1 Study I: Effects of ANT DBS on seizure types and 
significance of programming 

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. The majority (n=18) of patients had contacts within the ANT or on 
the anterolateral aspect of the ANT during the whole follow-up period. In eight 
patients, the active contacts were not initially in the ANT and in five of these 
individuals, the contacts were changed successfully to those within ANT either by 
reprogramming or reimplantation. Two of these eight patients (Patients 8 and 12) 
died of SUDEP before undergoing reimplantation, but this was considered unlikely 
to be stimulation related. The clinical situation remained difficult in these two 
patients due to the high frequency of disabling seizures even after seizure reduction 
achieved by DBS. One patient with one unilateral contact in the ANT refused the 
proposed reimplantation of the other, a too inferiorly implanted lead (Patient 1). The 
contact location information was not available for one patient with a cardiac 
pacemaker unable to undergo high-resolution MRI. 

Prior to the recognition of the major effect of contact location, changes to 
voltage, pulse frequency, pulse duration and cycling had been evaluated without any 
effect on seizure frequency. After gathering detailed contact location information, 
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 
3 describes the detailed information on programming changes. 

The relative change in the mean monthly number of seizures could be seen 
already during the first six months of treatment with DBS (Figure 9). Seven patients 
had a statistically significant (p=0.028) decrease in seizure rate of -12% at the one 
year follow-up but they only met the responder criteria later after optimization with 
a significant mean seizure reduction of -55% (p=0.018). Examples of those patients 
with either optimal contacts or suboptimal but later optimized contacts are presented 
in Figure 10. 
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Figure 9.  Total seizure reduction and the impact of exact contact location on seizure reduction at 
two years’ 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 months with no bilateral contacts in ANT is illustrated with a dotted line 
(lower x-axis), and the first 12 months in the same patients after optimization with a solid 
line (upper x-axis). 
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Figure 10.  Examples of contact locations. One patient with optimal contacts from the very beginning 
who responded well to treatment (a). A nonresponder with suboptimal contacts (b) later 
had the contacts optimized and changed to become a responder (c). 
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When the seizure types were analyzed separately with regard to mean monthly 
seizure frequencies either for the first two years (Table 8a) or five years (Table 8b, 
Figure 11), differential effects could be discerned. The dominant seizure type was 
FIAS, which was present in 96% of the patients. FAS and FBTCS were both present 
in 56% of all patients. The most prominent change occurred in FIAS (56% reduction 
at two years (p=0.009, n=26) and 65% reduction at five years (p=0.882, n=12)).  

 

Table 8.  Two year cohort (a) and five year cohort (b). Relative change in different seizure 
categories in the two year follow-up (n=27) and in the five year follow-up (n=12). 
Wilcoxon Signed Ranks test was used for statistical significance. The Bonferroni 
correction was used to adjust probability (p) value. FAS, focal aware seizure; FBTCS, 
focal to bilateral tonic clonic seizure; FIAS, focal impaired awareness seizure; n, 
number of patients. 
 

a. 

Seizure type 6 months 12 months 24 months 

FAS (n=15) -16 % (p=0.594) -6% (p=1.590) -57 % (p=0.033) 

FIAS total (n=26) -43 % (p=0.045) -47 % (p=0.003) -56 % (p=0.009) 

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

FIAS > 30 s (n=25) -52 %  (p=0.021) -58 % (p=0.003) -65 % (p=0.003) 

FBTCS (n=15) -50 %  (p=0.069) -56 % (p=0.069) -56 % (p=0.069) 

total -37 % (p=0.003) -37 % (p=0.000) -57 % (p=0.000) 
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b.  

	

	

	

	

	

	

	

	

	

Figure 11.  Mean seizure reduction in 5 years’ follow-up (n=12). The mean monthly amount of FAS is 
depicted in red, FIAS in yellow and FBTCS in violet.   

	

	

	
	 	

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

FAS (n=6) 7 % 
(p=4.116) 

3 % 
(p=5.358) 

-22 % 
(p=0.480) 

-36 % 
(p=0.276) 

-25 % 
(p=2.070) 

-11 % 
(p=2.778) 

FIAS total (n=12) -37% 
(p=0.138) 

-39 % 
(p=0.078) 

-54 % 
(p=0.060) 

-54 % 
(p=0.048) 

-59 % 
(p=0.048) 

-65% 
(p=0.882) 

FIAS < 30 s 
(n=7) 

-37 % 
(p=2.070) 

-33 % 
(p=2.070) 

-51 % 
(p=0.768) 

-53 % 
(p=0.696) 

-49 % 
(p=0.696) 

-56 % 
(p=0.768) 

FIAS > 30 s 
(n=11) 

-38 % 
(p=0.126) 

-46 % 
(p=0.108) 

-57 % 
(p=0.024) 

-55 % 
(p=0.024) 

-69 % 
(p=0.024) 

-75 % 
(p=0.066) 

FBTCS (n=8) -36 % 
(p=0.168) 

-45 % 
(p=0.168) 

-47 % 
(p=0.168) 

-42 % 
(p=0.126) 

-58 % 
(p=0.072) 

-54 % 
(p=0.108) 

total -34 % 
(p=0.114) 

-37 % 
(p=0.018) 

-52 % 
(p=0.048) 

-53 % 
(p=0.030) 

-57 % 
(p=0.018) 

-61 % 
(p=0.036) 
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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=0.003, n=25) and 
75% at five years (p=0.066, n=11), when the reduction in shorter FIAS was 41% at 
two years (p=1.440, n=12) and 56% at five years (p=0.768, n=7) (Table 8). When 
taking into account that for five patients the duration of FIAS changed from a longer 
to a shorter type after the initiation of ANT DBS, those seizures with an impairment 
of awareness for more than 30 seconds displayed a substantially larger effect than 
that encountered for very short seizures. The FBTCS rate reduction was 56% at two 
years (p=0.069, n=15) and 54% at five years (p=0.108, n=8). However, the mean 
preDBS seizure frequency in FBTCS was only 4.5 per month. 

The importance of the stimulation location and optimization is demonstrated in 
Figures 9, and 12. If the stimulation site was in the ANT from the very beginning, 
there was a better response. 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 beginning, three were responders after 
optimization and six were nonresponders. Optimizing by programming was most 
often reached with activating contacts that were more superiorly 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 reprogramming in three 
patients (Patients 11, 15 and 21) who became responders. In the other two patients, 
a reimplantation was performed to obtain bilateral contacts in the ANT (Patients 2 
and 5), but only Patient 2 became a responder. For the one patient with initially one 
unilateral contact active in ANT (Patient 1) who refused the 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 patient’s 
psychiatric adverse effects.  

The nonresponders had a markedly smaller baseline seizure frequency than the 
responders (Figure 9). The nonresponders did not differ from the responders in 
terms of etiology or seizure types, but the baseline seizure frequency of FIAS and 
FAS was higher in the responder group. There was a slightly higher prevalence of 
FAS (63% vs. 53%) and FBTCS (63% vs. 53%) in the nonresponder group and a 
slightly smaller prevalence of FIAS (88% vs. 100%) compared to the responder 
group. The FAS baseline seizure frequency was mean 53.3 and median 13.3 in the 
responders and mean 3.4 and median 3.3 among the nonresponders. The FIAS 
baseline seizure frequency was mean 39.5 and median 17.2 per month in the 
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responders and mean 9.4 and median 7.5 per month in the nonresponders. The 
FBTCS baseline seizure frequency was mean 4.9 and mean 1.9 per month in the 
responders and mean 3.6 and median 0.3 in the nonresponders. The nonresponders 
had slightly more infectious etiologies than responders (38% vs. 26%) in their group 
and responders had more CD (25% vs. 32%) and unknown etiologies (25% vs. 32%) 
than the nonresponders. In addition, there was one patient (13%) in the 
nonresponder group with both hippocampal sclerosis and CD, and two patients 
(11%) in the responder group with ischemic etiology.  

The situation from the perspective of each individual patient is demonstrated in 
Figure 12a showing the relative change with regard to the different seizure types. 
The relative change in total and disabling seizures is represented in Figure 14 and the 
related optimization procedures in individual patients are displayed in Figure 12. 
  



 

86 

Figure 12.  Relative change in seizure frequency in patients 1–27. 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%; 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 with symbols. Patient 6 (marked with an asterisk), despite 
enjoying a promising seizure reduction rate, later needed to have the implants removed 
due to an infection. Patient 12 (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 19 and 27 were responders for disabling seizures but not for 
total seizures. ANT, anterior nucleus of thalamus; MD, dorsomedial nucleus of thalamus; 
VA, ventral anterior nucleus of thalamus; VTA, volume of tissue activated. 
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Figure 13.  Stimulated contacts in patients 1–27. 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, contacts in VA are in light 
green and contacts in MD in turquoise. One contact was in the lateral ventricle and is 
depicted in light blue. One patient had both contacts located along the thalamo-cortical 
tract on the superior lateral border of anterior ANT and is marked with an asterisk. Patient 
6 had a 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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Figure 14.  Reduction in total (a) and disabling seizures (b) in a constant cohort of patients with a five 
year follow-up (n=12). Reduction in total (c) and disabling seizures (d) in a 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%; 5, seizure free. 
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3D reconstructions of ANT and lead location together with therapy response are 
provided in Figures 15, 16 and 17. 

 

Figure 15.  DBS implants in patients that were responders from the beginning (n=12). Patient 6, 
classified in this group, had a missing MRI and the 3D reconstruction is thus unavailable. 
ANT is depicted in dark green, DBS implants in grey, electrodes in green, MD in light 
green, mtt in yellow and VA in bright green. 
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Figure 16.  DBS implants in patients that were able to convert from nonresponder status to responder 
with optimal programming parameters or repositioning of electrodes (n=7). Patient 2 is 
represented in two pictures: before the repositioning of electrodes (a); after the 
repositioning of electrodes (b). ANT is depicted in dark green, DBS implants in grey, 
electrodes in green, MD in light green, mtt in yellow and VA in bright green. 
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Figure 17.  DBS implants in nonresponders with less than 50% seizure reduction or death from 
epilepsy (n=8). Patient 5 is represented in two pictures: before the repositioning of 
electrodes (a); after the repositioning of electrodes (b). ANT is depicted in dark green, 
DBS implants in grey, electrodes in green, MD in light green, mtt in yellow and VA in bright 
green. 
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5.2 Study II: Psychiatric adverse effects in ANT DBS	  

There was no significant psychiatric morbidity in the whole study group. At baseline, 
the mean BDI score was 6.3 (range: 0–19), and MADRS was 2.7 (range: 0–8) in 18 
patients (missing data in four patients). After one year, the corresponding values 
were BDI: 7.8 (range: 0–24, 20 patients, missing data in two patients) and MADRS: 
5.1 (range: 0–11, 18 patients, missing data in four patients). Five patients were being 
prescribed with psychiatric medication before the operation: antidepressants, 
antipsychotics, and diazepam (DZP). Clobazam (CLB) and clonazepam (CLN) were 
used for epileptic seizures. One patient had a history of severe transient psychotic 
episodes of aggression and paranoid delusions and mental confusion one year before 
the DBS operation but did not experience DBS-related psychiatric adverse effects 
later. Some AED changes were made during the follow-up (Table 7), but these did 
not lead to an improvement in seizure control or mood changes in any of our 
patients. 

Two patients experienced sudden-onset depressive and melancholic symptoms 
that were associated with programming. These symptoms appeared within a few days 
after adjusting the initial stimulation parameters; they were managed by either 
reducing the stimulation current or changing the contacts. In one of the patients 
(Patient 11), this took place at 1 month after the operation, and in the other patient, 
at 1.5 years after the implantation (Patient 20). Moreover, other kinds of psychiatric 
symptoms were detected in two patients; these included irritation, sleep disturbances, 
anxiety, fear, and paranoid symptoms. These symptoms developed slowly, over 
months, and were successfully managed also by adjusting the stimulation parameters 
and changing the active contacts (Figures 18 & 21). The patients with these adverse 
effects and their management are described below (four case examples). Both 
patients with depressive adverse effects had former histories of depression, but none 
of them had previously experienced paranoid or anxiety symptoms. 

5.2.1 Case 1: Patient 1 

A man in his late 20s had refractory temporal lobe epilepsy due to bilateral 
subependymal heterotopia since 10 years. Epilepsy was refractory; seizures in the 
patient had failed to improve with multiple AED trials, and he was not a candidate 
for resective surgery. Postictal neuropsychiatric symptoms of aggression and 
confusion had been present, but the patient had no former or present psychiatric 



 

93 

symptoms at the time of the ANT DBS operation. Stimulation was initiated with 
active contacts 2/10 (voltage: 2.5/2.5 V, 90 µs pulse width, and 140 Hz frequency). 
The voltage was increased gradually to 6.5 V. One year after the operation, the 
patient started to complain about low mood, but both BDI and MADRS scores 
indicated a euthymic mood (2 and 5, respectively). In the SCL-90 assessment, 
obsessions and depression were evident, and the patient also felt anguished. He 
reported fear, irritation, and memory problems. Intermittent periods with paranoid 
thoughts were also present. Mirtazapine (MZP) 30 mg and risperidone (RIS) 1 mg 
were initiated, which improved the situation. Contacts 3 and 11 were added. The 
current was 10 mA on each side. The seizure frequency was improved by 80% as 
compared with baseline, but the patient still had paranoid thoughts, somatic 
complaints, and self-observation. He did not continue to take the psychiatric 
medications. His psychiatric symptoms were gradually worsening, and the patient 
had become more paranoid with aggressive thoughts. The active contacts were 
changed to 3 and 11, voltage was 6.5/6.5 V, and pulse width was 90 µs with a 
frequency of 140 Hz, which resulted in a reduction in his psychiatric symptoms. In 
this case, the slowly initiating, alternating, and gradually worsening irritation, anxiety, 
and paranoid thoughts were seen as adverse effects to the stimulation. His symptoms 
became reduced when more superior contacts were chosen, and the current was 
decreased. He was prescribed with carbamazepine (CBZ) 100 mg and CLB 10 mg as 
AEDs. 
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Figure 18.  Case 1: Patient 1. (a) Initially stimulated with contacts 2 and 10, deeper contacts 1 and 9 
were also activated for stimulation. The patient started to feel anxious soon after the 
change. Psychiatric symptoms were relieved by initiation of RIS therapy. The patient 
contacted doctors and nurses frequently with overly long incoherent messages; he started 
to experience psychotic symptoms and repeatedly refused reprogramming of DBS 
contacts. Three years after the initiation of stimulation with deep contacts, the patient was 
nervous and tense at the follow-up appointment and was found in the clinic's bathroom in 
a confused state. (b) Finally, the patient consented to changing the stimulated contacts to 
the uppermost 3 and 11. After this change, the psychotic symptoms became gradually 
relieved. 
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5.2.2 Case 2: Patient 11 

A woman in her mid-20s had refractory epilepsy after presumed encephalitis since 
8 years. She lived alone and worked part-time as an assistant. Her seizures had failed 
to improve with multiple AED trials, and she was not a candidate for resective 
surgery. Vagus nerve stimulation (VNS) was tried without any meaningful response. 
Epileptic seizures (biparietal seizure onset zone) occurred 14 to 32 times per month. 
She had had depressive symptoms and antidepressant medication after the onset of 
epilepsy but not before that time. She was receiving long-standing and still ongoing 
citalopram (CIT) 20 mg medication at the time of ANT DBS operation. At the 
baseline psychiatric evaluation, no depressive symptoms were present. 

Stimulation was induced with active contacts 2/10 (voltage: 5/5 V, 90 µs pulse 
width, and 140 Hz frequency). Voltage was gradually increased to 6.5 V, which 
induced melancholia, tiredness, sadness, and somatic complaints which appeared 
within two days. The effect was seen in BDI, she had a score of 33 points i.e., 
evidence of severe depression. 

This depressive effect vanished (BDI: 9) when the voltage was decreased to 5 V, 
again within two days. With these parameters, there was no change in her seizure 
frequency. When the contacts were changed to 3, 10, and 11 with the same 
parameters, the seizure frequency was further decreased. Furthermore, changing the 
contacts to 3 and 11, 5/4 V, the response to the stimulation in seizure frequency was 
even better, a 61% reduction. 

A similar emergence of melancholia, sadness, crying, and depressive thoughts was 
seen three times when the current or pulse width in any of the chosen contacts was 
increased; and these were managed by decreasing the voltage and ultimately, by 
changing the contacts more superior to 3 and 11. The AEDs used were 
oxcarbazepine (OXC) 1500 mg, topiramate (TPR) 400 mg, and CLB 20  mg; CIT 20  
mg was also continued. 
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Figure 19.  Case 2: Patient 11. (a) Contacts 3/10/11 were activated for stimulation, which resulted in 
an increase in the current from 5.8  mA on the left and 5.9 mA on the right to 6.1  mA on 
the left and 9.3  mA on the right. The patient developed depressive symptoms. (b) The 
voltage was switched to 5  V on the left and 4  V on the right. This resulted in a decrease 
in the current and a disappearance of depressive symptoms. (c) Voltage was raised from 
bilateral 5  V to bilateral 6.5  V, which led to the appearance of new depressive symptoms.  
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(d) Adjusting the voltage back to bilateral 5 V eliminated the depressive symptoms.  
(e) Pulse width was increased from 150 µs to 180 µs again inducing depressive 
symptoms. (f) Reducing the pulse width back to 150 µs eliminated the depressive 
symptoms. 
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5.2.3 Case 3: Patient 20 

This patient was similar to Case 2. A woman in her mid-50s had temporal lobe 
epilepsy since she had been 34  years old. She was also diagnosed with rheumatoid 
arthritis. She had had no former psychiatric symptoms. Temporal resection and 
amygdalohippocampectomia was conducted due to hippocampal sclerosis and 
cortical dysplasia at the age of 45 years. After epilepsy surgery, she was initially 
seizure-free for other seizure types except auras. The following AEDs were used: 
CBZ 1050 mg and TPR 200 mg. Five years after her surgery, FIAS reappeared with 
increasing frequencies. Simultaneously, the patient felt depressive, and CIT 20 mg 
was started from which she benefited. Five years later, ANT DBS was chosen to 
treat the patient's temporal lobe epilepsy. In the preoperative psychiatric interview, 
the patient had no depressive symptoms, BDI: 7, MADRS: 5. She felt tense after the 
surgery and was afraid of the seizures, and this induced some anxiety in the patient. 
Stimulation was initiated with bipolar settings, contacts 2 and 10 were positive, and 
3 and 11 were negative (voltage: 3.5/4 V, 90 µs pulse width, and 140  Hz frequency). 
The current was gradually increased to 6 mA, and after 6 months, the seizure 
frequency was decreased by 75% compared with baseline. The minimal depressive 
symptoms and the fear of seizures had become alleviated; CIT was discontinued. 
Nonetheless, her seizure frequency was not optimal. Stimulation was changed to 
being monopolar, active contacts were 3 and 11, voltage 4.5/5 V, other parameters 
were not changed. With these settings, the patient experienced again sudden 
depressive thoughts, but when the current was decreased to 7 mA bilateral, her 
depression vanished. The rating scale was not collected during sudden depressive 
thoughts. The total seizure frequency was improved by 32% when compared with 
baseline. 
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Figure 20.  Case 3: Patient 20. The current increased from 6.8 mA to 9 mA on the left and from 6.6 
 mA to 8.3  mA when transitioning from bipolar stimulation of anodes 2 and 10 and 
cathodes 3 and 11 (a) to monopolar stimulation of 3 and 11 (b). The patient started 
experiencing depressive symptoms, which were relieved by lowering the voltage on the 
left from 4 V to 3.5 V while voltage on the right remained at 4.5 V. This lowered the 
currents to 7.1 mA on the left and 7.4 mA on the right and resulted in relief of her 
depressive symptoms and a decrease in the seizure frequency. 
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5.2.4 Case 4: Patient 21 

A woman in her late 40s had experienced focal epilepsy since 33 years. She was 
working as an assistant, and she lived alone. Her epilepsy was refractory despite 
several AED trials. Her seizure frequency ranged from 14 to 34 per month. This 
patient was not a candidate for resective surgery. VNS had been tried without any 
response. She had no former psychiatric history. Levetiracetam (LEV) had induced 
some depressive thoughts that vanished after discontinuation of the medication. 
Immediately after ANT DBS, she felt more active but was not diagnosed as being 
hypomanic. Monopolar stimulation was initiated with active contacts 2/10 (voltage: 
4/4 V, therapeutic current: 4/6.6 mA current, 90 µs pulse width, and 140 Hz 
frequency). After six months, her seizure frequency was halved. Unfortunately, after 
10 months of stimulation, the patient reported sleep disturbances and feeling 
depressive, and soon afterwards, she began to feel paranoid and annoyed. The 
change was insidious and happened without any clear triggering factors. Her initial 
psychiatric symptoms were mild but worsened gradually to an outright psychotic 
state including delusions and erotomanic thoughts. There were no signs of delirium, 
and the patient remained conscious and oriented throughout. She also began to 
experience psychogenic nonepileptic seizures along with anxiety and low mood. The 
patient had suffered similar nonepileptic seizures 8 years before, and these were 
confirmed at that time by VEEG as psychogenic nonepileptic seizures. CIT 20 mg 
was provided to treat her depression and anxiety. The stimulation contacts were also 
changed to a more superior location, active contacts were moved to 3 and 11, and 
the current was decreased to 5.9 /6.3 mA (right/left). After this reprogramming, the 
patient felt better, and gradually, her psychotic symptoms disappeared. CIT was 
continued 40 mg/day, the patient also had her ongoing AEDs: zonisamide (ZNS) 
400 mg, pregabalin (PGB) 600 mg, and lacosamide (LCM) 400 mg; quetiapine 25  
mg was administered in the evening for sleep disturbances, when necessary. Her 
seizure frequency improved further to three seizures per month (a 90% reduction 
compared with pre-DBS baseline). Her mood stabilized, and the psychotic 
symptoms had relieved when evaluated in the one-year follow-up. This patient was 
rather similar as Case 1.  
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Figure 21.  Case 4: Patient 21. (a) The stimulation was initiated with contacts 2 and 10. Gradually, the 
patient started to experience a change in mood and had feelings of being monitored and 
eavesdropped. Bizarre thoughts i.e., feeling that she was magnetic, started to appear. (b) 
The stimulated contacts were changed to being more superior to 3 and 11 and her 
psychotic symptoms started to dissipate. 
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5.3 Study III: Neuropsychological profile in relation to outcome 
in ANT DBS 

In Study III, there were 12 responders and 4 nonresponders. The mean age was 37.9 
(SD 10.3) years for responders and 37.8 (SD 13.6) years for nonresponders. The 
mean years of education were the same, i.e., 11.3, in both responders (SD 2.1) and 
nonresponders (SD 1.5). A subgroup of patients (five responders) was evaluated 
both prior to and after the surgery. 

5.3.1 Cognitive performance in responders and nonresponders 

Figure 22 illustrates the performance of responders and nonresponders in different 
cognitive domains. All tests were not performed by all the patients and some tests 
were missing one to four values. The cognitive performance remained below 
normative values in all patients especially in the nonresponders. The performance of 
the nonresponders was particularly poor in executive functions and attention: the 
difference in composite Z-score was -3.7 (-2.4 for responders and -6.1 for 
nonresponders). In the responders, composite Z-scores were -1.3 for memory and 
learning, -0.7 for language functions, and -1.0 for visual functions. In the 
nonresponders, the corresponding composite Z-scores were -0.9 for memory and 
learning, -1.5 for language functions, and -3.1 for visual functions. Four responders 
and one nonresponder had their seizure onset zone in the frontal lobe. 

The results of cognitive tests for responders and nonresponders are shown in 
Table 9. With respect to the individual cognitive tests, the difference in performance 
was most evident in the TMT. In part A, the mean time for responders was 46.0 s 
(SD 18.9) [-2.3 (2.4) in Z-score] whereas it was three times longer in the 
nonresponders, 138.3 s (113.8) [-12.1 (12.2) in Z-score]. Similarly, in part B, the mean 
time was 153.7 s (60.7) [-4.2 (3.1) in Z-score] in the responders and 385.0 s (311.9)  
[-14.3 (13.9) in Z-score] in nonresponders. 
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Figure 22.  Composite Z-scores in different cognitive domains in responders (n=12, in blue) and 
nonresponders (n=4, in red). 
 

	

 

The severity of cognitive dysfunction in different cognitive tests is presented in 
Table 10. As measured by the Z-score, normal performance was not achieved in the 
nonresponders in any of the tests evaluating executive functions and attention. The 
deteriorated performance in the TMT was especially evident in all of the 
nonresponders. Some responders were also severely impaired in executive functions 
and attention, but their performance was distributed more evenly into different 
degrees of severity. In addition, in tests of visual functions, the performance of 
nonresponders was more often severely impaired in comparison with the 
responders. In memory, learning, and language functions, the performance of the 
patients was closer to normal and differences between the groups were not as evident 
as in the other domains. 
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5.3.2 Preoperative and postoperative cognitive performance in a subgroup 
of patients 

A subgroup of patients (n = 5) underwent both prior and post-surgical evaluation. 
All of them were responders. As can be seen in Figure 23, there was no significant 
difference in the patients’ cognitive performance between the preoperative and 
postoperative evaluations. 

 
 

Figure 23.  Composite Z-scores in different cognitive domains for patients in whom both preoperative 
and postoperative neuropsychological evaluations were available (n=5). 
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Table 9.  Raw scores (mean, SD) and Z-scores (mean, SD) of responders (n=12) and 
nonresponders (n=4). 
 

 Raw score for 
responders  
(SD) 

Raw score for 
nonresponders 
(SD) 

Z-score for 
responders 
(SD) 

Z-score for 
nonresponders 
(SD) 

 
 
Executive functions and attention 

WAIS-III 

 Digit span 9.9 (3.3) 6.3 (2.1) −1.3 (0.9) −2.1 (0.5) 

COWAT 

 Animal fluency 12.4 (5.3) 7.5 (2.1) −2.3 (1.1) −3.0 (0.6) 

 Word fluency 23.7 (12.2) 14.0 (15.6) −1.8 (1.1) −2.7 (1.5) 

TMT 

 Part A (s) 46.0 (18.9) 138.3 (113.8) −2.3 (2.4) −12.1 (12.2) 

 Part B (s) 153.7 (60.7) 385.0 (311.9) −4.2 (3.1) −14.3 (13.9) 

Stroop 

 Color-word 27.3 (8.9) 21.5 (12.0) −2.4 (1.1) −2.4 (1.7) 

 

Memory and learning 

ROCFT 

 Immediate recall 13.1 (6.1) 13.0 (5.7) −1.8 (1.1) −1.8 (0.2) 

RALVT 

 Total recall 40.5 (9.2) 44.3 (0.6) −1.6 (1.0) −1.1 (0.1) 

 Post-interference recall 6.4 (3.4) 9.0 (1.4) −1.6 (1.2) −0.8 (0.6) 

 Recognition 13.3 (2.0) 14.0 (1.4) −0.3 (1.1) 0.1 (1.2) 
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Language functions 

WAIS-III 

 Similarities 18.6 (5.1) 10.8 (4.9) −0.7 (0.9) −1.5 (0.7) 

 

Visual functions 

ROCFT 

 Copying time (s) 325.1 (140.4) 540.3 (106.0)   

 Copy 32.8 (2.0) 24.7 (15.3) −1.2 (1.3) −4.6 (6.3) 

WAIS-III 

 Block design 32.9 (10.4) 19.5 (9.3) −0.8 (0.7) −1.6 (0.6) 
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Table 10.  Severity of cognitive dysfunction based on Z values in responders and nonresponders. 
Values shown are number of patients (percentages in parentheses).  a One missing 
value. b Two missing values. c Three missing values. d Four missing values. 

	

Responders (n=12) 
 

Normal 
(Z > −1) 

Mild 
(−2 < Z ≤ −1) 

Moderate 
(−3 < Z ≤ −2) 

Severe 
(Z ≤ −3) 

 
Executive functions and attention 

   

WAIS-III     

 Digit span 3 (25.0%) 5 (41.7%) 4 (33.3%) 0 (0%) 

COWAT     

 Animal fluency 1 (8.3%) 5 (41.7%) 2 (16.7%) 4 (33.3%) 

 Word fluency 3 (25.0%) 4 (33.3%) 2 (16.7%) 3 (25.0%) 

Trail-Making Test (TMT)     

 Part A (s) 5 (41.7%) 1 (8.3%) 1 (8.3%) 5 (41.7%) 

 Part B (s) 1 (8.3%) 2 (16.7%) 1 (8.3%) 8 (66.7%) 

Stroop     

 Color-wordc 0 (0%) 4 (44.4%) 3 (33.3%) 2 (22.2%) 

 
 
Memory and learning 

ROCFT     

 Immediate recall 2 (16.7%) 4 (33.3%) 4 (33.3%) 2 (16.7%) 

RAVLT     

 Total recalla 3 (27.3%) 5 (45.5%) 2 (18.2%) 1 (9.1%) 

 Post-interference recalla 5 (45.5%) 0 (0%) 5 (45.5%) 1 (9.1%) 

 Recognitiond 6 (75.0%) 1 (12.5%) 1 (12.5%) 0 (0%) 
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Language functions 

WAIS-III     

 Similaritiesa 6 (54.5%) 4 (36.4%) 1 (9.1%) 0 (0%) 

 
 
Visual functions 

ROCFT     

 Copy 6 (50.0%) 2 (16.7%) 4 (33.3%) 0 (0%) 

WAIS-III     

 Block designa 6 (54.5%) 3 (27.3%) 2 (18.2%) 0 (0%) 

 
 
 
 

Nonresponders (n=4) 
 

Normal  
(Z > −1) 

Mild 
(−2 < Z ≤ −1) 

Moderate 
(−3 < Z ≤ −2) 

Severe 
(Z ≤ −3) 

 

Executive functions and attention 

WAIS-III     

 Digit span 0 (0%) 2 (50.0%) 2 (50.0%) 0 (0%) 

COWAT     

 Animal fluencyb 0 (0%) 0 (0%) 1 (50.0%) 1 (50.0%) 

 Word fluencyb 0 (0%) 1 (50.0%) 0 (0%) 1 (50.0%) 

TMT     

 Part A (s)a 0 (0%) 0 (0%) 0 (0%) 3 (100%) 

 Part B (s)a 0 (0%) 0 (0%) 0 (0%) 3 (100%) 
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Stroop     

 Color-wordb 0 (0%) 1 (50.0%) 0 (0%) 1 (50.0%) 

 
 
Memory and learning 

ROCFT     

 Immediate recallb 0 (0%) 2 (100%) 0 (0%) 0 (0%) 

RAVLT     

 Total recalla 1 (33.3%) 2 (66.7%) 0 (0%) 0 (0%) 

 Post-interference recallb 1 (50.0%) 1 (50.0%) 0 (0%) 0 (0%) 

 Recognitionb 2 (100%) 0 (0%) 0 (0%) 0 (0%) 

 
 
Language functions 

WAIS-III     

 Similarities 1 (25.0%) 2 (50.0%) 1 (25.0%) 0 (0%) 

 
 
Visual functions 

ROCFT     

 Copya 1 (33.3%) 1 (33.3%) 0 (0%) 1 (33.3%) 

WAIS-III     

 Block designd 1 (25.0%) 1 (25.0%) 2 (50.0%) 0 (0%) 
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5.4 Study IV: Localizing value of microelectrode recording in 
ANT DBS surgery 

In the MER group, of the 32 electrode implantations in 16 patients, MER recordings 
of three implants were unavailable and thus were unable to be analyzed. Most of the 
patients had a strong correlation between MER and nuclear structures. The mean 
number of microelectrode recordings at different depths was 14.7 per trajectory (SD 
6.5, n=30). The majority, 84% (SD 16%), of the recordings were true positive or true 
negative with the remaining 16% (SD 16%) being false positive or false negative in 
relation to the white and grey matter structures in MRI-based 3D models.  

One patient out of 16 (Patient 18, Table 11) had only faint signaling during MER: 
the positive signals started approximately 3.3 mm inferior to the entry point in ANT 
beginning at 0.5/3 mm (0.5/3.0 mm inferior to the target point 0 inside ANT). This 
was the only patient that had a higher rate of false positive and false negative (44%) 
than true positive or true negative (56%) recordings in MER. However, the 
electrodes of the patient were successfully implanted in the ANT. 

The only patient operated under local anesthesia (Patient 1, Table 11) had strong 
correlation of MER: 90% of the recordings were true positive or true negative.  

Out of the 56 electrode implantations in 28 patients, 50 implantations were 
performed via the transventricular and 6 via the paraventricular trajectory (Table 11). 
MER was performed for 23 the transventricular and 6 the paraventricular 
trajectories. Out of the 29 electrodes implanted with successful MER guidance, 19 
electrodes were placed correctly in ANT (18 using a transventricular, 1 using a 
paraventricular approach). Seven electrodes were placed up in ventral anterior 
nucleus (VA), 6 of which were implanted via the paraventricular trajectory and 1 via 
transventricular route. Three electrodes were placed in dorsomedial nucleus (MD), 
all using transventricular approach. For the three transventricular electrodes with 
unavailable MER data, 2 were located in ANT and 1 in VA. MER had a localizing 
value in 24 electrodes leading to correct implantation in ANT (Figure 24.). Of the 
26 electrodes implanted without intraoperative MER, 25 were localized in ANT and 
1 in VA. 
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Figure 24.  Example of a microelectrode recording leading to a correct placement of electrodes 
(Patient 23). Positive MER signals (green) start at -3.0/-3.5 mm before planned target 
inside ANT. Signaling continues, as MER electrode pierces ANT into VA at 0 mm on the 
right side and MD at -0.5 mm on the left side. Negative MER signals are depicted in red. 
Only the MER points and ANT, VA and MD are illustrated in the pictures; the final DBS 
electrodes are not, however they were implanted traversing the same trajectory as the 
MER electrodes seen in the figure. 
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Using the transventricular approach (n=23), the first MER signals originating 
from ANT started at the mean distance of 2.2 mm superior (median 2.0 mm 
superior, SD 1.2 mm) before the planned target. The mean distance of all MER 
signals arising from ANT was 1.0 mm superior to the planned surgical target (Figure 
25). The first signals arising from VA started at the mean distance of 0.4 mm inferior 
(median 0.0 mm inferior, SD 1.4 mm) and MD originating signals at the mean 
distance of 2.1 mm inferior (median 2.0 mm inferior, SD 0.7) to the surgical target. 
The mean distance of all signals arising from VA was 2.1 mm inferior and from MD 
3.3 mm inferior to the target. 

 

Figure 25.  Cumulative number of positive MER signals beginning at each distance from surgical 
target (0 mm) for transventricular MER trajectories (n=23). The origin of MER signals is 
marked with dark green for ANT, bright green for VA and light green for MD. 
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In the paraventricular approach (n=6), the first MER signals originating from 
ANT started at a mean distance of 0.0 mm to the planned target (n=1; only one 
patient in this approach group had MER signals arising from ANT whereas for the 
others, this targeted nucleus was missed). The mean distance of all signals arising 
from ANT were recorded at approximately 0.5 mm lateral to planned surgical target 
(Figure 26). The first signals arising from VA started at a mean distance of 3.0 mm 
lateral (median 2.5 mm lateral SD 1.9) to the target and MD originating signals at a 
mean distance of 0.75 mm medial (median 0.75 mm medial, SD 2.5) to the surgical 
target. The mean distance of all signals arising from VA was 1.7 mm lateral and from 
MD 2.0 mm medial to the target. 

 

Figure 26.  Cumulative number of positive MER signals beginning at each distance from surgical 
target (0 mm) for paraventricular MER trajectories (n=6). The origin of MER signals is 
marked with dark green for ANT, bright green for VA and light green for MD. 
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Anterior (n=1) and lateral pass (n=2) of ANT as well as paraventricular approach 
(n=5) led to MER signals arising first from VA (Figures 27 & 28). Transventricular 
microelectrodes piercing ANT on the posterior aspect (n=4) eventually recorded 
grey matter signaling from MD, although signaling from ANT was detected before 
this. MER signals arising from MD were also detected from the paraventricular 
microelectrodes missing ANT from underneath (n=2). 

 

Figure 27.  Example of a paraventricular microelectrode recording leading to the placement of the 
electrodes on the superior lateral side of ANT (Patient 4). MER signals had originated from 
VA during the registration but the final contacts are possibly situated along the 
thalamocortical network traversing on the superior lateral aspect of ANT (Lega et al. 
2010). This patient is the only responder in the paraventricular approach group. The 
direction of the electrodes in three-dimensional space was closer to the transventricular 
than the paraventricular approach but due to the small lateral ventricles, the electrodes 
were placed outside the ventricles. 
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Figure 28.  Example of a paraventricular microelectrode recording leading to displacement of the right 
electrode (Patient 12). Positive MER signals start when the electrode enters VA on the 
lateral aspect. This patient experienced a reduction of seizure frequency of over 50% but 
eventually died of epilepsy and was thus classified as a nonresponder. 
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Best contacts ended up in ANT in 20 out of 29 leads in the MER group. In the 
non-MER group, the best contacts in 25 out of 26 leads were located in ANT. MER 
was used in all the paraventricular trajectories (n=6) according to a practice adopted 
from DBS surgeries for movement disorders. The paraventricular trajectories were 
much more likely to be placed somewhere else than in the targeted ANT (only 1 out 
of 6). The likelihood of missing the target via the paraventricular trajectory was 
statistically significant using Pearson Chi-Square test (p<0.001). Perhaps due to the 
over-representation of the paraventricular approach in the MER group, misplacing 
of contacts outside of ANT while using MER also reached statistical significance 
when Pearson Chi-Square test was used (p=0.040). Excluding the electrodes 
implanted via the paraventricular trajectory, 20 out of 23 electrodes had their best 
contacts inside ANT in the MER group. Comparing only transventricular trajectories 
with Pearson Chi-Square test, there was no statistically significant difference between 
MER and non-MER group. (p=0.196) 

There was no significant difference in outcome in patients with MER and with 
no MER when the mean seizure reduction during the last six months of follow-up 
were studied. This was true when nonresponders, partial responders and progressive 
responders were compared as separate groups (p=0.144) as well as when 
nonresponders were compared to patients with any response (p=0.473) using 
Pearson Chi-Square test. The mean follow-up time after which outcome was 
evaluated was 6.0 years (SD 2.5 years) for all patients, 6.7 years (SD 2.3 years) for 
patients with MER and 5.0 years (SD 2.5 years) for patients without MER. 

The postoperative CT scan for the surgeries without MER guidance was 
conducted generally half a day later (mean on 4.2th postoperative day [SD 1.7] vs. 
mean on 3.8th on postoperative day [SD 2.5]). Mean volume of intraoperative air 
invasion (IAI) in postoperative CT scan was 0.8 cm3 in the MER group and 2.9 cm3 
in the non-MER group (Tables 11 & 12). There was one patient in each group with 
a marked air invasion. The mean volume in the non-MER group was especially 
distorted by one patient with an IAI value of 36 cm3. The rest of the patients 
displayed only a slight intracranial air postoperatively, most of them had none. In the 
MER group, IAI median was 0.03 cm3 and SD 2.0 cm3; in the non-MER group, 
there was IAI median of 0.04 cm3 and SD 10.0 cm3. The mean volume of IAI in all 
patients was 1.8 cm3 (median 0 cm3, SD 6.9 cm3).  
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Table 11.  Patient demographics in the MER group. T, transventricular; P, paraventricular. Partial 
and progressive responders are previously described by Kulju et al. (2018). 1)MER 
signals arose from VA and led to electrode placement inferior to ANT. Patient was a 
responder only after the right uppermost contact was activated by reprogramming and 
the volume of activated tissue reached up to the ANT. 2)MER signals rose from VA but 
the electrodes were implanted on the superior lateral border of ANT, possibly 
stimulating the thalamocortical network.3)Bilateral lead migration.  
4)Unsuccessful MER. 5)NA, not accessible; unreliable seizure diary. 

	

Patient Right 
trajec- 
tory 

Left 
trajec- 
tory 

Right 
elec- 
trode 

Left 
elec- 
trode 

Post- 
operative 
CT after 
surgery 
(days) 

Distance 
(planned 
vs. final 
target, 
mm) 

IAI 
(cm3) 

Responder 

1 T T VA1) ANT 1 1.3/0.2 0 Progressive 

2 P T VA2) VA2) 1 1.3/0.9 0.8 Progressive 

4 P P VA2) VA2) 2 2.5/1.3 1.8 Progressive 

5 T T ANT MD 1 1.3/1.2 0.9 No 

7 T T4) ANT ANT 1 2.5/2.3 7.9 Progressive 

8 T P MD VA 7 1.1/1.8 0 No (dead) 

10 T T ANT ANT 2 1.8/1.1 0.1 Progressive 

12 P P VA ANT 4 1.8/2.3 0 No (dead) 

13 T T ANT ANT 5 2.2/2.4 0 NA5) 

14 T4) T ANT ANT 9 0.4/0.3 0 Progressive 

17 T T ANT ANT 7 1.9/1.6 0 Partial 

18 T T  ANT3) ANT3) 5 0.4/0.3 0 NA5) 

20 T4) T VA ANT 2 1.2/0.9 1.1 Partial 

21 T T ANT ANT 5 1.0/1.5 0.2 Progressive 

23 T T ANT ANT 4 0.6/0.5 0.3 No 

24 T T ANT ANT 5 0.2/1.0 0 Progressive 
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Table 12.  Patient demographics in the non-MER group. T, transventricular. 

		

Patient Right 
trajec- 
tory 

Left 
trajec- 
tory 

Right 
elec- 
trode 

Left 
elec- 
trode 

Post- 
operative 
CT after 
surgery 
(days) 

Distance 
(planned 
vs. final 
target, 
mm) 

IAI 
(cm3) 

Responder 

3 T T ANT ANT 1 0.8/0.9 36.1 Partial 

9 T T ANT ANT 6 0.3/0.6 0 Progressive 

11 T T ANT ANT 2 2.0/0.0 0.3 Partial 

15 T T ANT ANT 5 2.1/2.0 0 Progressive 

16 T T ANT VA 5 1.5/2.4 0 Progressive 

19 T T ANT ANT 5 3.0/2.2 0.1 Partial 

22 T T ANT ANT 1 0.5/0.5 0 Progressive 

25 T T ANT ANT 5 0.2/0.3 0.7 Partial 

26 T T ANT ANT 5 0.8/0.2 0 Partial 

27 T T ANT ANT 5 0.0/0.2 0 Partial 

28 T T ANT ANT 6 0.1/1.5 0 No 

29 T T ANT ANT 5 2.5/0.8 0.9 No 

	
Lateral superior placement of electrodes bordering ANT led to a similar favorable 

outcome as in treatment trials with bilaterally inside ANT electrodes (Figure 27), 
whereas patients with electrodes inferior to ANT did not respond effectively to 
treatment (Figure 29, before reprogramming). In the majority of the cases with final 
electrode placement outside ANT, MER signals started markedly below the expected 
level.  

In the MER group, the mean distance between planned and final surgical targets 
was 1.3 mm (SD 0.7 mm) in all patients (n=32), 1.2 mm (SD 0.7 mm) in 
transventricular trajectories (n=26) and 1.8 mm (SD 0.5 mm) in paraventricular 
trajectories (n=6).  
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In the non-MER group, all 12 patients were operated via the transventricular 
trajectory. Planned coordinates were available for 24 trajectories in 12 patients. The 
mean distance between planned and final surgical targets was 1.2 mm (SD 1.2 mm, 
n=24). These patients were operated chronologically later than the patients with 
MER during surgery. 

There was no statistical difference in distance between planned and final target in 
MER and non-MER groups (p=0.387 for all trajectories, p=0.196 for only 
transventricular trajectories). 
 

Figure 29.  Example of a microelectrode recording leading to misplacement of the right electrode 
(Patient 1). Positive MER signals start at 0/-4.0 mm before planned target inside ANT. On 
the left side, the MER electrode enters to ANT at -4.0 mm distance to planned target 
inside ANT. Signaling continues, as the MER electrode pierces ANT and enters MD at 2 
mm after the target. On the right side, the signaling starts at 0 mm, markedly deeper than 
on the left side, as the MER electrode enters straight to VA. MD signaling starts at 2 mm 
after the target.	 
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6 DISCUSSION 

6.1 Summary of findings 

Study I 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 (Möttönen et 
al. 2015). The significance of stimulation location was demonstrated by the change 
in seizure outcomes when the optimal stimulation site was identified. Several patients 
were able to convert from nonresponder status to responder with optimal 
programming parameters. Our study has also a second major finding: the 
demonstration that the effect of ANT DBS treatment in our epilepsy patients was 
more pronounced in FIAS, where it seemed to decrease both the frequency and 
duration of these seizures. Furthermore, the frequency of FBTCS also decreased, 
but the clinical significance 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 load. 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. The nonresponders had less baseline seizures per month than those 
patients that became responders during the ANT DBS treatment. 

At the group level, no significant changes on mood were observed after ANT 
DBS treatment in Study II. Two patients experienced abrupt depressive symptoms 
related to the DBS programming settings; these were quickly alleviated by decreasing 
the intensity of the stimulation but without changing the active contacts. In addition, 
two patients gradually experienced paranoid and anxiety symptoms which again 
improved slowly after changing the programming settings from contacts inferior to 
ANT to ones inside ANT. 

In Study III, the patients’ performances in the neuropsychological tests were 
mainly below average in all cognitive functions. This finding is in line with one 
known feature of epilepsy as a disease, i.e., it causes a cognitive decline (Thompson 
& Duncan 2005). Better executive functions and attention seemed to associate with 
a better clinical outcome, possibly reflecting the level of connectivity of the ANT to 



 

121 

the frontal cortex. In the individual cognitive tests, the age-standardized Z-score was 
notably better in the TMT in responders than in nonresponders. Less evident 
differences were detected in other cognitive domains. The performance of 
responders was better than that of nonresponders also in the visual functions 
domain. It could be argued that this finding also emphasizes the effect of the 
executive functions on the outcome, because the tests included in the visual 
functions domain (ROCFT and block design) also require executive functions. There 
were severe deficits in executive functions and attention as well as in visual functions 
in the nonresponders. Instead among responders, the deficits were moderate with 
respect to executive functions and attention and even only mild for visual functions. 
Memory and learning—functions localized in the limbic circuit—seemed to display 
no association with the outcome. 

In Study IV, MER did not increase implantation accuracy but segregated well 
between grey and white matter. In the majority of the cases with final electrode 
placement outside ANT, MER signals started markedly below the expected level. 

6.2 Significance of programming and contact location 
information 

Currently, there is only a limited amount of data available regarding programming 
changes. In the long-term phase of the SANTE study, changing stimulation voltage 
from 5.0 V to 7.5 V or frequency from 145 Hz to 185 Hz did not exert an effect on 
the seizure frequency more than initial settings (Fisher et al. 2010). Many of the 
previous studies regarding ANT DBS have concentrated on the optimal stimulation 
target, seizure reduction rate and selecting a surgical trajectory. Instead, the effects 
of changing the stimulation site on outcomes have not been reported. In this study, 
seven patients out of 27 became responders due to changes in DBS programming 
or repositioning of contacts. Reprogramming the DBS increased our responder rate 
from 44% to 70%, if this is measured by a seizure reduction of at least ≥50%.  

Our study provides additional evidence about the importance of the exact 
anatomical locations of the contacts responsible for ANT DBS stimulation 
(Möttönen et al. 2015). After reprogramming (change of active contacts) or 
reimplantation, a marked improvement was observed in therapeutic effectiveness. 
The selection of active contacts that were located more superior inside the ANT 
seemed to be beneficial. Furthermore, in several patients, the addition of a second 
active contact to widen the volume of tissue activated seemed to confer additional 
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positive effects. In most of the previous studies (Fisher et al. 2010, Salanova et al. 
2015, Lee, Shon & Cho 2012, Lehtimäki et al. 2016), 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, 
suggesting that there would be a hot spot located in the inferior and lateral part of 
ANT in close proximity to the mammillothalamic tract (Krishna et al. 2016). 
Unfortunately, this approach does not take into account the individual variations in 
the anatomy of the ANT (Möttönen et al. 2015, Buentjen et al. 2014). Van Gompel 
et al. (2015) also emphasized that the anterior nucleus seemed to be a difficult 
location to reliably target and proposed that an alternative route via a posterior 
inferior parietal approach. In our study, other changes to the stimulation parameters 
such as changes in voltage, pulse width, stimulation frequency or alteration of 
stimulation cycle were made occasionally, but the effect of these changes was 
minimal in comparison with the contact selection. Although the seizure reduction 
appeared to improve over time, the reprogramming related improvements in seizure 
reduction occurred quickly during the next three months after changing the active 
contacts.  

6.3 The effect of ANT DBS on seizures with impaired 
awareness 

The most significant effect in our study was observed in patients with FIAS. In 
FBTCS, there was an over 50% reduction 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 implanation and was 
thus clinically considered as a nonresponder. The majority 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 these seizures were the predominant seizure types in most of our 
patients, these effects were most straightforward to quantify. Interestingly, the 
nonresponders had a smaller baseline seizure frequency than the responders. The 
baseline seizure frequency of FIAS and FAS was significantly higher in the responder 
group, whereas the FBTCS seizure frequency was more uniform between the two 
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groups. There was no marked differences between the groups in terms of etiology 
or seizure types. The slight overrepresentation of FIAS in the responder group 
(100% vs. 88% prevalence) is due to only one patient in the study population who 
did not have FIAS but this does not explain the phenomenon alone. A higher 
baseline seizure frequency especially in FAS and FIAS could be an independent 
outcome predicting factor, even though ANT DBS only appeared to reduce the 
frequency of FIAS in this study. On the other hand, the smaller baseline seizure 
frequency of the nonresponders might also be due to less accurate seizure diaries. 

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 severity. (Fisher et al. 2010). 
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. (Salanova et al. 2015) These 
long-term follow-up data demonstrate the ANT DBS is also efficacious for other 
epilepsy types in addition to temporal lobe epilepsy. Nonetheless, it has been 
frequently postulated that ANT DBS therapy is only effective in patients with limbic 
seizures (Sobayo & Mogul 2016). 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 (Kim et al. 2017). In one randomized controlled study and 
in several non-controlled studies investigating ANT DBS, approximately every 
second patient with intractable epilepsy achieved good seizure reductions which 
ranged from 46% to 90% (Hodaie et al. 2002, Kerrigan et al. 2004, Andrade et al. 
2006, Lee, Jang & Shon 2006, Lim et al. 2007, Osorio et al. 2007, Oh et al. 2012, Lee, 
Shon & Cho 2012, Kim et al. 2017, Sitnikov, Grigoryan & Mishnyakova 2018, 
Koeppen et al. 2019, Herrman et al. 2019, Park et al. 2019). 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 decrease the probability of impairment of 
consciousness when the patient is in ictal or postictal states. There are preclinical 
studies supporting the theory that activation of the intralaminar thalamic nuclei with 
neurostimulation would be a promising neurosurgical target for improving the level 
of consciousness during and after seizures (Gummadavelli et al. 2015). In an animal 
model, ANT DBS has been reported to induce parameter-dependent activation 



 

124 

within the temporal, prefrontal, and sensorimotor cortices (Gibson et al.  2016). The 
anterior nucleus of thalamus has extensive connections to the anterior cingulate 
cortex, a structure modulating the default mode network (DMN), which is 
responsible for the preservation of consciousness. Therefore, ANT DBS stimulation 
may be involved in preventing the down-regulation of DMN, which has been shown 
to occur during FIAS (Blumenfeld et al. 2009). Greater positive connectivity with 
DMN has been reported in ANT DBS responders as compared to nonresponders 
(Middlebrooks et al. 2018). 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 indication of positive effects of 
stimulation after the initiation of the therapy, highlighting the importance of paying 
attention to these details in the seizure diaries. 

6.4 Psychiatric adverse effects of ANT DBS  

In line with previous studies (Fisher et al. 2010, Tröster et al. 2017), there were no 
severe psychiatric adverse effects in these 22 patients who underwent ANT DBS for 
refractory epilepsy. Moreover, the four moderate psychiatric adverse effects could 
be clinically managed by reprogramming the stimulator in collaboration with 
specialists. Previously, depression has been reported to worsen in some patients who 
had had a previous depressive history (Tröster et al. 2017, Salanova et al. 2015), 
however, it has not been reported before that there can be a sudden appearance and 
disappearance of depression with these fluctuations being dependent on the 
stimulation parameters. It is true that the present patients with depressive adverse 
effects had previously experienced depression, and therefore, it may be considered 
as a predisposing factor. Paranoid and anxious reactions occurred after the 
stimulation, a phenomenon that has also not been described before. This reaction 
scenario appears to be related to the stimulation of deep structures beneath the ANT, 
and it has a gradual onset. It is important to recognize these symptoms and react 
early since severe depressive and paranoid symptoms may endanger the success of 
the whole treatment. On the other hand, the described symptoms were transient in 
nature and reversible after changes to the stimulation parameters. 

Patients with refractory epilepsy are a very heterogeneous group with regard to 
etiology, seizure burden, medication, and level of cognitive abilities. When evaluating 
mood and cognitive functions before and after DBS, there are several confounding 
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factors that need to be considered. The psychiatric evaluation is challenging in this 
patient group although BDI and MADRS can be used to assess depressive symptoms 
and their severity. By using the SCL-90, the psychiatric symptoms can also be 
detected, but very often, patients with epilepsy are worried about their seizures and 
are susceptible to self-observation, and these symptoms can be falsely interpreted as 
anxiety. The benefit of SCL-90 is that there is the possibility to compare the 
symptoms at different time points. The burden of disease is also a fact that should 
be considered. 

Mood disorders and cognitive decline are common comorbidities of epilepsy, and 
thus, the effects of DBS on psychiatric and neuropsychological states have attracted 
increasing interest. According to the current evidence, significant stimulation-related 
and persistent psychiatric symptoms are infrequent in ANT DBS patients 
(Gooneratne et al. 2016, Chan et al. 2018, Li & Cook 2018). In our sample, when 
these symptoms did emerge, they were reversible after a reduction in stimulation. 
Mild reductions did not impede seizure control. In a randomized controlled trial, a 
subjective deterioration of mood and memory was reported during the blinded phase 
(Fisher et al. 2010). In the long-term follow-up, most neuropsychological test results 
improved (Fisher et al. 2010, Tröster et al. 2017, Salanova et al. 2015). The majority 
of patients with self-reported and objectively assessed depression had pre-existing 
depression (Salanova et al. 2015). This was also the case in our two patients with 
depressive adverse effects. One study reported a deteriorated response inhibition 
and improved attention allocation towards a threat in ANT DBS patients 
(Hartikainen et al. 2014). It has been claimed that ANT DBS might exert positive 
effects on mood (Fisher et al. 2010, Salanova et al. 2015), verbal fluency, and delayed 
verbal memory (Oh et al. 2012) at 1–2 years after surgery, though the concurrent 
seizure reduction means that the interpretation of these results is susceptible to 
confounding. A voltage-dependent sleep disruption caused by ANT DBS has been 
reported; this may be related to subjective symptoms of cognition and mood (Voges 
et al. 2015). Psychotic and depressive symptoms have been speculated to be 
associated with the dramatic reduction of seizure frequency—a phenomenon 
referred to as forced normalization (Nadkarni, Arnedo & Devinsky 2007). 

6.5 Management of psychiatric adverse effects 

The patients were carefully evaluated before the surgery, and the clinical evaluation 
and management of possible psychiatric adverse effects were conducted in close 
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collaboration with a neurosurgeon, a neurologist, and a psychiatrist. The adverse 
effects described here were all managed by changing the stimulation parameters. 
There seemed to be a pattern of the sudden appearance of a depressive effect in 
response to a high current, and there may be inferior contacts that were also managed 
rapidly by adjusting the parameters. At the group level, a history of psychiatric 
symptoms did not seem to predispose to psychiatric adverse effects of ANT DBS, 
although two patients with depressive adverse effects had previous histories of 
depression. Moreover, the feelings of paranoia and anxiety were more slowly 
appearing and harder to detect psychiatric adverse effects; they were also managed 
with reprogramming, but the recovery was slower. Although, even these adverse 
effects were clinically managed, in a worst-case scenario, they could well jeopardize 
the success of DBS treatment. The sudden appearance of severe depression may lead 
to serious consequences. Moreover, the patient with paranoid thoughts insisted that 
the device should be removed. In addition, the compliance with psychiatric 
medications and treatments can be poor in these occasions. Moreover, when the 
irritable feelings, anxiety, and paranoid thoughts are transient and fluctuating, they 
might be hard to detect during clinical outpatient appointments or settings. 
Therefore, the close collaboration between psychiatrists, neurologists, and 
neurosurgeons is crucial. 

6.6 ANT DBS in relation to SUDEP 

There were two people in our study that died of SUDEP not considered likely to be 
stimulation-related. According to a recent systematic review, the clinical safety of 
ANT DBS is supported by several studies suggesting that the treatment is well 
tolerated among refractory epilepsy patients (Boon et al. 2018). In a recent case 
report of a patient who died of SUDEP eight months after undergoing ANT DBS 
surgery, a postmortem study revealed only mild inflammation along the lead track 
and no significant microscopic or histochemical differences compared with a control 
tissue of an individual without epilepsy (Pilitsis et al. 2008). 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 in whom epilepsy surgery or VNS had 
been inapplicable or unsuccessful. This might have caused some selection bias that 
might explain the relatively high amount of SUDEP in our study, as patients had 
been included with a significant seizure load over time, a matter that is often 
associated with a cognitive decline and neuronal damage (Thompson & Duncan 
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2005). These changes might lead to decreased connectivity between ANT and 
remote structures, which might impact on the effects of DBS. 

6.7 Significance of connectivity of ANT 

As the anterior aspect of ANT seems to be the most appropriate location for DBS 
electrodes (Lehtimäki et al. 2016, Möttönen et al. 2015), the basis of Study III was 
the hypothesis that correct functioning of the anatomical connections associated 
with anterior parts of ANT would be linked with a favorable outcome. The 
functioning of these neuronal connections was examined by assessing 
neuropsychological performance in different cognitive domains with this being 
compared to treatment outcome. 

Several of the cognitive domains evaluated in our study, i.e., executive functions, 
attention, memory, and learning, have been associated with connections to ANT. 
The AM subnucleus is connected to frontal areas, i.e., mPFC and ACC, which are 
known to participate in executive functions and attention (Ridderinkhof et al. 2004, 
Fernandez-Duque, Baird & Posner 2000). Memory and learning have been 
postulated to form the so-called Circuit of Papez of which ANT is a part (Papez 
1937, Lövblad, Schaller & Vargas 2014, Dangleish 2004). 

In more detail, as depicted in Chapter 2.3, ANT is located in the anterior aspect 
of the dorsal thalamus, bordered on both sides by branches of internal medullary 
lamina (Jones 2007). Significant projections to ANT originate from mtt, entorhinal 
cortex, and adjoining hippocampal structures. ANT lies within the Circuit of Papez 
that consists of thalamus, sensory cortex, hypothalamus, cingulate cortex, and 
hippocampus. In theory, ANT may be receiving information from hypothalamus via 
mtt, directing it further through the internal capsule to cingulate cortex, a structure 
that integrates these emotional stimuli with the information arriving from the 
sensory cortex. The cingulate cortex further directs information back to the 
hypothalamus via the cingulum. The information is passed onward along the fornix 
to the entorhinal cortex of the hippocampus, which links the circuit to the limbic 
system. This circuit connects ANT frontally to structures mediating executive 
functions and temporally to functions including learning and memory (Papez 1937, 
Lövblad, Schaller & Vargas 2014, Dangleish 2004). ANT DBS has been observed to 
activate several structures in the prefrontal area in a study conducted in anesthetized 
swine (Gibson et al. 2016). 
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6.8 Effect of preoperative cognitive level on postoperative 
outcome after ANT DBS 

The existing data suggest that some alterations in the neuropsychological domains 
might occur later after the initiation of ANT DBS treatment; in fact several studies 
have detected no consistent changes in cognitive functions immediately after the 
surgery. Five of our patients were examined prior to and after surgery with no 
significant change in their cognitive performance being detected between the two 
time points. In recent studies, a cognitive improvement has been observed in patients 
with ANT DBS in verbal fluency and delayed verbal memory, whereas a 
deterioration of response inhibition and increased emotional reactivity to threat has 
been reported (Oh et al. 2012, Hartikainen et al. 2014). No significant change in 
executive functions, information processing, and general abilities, and furthermore, 
no correlation has been found between the reduction of seizure frequency and 
neuropsychological composites (Oh et al. 2012). A frequency of 13% has been 
reported for the subjective worsening of memory at 3 months after ANT DBS 
surgery (Fisher et al. 2010). This effect was, however, transitory and had disappeared 
at the 5 years’ follow-up after surgery. In a subsequent study, subjectively reported 
memory problems were not observed in the neuropsychological evaluation, in fact, 
the tested memory functions seemed to show a slight objective improvement over 
time (Tröster et al. 2017). A gradual improvement has been noted in cognition and 
mood as well as a deterioration in expressive language in the 5-year follow-up, 
however, there was no difference between control and stimulated groups at the end 
of the 3-month blinded phase. Furthermore, no differences between responders and 
nonresponders have been reported. Based on these previous findings and our own 
data, it seems that the neuropsychological profile remains relatively stable soon after 
the surgery. 

6.9 Feasibility of MER in ANT DBS surgery 

In the study of Möttönen et al. (2015), the localizing effect of MER in 5 patients 
from the same patient population as described elsewhere in this work was examined 
from two-dimensional STIR MRI coronal planes. The correlation of MER was based 
on ANT delineation visible in MRI, as technology allowing three-dimensional 
comparison was not available at that time. Regardless of different firing patterns of 
ANT, MD and VA, interpreting a single trajectory MER without detailed imaging 
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information is challenging or even impossible (Möttönen et al. 2015). Another study 
found no significant relationship to clinical outcome in the neuronal firing rate 
acquired by MER between ANT DBS responders and nonresponders (Schaper et al. 
2019). After the last study on MER in our center (Möttönen et al. 2015), the patient 
population has multiplied. In addition, Study IV provides new three-dimensional 
data of MER and the nuclei in the area of interest. The results of Study IV 
demonstrated that MER was effective in localizing nuclear structures in the majority 
of the patients but did not differentiate ANT from other grey matter structures. In 
other words, MER did not increase implantation accuracy based on our three-
dimensional model. The spatial information of MER based ANT information varied 
between patients, especially when the distance to MRI predicted ANT was evaluated. 
MER signals rising several millimeters inferior to the expected level of ANT strongly 
predicted a lateral pass of ANT, likely due to recording the activity of deeper nuclear 
structures. A mistaken interpretation of the origin of MER signals led to inferior 
misplacement of the lead. When an erroneous interpretation of the origin of MER 
signals led to more inferior implantation than planned, this resulted in a 
mispositioning of the lead. We also found some evidence suggesting that contacts 
implanted more lateral, anterior and superior might have a more favorable outcome 
in seizure reduction than contacts implanted more inferior and posterior. 

According to the present retrospective study, the usage of intraoperative MER 
does not increase implantation accuracy in comparison to electrodes implanted 
without MER. For some patients, it could be speculated that using MER could even 
be responsible for a misplacement of the lead. However, all six paraventricular 
electrodes were implanted using MER according to the standard formed in 
movement disorder surgery and this could affect the interpretation of the data. In 
addition, we did not find any significant difference when only transventricular leads 
were taken into analysis. Thus, it seems that MER plays a more minor role than 
trajectory selection in the accuracy of placement. There was no significant difference 
in outcome at the last six months of follow-up in patients with MER and without 
MER.  

Some caution should be taken into consideration when using MER. Possibly due 
to brain shift after opening dura, deep target structures might lie away from the 
preset stereotactic coordinates. Because MER does not seem to differentiate well 
between ANT and other grey matter structures in a clinical setting, MER signals 
arising significantly deeper than the estimated distance determined from MRI should 
be considered with caution, as they might originate from deeper structures. In our 
study, the mean volume of intraoperative air invasion was 1.8 cm3 and it is likely that 
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MER signals originating from VA and MD were misinterpreted as ANT based 
signals during surgery. For this reason, if intraoperative MER is used, theoretically it 
might be reasonable to perform multiple MER instead of a sole recording in order 
to prevent a lateral bypassing of the ANT. However, the vascular supply in this area 
is abundant and hence performing multiple invasive recordings is not recommended. 

6.10 Finding the optimal stimulation target in three-dimensional 
space 

Three-dimensional modeling is a new tool for clinicians working with DBS patients. 
It is especially useful when multiple individuals are involved in the treatment, as is 
usually the case: a neurosurgeon who performs the DBS implantation and a 
neurologist who carries out the treatment with programming the DBS. The three-
dimensional outline of the target nucleus and the implanted contacts in its area makes 
it easier to perceive the best possible contacts to be activated and the size of the 
volume of tissue which will be activated around them. This might help with selecting 
the optimal programming parameters.  

However, there is no unanimity on where the electric current should be targeted 
inside the ANT. One hypothesis regarding the seizure reducing effect of ANT DBS 
is that it might be based on stimulation of the mammillothalamic tract. The 
proposition that the most efficacious target for DBS electrodes lies at the 
anteroventral ANT in close proximity to the mammillothalamic tract-ANT-junction 
would support this hypothesis (Krishna et al. 2016). On the other hand, one of the 
suggested effects of DBS is that it disrupts or inhibits epileptiform activity in 
epileptogenic thalamocortical networks, running along the lateral aspect of ANT 
(Lega et al. 2010). We demonstrated earlier that contacts located more anterior and 
superior were related to successful treatment trials (Lehtimäki et al. 2016). In Study 
IV, we found anecdotal evidence based on one patient (Figure 27. Patient 4) that a 
contact implantation which was more lateral, anterior and superior did not lead to 
an inferior outcome in seizure reduction than contacts implanted more inferior and 
posterior, even when the contacts were located outside the ANT. The finding is 
possibly related to a stimulation of thalamocortical tracts lateral to the ANT and 
would suggest that these thalamocortical tracts were possibly more involved in 
seizure reduction for this patient than the mammillothalamic tract, a structure 
located inferiorly to the ANT.  
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6.11 Limitations 

It is not straightforward to assess the seizure reduction since patients that are treated 
with ANT DBS are also receiving AEDs. Taking the patient's best interest as a 
priority, 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. (Arcand et al. 2017) 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 unclear response to treatment and had a slight improvement in seizure 
frequency after the switching of medication, but the significant change into a 
responder happened for this patient only later after a repositioning of the DBS 
contacts from a suboptimal location to ANT. 

The patient population is heterogenic in terms of etiology and MRI findings. The 
limitations of the study include the small number of patients representing all of the 
different epilepsy and seizure types; in particular, there was a lack of patients with 
bitemporal 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 with multiple comparisons. In addition, the nonresponders 
had a lower seizure frequency before initiating ANT DBS treatment compared to 
responders, which might have a distorting impact on some results. On the other 
hand, exact details of the individualized anatomy of the stimulation sites combined 
with special attention to patient seizure diaries were available, highlighting the 
importance of reporting detailed anatomical data with reference to seizure and other 
outcomes. 

Studies III and IV were conducted retrospectively and the patient population is 
small for statistical analyses, especially in Study III. Many of the calculations have 
been estimated as mean values and this might have a distorting impact on some 
results. In Study III, neuropsychological evaluations made before and after the 
surgery were all included. Based on previous studies, it was assumed that the 
neuropsychological performance would not be significantly affected by the ANT 
DBS treatment. In addition, the findings emerging from Study III are based on 
indirect evidence measuring only the contribution of individual variables and do not 
segregate whether executive function performance is an independent predictor of 
worse outcome or simply reflecting the role of other latent variables not included in 
the statistical analysis. The etiopathogenesis of cognitive decline in epilepsy is 
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multifactorial and a poorer performance in executive functions might result from 
diffused dysfunction of prefrontal lobe. Hence, the relationship between 
neuropsychological performance and the connectivity of ANT to the frontal cortex 
is not unambiguous. Frontal lesions and epileptic discharges on the frontal cortex 
might indicate that the seizure onset zone is in the prefrontal cortex and in this case, 
these patients could be modulated more by ANT DBS due to the direct connectivity 
between ANT and the prefrontal cortex. On the other hand, frontal epilepsy might 
decrease the prefrontal connectivity of ANT and therefore lead to a worse outcome 
after ANT DBS. In Study III, there were four responders and one nonresponder 
with frontal epilepsy. This suggests that the correlation between executive function 
performance and seizure reduction outcome requires further investigation. 

In an optimal situation, the assessment of MER feasibility should be done in a 
prospective manner. However, the patient population in Study IV is large 
considering the size of our center and also for the previous published studies 
examining MER in ANT DBS. The data represented is unique and shares our 
empirical observations regarding the subjects. Shortcomings such as confounding 
factors in our study include an inevitable prolongation of the surgery when MER 
was used, possibly increasing the infection risk (Tolleson et al. 2014), influencing the 
brain shift and decreasing the implantation accuracy. In addition, the postoperative 
CT scan used for assessing the IAI for the surgeries without MER guidance was 
conducted generally half a day later. The effect of the one outlier in the non-MER 
group with an IAI value of 36 cm3 is however likely to have distorted the IAI 
comparison more than the slight variation in postoperative CT timing.  
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7 SUMMARY AND CONCLUSIONS   

Overall, the characterization of the response of ANT DBS on the different seizure 
types seems to be helpful in selecting those patients most suitable for this form of 
therapy, with the results of Study I indicating that the best treatment response is 
obtained for seizures with impaired awareness in those patients with a high baseline 
seizure frequency. The efficacy of this therapy can be significantly increased with 
optimal programming and contact location when the total seizure count is used as 
an outcome measure.  

The majority of ANT DBS patients did not experience any psychiatric adverse 
effects. Although certain DBS parameters might be predisposed to the sudden 
appearance of depressive or slowly manifesting paranoid symptoms, these were 
found to be reversible via programming changes. If left untreated, these symptoms 
might compromise the ANT DBS treatment. Because of self-reported depression 
and memory problems and the crucial positioning of the ANT within the Circuit of 
Papez, a reputed regulator of mood and memory, it is recommended that a 
neuropsychological and psychiatric evaluation of ANT DBS patients should be done 
routinely prior to and after the surgery. The current evidence on psychiatric adverse 
effects has been mostly limited to studies with small sample sizes and confounding 
factors.  

Better executive functions and attention seemed to predict a better clinical 
outcome of the ANT DBS treatment. Based on the preliminary findings of Study III 
and the anatomical connectivity hypothesis, we suggest that deficits in executive 
functions may relate to poorer outcome, possibly due to decreased prefrontal 
connectivity in the ANT. This finding might represent a potential foundation for 
further research to help refine the selection of patients with refractory epilepsy who 
are candidates for ANT DBS surgery, a subject that has not been extensively 
examined. The implantation of DBS electrodes is a minimally invasive neurosurgical 
procedure and reversible in nature, but like all surgical procedures, it entails some 
risks and should only be performed after a thorough consideration. As a hypothesis 
forming study, Study III aimed to evaluate the possible significance of functional 
anatomical connections in the ANT to help achieve more favorable treatment 
results.  
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MER did not increase implantation accuracy or have an impact on outcome as 
measured by seizure rate but it segregated well between grey and white matter. The 
use of the paraventricular trajectory led to significantly more misplacements of the 
lead than encountered with the transventricular trajectory.  

In the future, we need to investigate other optimal programming parameters in 
addition to contact activation and to establish better criteria for selecting the most 
suitable candidates for different modes of neurostimulation. (Gooneratne et al. 2016) 
If this is to succeed, the exact contact locations need to be defined. Careful 
monitoring of the seizure changes in addition to the mental status of patients 
undergoing DBS implantation is crucial, so that therapeutic adjustments can be made 
as necessary. (Drane & Pedersen 2019) We encourage future research into the 
benefits of a neuropsychological evaluation as a tool for patient selection. As for the 
final decision about the feasibility of ANT DBS, it should be assessed in randomized 
prospective trials. More studies with reliable designs, standardized 
neuropsychological and psychiatric assessment protocols, confirmed contact 
locations and larger sample sizes will be needed to confirm the independent effects 
of ANT DBS and the significance of particular stimulation parameters on mood and 
cognition.  
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executive Functions May predict 
outcome in deep Brain stimulation 
of anterior nucleus of thalamus for 
treatment of refractory epilepsy
Soila Järvenpää1*, Eija Rosti-Otajärvi1, Sirpa Rainesalo1, Linda Laukkanen1, Kai Lehtimäki1 
and Jukka Peltola1,2
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Background: Deep brain stimulation (DBS) of the anterior nucleus of thalamus (ANT) 
is an emerging treatment option for patients suffering from refractory epilepsy. ANT has 
extensive connections with hippocampus and retrosplenial cingulum, areas associated 
mainly with spatial memory and with anterior cingulum which is important in executive 
functions. As refractory epilepsy is often associated with cognitive decline and neuronal 
damage, the decreased connectivity between ANT and remote structures might impact 
on the effects of DBS.

objective: We hypothesized that the neuropsychological profile could reflect the con-
nectivity of ANT and further predict the efficacy of ANT DBS. We evaluated the cognitive 
performance of patients with refractory epilepsy with DBS to evaluate whether neuropsy-
chological profiles could reflect the connectivity of ANT and further predict the efficacy 
of ANT DBS.

Method: Sixteen patients with refractory epilepsy treated with ANT DBS with at least 
2 years of follow-up were included in the study. Patients underwent a neuropsychological 
evaluation as a part of the protocol and their clinical outcome was determined by seizure 
frequency in the last 6 months compared to baseline. The patients were classified as 
responders if there was a ≥50% reduction in the frequency of the predominant seizure 
type, otherwise as nonresponders.

results: There were 12 responders and 4 nonresponders for ANT DBS treatment in the 
study population. Nonresponders performed worse than responders in neuropsycho-
logical tasks measuring executive functions and attention, such as the Trail-Making Test.

Conclusion: Better executive functions and attention seemed to predict improved clin-
ical outcome after the ANT DBS surgery. Based on our preliminary descriptive findings 
and the anatomical connectivity hypothesis, we suggest that deficits in executive func-
tions may relate to an inferior outcome. This finding might offer new tools for refining the 
selection of patients with refractory epilepsy scheduled to undergo ANT DBS surgery. 
Moreover, it highlights the need for further investigations of neural connectivity in epilepsy.

Keywords: deep brain stimulation, refractory epilepsy, anterior nucleus of thalamus, neuropsychological 
evaluation, patient selection, connectivity, executive functions, seizure
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Figure 1 | Main connections of anterodorsal (AD), AV, and AM subnuclei of anterior nucleus of thalamus. AM connects to frontal areas medial prefrontal cortex 
(mPFC) and anterior cingulate cortex (ACC) (in blue). AV is connected to subicular cortex of hippocampus both directly and indirectly via the retrosplenial cortex  
(in yellow). The medial mammillary nucleus receives axons from AV and the lateral mammillary nucleus from AD (in orange).
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introduCtion

It has been estimated that there are 50 million people in the world 
with epilepsy. For more than 30% of these patients, the condition 
is classified as refractory with continuing uncontrolled seizures 
despite administration of antiepileptic drugs (AEDs) (1).

Deep brain stimulation (DBS) of the anterior nucleus of thala-
mus (ANT) has been shown to represent a promising treatment 
option for patients suffering from refractory epilepsy (2–5). With 
its numerous connections, ANT can be considered as a crucial 
node integrating cortical and subcortical information; it lies at a 
site allowing it to influence the brain’s predisposition to epileptic 
seizures (4, 6, 7). ANT is linked by white matter tracts to net-
works regulating amnestic functions and consciousness (circuit 
of Papez), a hypothetical neuronal circuitry crucial in mediating 
the formation of memories and emotion (8, 9, 10).

Three subnuclei can be functionally distinguished in ANT: 
anteromedial nucleus of ANT (AM), anterodorsal (AD), and anter-
oventral nucleus of ANT (AV; also called anterior principal, Apr) 
nuclei. These are elaborately connected to frontotemporal struc-
tures although with different intensities (Figure 1). Anatomically, 
AM innervates prefrontal areas [medial prefrontal cortex (mPFC); 
anterior cingulate cortex (ACC)] and is thus considered to play a 
role in executive functions and attention. AV has connections to 
hippocampus and is believed to be involved in memory functions. 
AD is mainly connected to the lateral mammillary nucleus, possi-
bly taking part in mental and spatial navigation. Here, the rostrally 
situated AM and its frontal connections were a focus of special 
interest since we recently suggested that a more anterior location 
of active contact within the ANT complex may be associated with 
a better outcome after DBS (11) (Figure 2).

As neuropsychological performance has not yet been studied 
as an outcome predictor in DBS of ANT, the aim of this study was 
to clarify whether the clinical outcome could be predicted based 
on the neuropsychological profile prior to or soon after surgery. 
We have devised an anatomically based hypothesis that perfor-
mance in executive functions reflects the connectivity remaining 
between anterior cingulum, prefrontal cortex and ANT and 
thus has an effect on the outcome of the surgical procedure. 
Alternatively, severe hippocampal atrophy and memory decline 
might be associated with decreased connectivity between ANT 
and hippocampus and potentially a poorer therapeutic effect.

MateriaLs and MetHods

patients
We reviewed retrospectively the neuropsychological evaluation 
reports of patients with refractory epilepsy treated with ANT 
DBS in Tampere University Hospital between 2011 and 2014. All 
patients were examined with video-EEG telemetry, 18-F-FDG-
PET, and 3T MRI for evaluation if they were suitable for resective 
surgery. All patients provided written informed consent and 
the study was approved by the Ethics Committee of Tampere 
University Hospital.

Out of the 20 patients that underwent ANT DBS surgery and 
had been evaluated by a neuropsychologist prior to or shortly 
after the surgery, three of the reports had not been conducted with 
the latest protocol and were thus unavailable. One patient with a 
favorable outcome had only been assessed with two tests [Trail-
Making Test A (TMT A) and Rey-Osterrieth Complex Figure 
Test (ROCFT) Copy] that require functional motor abilities;  
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Figure 2 | Schematic illustration of visible landmarks in 3T MRI sagittal 
plane and ANT normalized coordinate system, where the anterior border of 
ANT is set to 1 and its posterior border to 0 on the y-axis. In all, 74% of the 
deep brain stimulation contacts situated in the anterior side of the cutoff level 
0.58 (blue color) lead to a favorable outcome to the treatment. By contrast, 
83% of the contacts situated posterior to this cutoff level (red color) were 
nonresponders. Abbreviations: AM, anteromedial nucleus of ANT; AV, 
anteroventral nucleus of ANT; Th, thalamus; Ve. I, lateral ventricle; mmt, 
mammillothalamic tract; ANT, anterior nucleus of thalamus (11).

taBLe 1 | Patient demographics as described by age, sex, years of education, etiology of epilepsy, MRI findings, localization of epileptic zone by scalp EEG, 
antiepileptic drugs (AED), and outcome status defined by at least a 50% reduction in seizure frequency.

patient age education (years) etiology Mri epileptic zone aed responder

1 31–35 12 Encephalitis Normal Multifocal CBZ, LCM Yes
2 26–30 9 Encephalitis Normal Multifocal CLB, OXC, ZNS Yes
3 26–30 12 CD Bilateral perisylvian polymicrogyria Multifocal OXC Yes
4 51–55 12 Encephalitis Right parietal and temporal inflammatory lesion Right temporal CLB, OXC, ZNS Yes
5 26–30 12 Encephalitis Bilateral parietal inflammatory lesion Multifocal CLN, PHT Yes
6 51–55 12 Unknown Normal Unknown LCM, LEV, VPA Yes
7 36–40 12 CD Hemimegalencephalia Right frontal CLB, OXC, ZNS Yes
8 31–35 9 CD Bilateral periventricular heterotopia Multifocal CBZ, CLB Yes
9 36–40 9 CD Left frontal cortical dysplasia Left frontal CLB, LTG, VPA, ZNS Yes

10 31–35 16 CD Bilateral periventricular heterotopia Multifocal CBZ, LCM, LEV, ZNS Yes
11 56–60 9 Unknown Normal Multifocal CLB, LCM, LEV, OXC Yes
12 26–30 12 Unknown Normal Right frontal CLB, LCM, OXC Yes
13 51–55 12 CD Bilateral perisylvian polymicrogyria Right temporal CBZ, CLB, ZNS No (dead)
14 21–25 12 Unknown Normal Left parietal CBZ, CLB No (dead)
15 26–30 9 Encephalitis Normal Multifocal CLB, OXC, TPR No
16 46–50 12 Unknown Normal Right frontal OXC, VPA, ZNS No

CD, cortical dysplasia; CBZ, carbamazepine; CLB, clobazam; CLN, clonazepam; LCM, lacosamide; LEV, levetiracetam; LTG, lamotrigine; OXC, oxcarbazepine; PHT, phenytoin; TPR, 
topiramate; VPA, valproate; ZNS, zonisamide.
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it was localized on one of the hemispheres with one unknown 
localization. The MRI findings varied from inflammatory lesions, 
CD, periventricular heterotopia, perisylvian polymicrogyria, 
hemimegencephalia to normal. Eight of the patients had normal 
MRI findings.

The follow-up time was at least 2  years. The patients were 
classified as responders if there had been a ≥50% reduction in 
frequency of the predominant seizure type in the last 6 months 
compared to baseline, as suggested previously by Orosz et  al. 
(12). The predominant seizure type was determined by a phy-
sician as being the clinically most disabling seizure type, not 
necessarily the most frequent or the most severe seizure type. 
According to this classification, there were 12 responders and 
4 nonresponders in the study population. The mean age was 
37.9 (SD 10.3) years for responders and 37.8 (SD 13.6) years for 
nonresponders. The mean years of education were the same, i.e., 
11.3, in both responders (SD 2.1) and nonresponders (SD 1.5). A 
subgroup of patients (five responders) was evaluated both prior 
to and after the surgery.

surgery
Surgery was planned using the Surgiplan (Elekta) software. The 
initial surgical target was defined to be 5–6 mm lateral, 12 mm 
superior, and 0–2 mm anterior to the midcommissural point. The 
mammillothalamic tract (mmt) and ANT nucleus were identified 
individually from the 3T MRI and the surgical target was adjusted 
accordingly (13). A transventricular trajectory was performed 
primarily (26/32) with the secondary option being the paraven-
tricular trajectory which was chosen in cases where there were 
abundant ventricular veins (6/32). Under general anesthesia,  
the surgery was performed using insertion cannula reaching to 
10 mm from the planned target to implant the DBS electrodes 
(Medtronic 3389). The electrodes were fixed to the skull and 
connected to extension cables and further to the internal pulse 
generator (Activa PC, Medtronic) implanted within a subcu-
taneous pocket in the upper chest area.

this patient was excluded from the study as being unable to per-
form the tests reliably because of significant ataxia. Thus, there 
were 16 patients included in the study.

The 16 patients consisted of 5 women and 11 men. The mean 
age was 37.9 (SD 10.7) years. The patient population was heter-
ogeneous in terms of etiology, MRI findings, and AED therapy 
(Table  1). The mean number of AEDs used in combination 
at the time of the neuropsychological evaluation was 2.8 (SD 
0.8). If subdivided by the epilepsy etiology, five patients had 
encephalitis, six had suffered cortical dysplasia (CD), and five 
had some unknown etiology. When investigated by scalp EEG, 
eight had a multifocal epileptic zone, whereas in seven patients, 
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Figure 3 | Composite Z-scores in different cognitive domains in responders (n = 12, in blue) and nonresponders (n = 4, in red).
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The DBS was turned on in the fifth postoperative day. 
Stimulation was programmed to a cycle of 1 min ON and 5 min 
OFF with a frequency of 140 Hz and a pulse width of 90 µs. The 
amplitude was increased to 5 V during the first weeks of stimul-
ation. The initially chosen contacts were changed if necessary due 
to nonresponsiveness or adverse effects.

neuropsychological evaluation
The neuropsychological evaluation was performed as a part of 
the DBS protocol in our institution. The median timing for the 
neuropsychological evaluation was 1 day before the implantation 
and a mean of 130 days after the implantation (SD 317 days). The 
following cognitive domains were evaluated: (1) executive func-
tions and attention; (2) memory and learning; (3) language func-
tions; and (4) visual functions. Executive functions and attention 
were evaluated using the Controlled Oral Word Association Test 
(COWAT) including semantic (animals) and phonemic (letters 
P-A-S; a Finnish version of F-A-S) fluency, the Trail-Making Test 
A and B (TMT A+B), digit span of Wechsler Adult Intelligence 
Scale III (WAIS-III), and the Stroop Color-Word Interference 
Test (14). The Rey Auditory Verbal Learning Test (RAVLT) (15) 
and drawing from memory of ROCFT were used in the evalua-
tion of memory and learning. Total score (total number of words 
recalled in trials 1 through 5), post-interference recall (number 
of words recalled after interference), and recognition (number of 
correctly recognized words in delayed recall) of the RAVLT were 
used in the analysis. Language functions were evaluated with the 
WAIS-III’s (16) Similarities. Visual functions were assessed by 
copying and copying time of the ROCFT (17) and block design 
of the WAIS-III.

Raw scores of cognitive tests were converted to age-
standardized Z-scores using published Finnish [WAIS-III; (16)] 

and international (18) normative data. The scores were first 
transformed so that a larger value always indicated a better per-
formance. To determine a composite score for each of the four 
cognitive domains, an average of the Z-scores was calculated. In 
this study, the Z-scores were scaled as follows: Z-scores equal to 
or smaller than −3 were considered indicative of a severe deficit; 
Z-scores from −2.99 to −2 were indicative of a moderate deficit; 
and Z-scores from −1.99 to −1 were indicative of a mild deficit. 
Scores equal to or greater than −0.99 were considered to demon-
strate normal performance.

resuLts

Cognitive performance in responders and 
nonresponders
Figure  3 illustrates the performance of responders and non-
responders in different cognitive domains. All tests were not 
performed by all the patients and some tests were missing one 
to four values, as seen in Table  3. The cognitive performance 
remained below normative values in all patients especially in the 
nonresponders. The performance of the nonresponders was par-
ticularly poor in executive functions and attention: the difference 
in composite Z-score was −3.7 (−2.4 for responders and −6.1 for 
nonresponders). In the responders, composite Z-scores were −1.3 
for memory and learning, −0.7 for language functions, and −1.0 
for visual functions. In the nonresponders, the corresponding 
composite Z-scores were −0.9 for memory and learning, −1.5 for 
language functions, and −3.1 for visual functions. Four respond-
ers and one nonresponder had seizure onset zone in frontal lobe.

The results of cognitive tests for responders and nonrespond-
ers are shown in Table 2. With respect to the individual cognitive 
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taBLe 2 | Raw scores (mean, SD) and Z-scores (mean, SD) of responders (n = 12) and nonresponders (n = 4).

raw score for  
responders (sd)

raw score for  
nonresponders (sd)

Z-score for  
responders (sd)

Z-score for  
nonresponders (sd)

executive functions and attention
Wechsler Adult Intelligence Scale III (WAIS-III)

Digit span 9.9 (3.3) 6.3 (2.1) −1.3 (0.9) −2.1 (0.5)
Controlled Oral Word Association Test

Animal fluency 12.4 (5.3) 7.5 (2.1) −2.3 (1.1) −3.0 (0.6)
Word fluency 23.7 (12.2) 14.0 (15.6) −1.8 (1.1) −2.7 (1.5)

Trail-Making Test
Part A (s) 46.0 (18.9) 138.3 (113.8) −2.3 (2.4) −12.1 (12.2)
Part B (s) 153.7 (60.7) 385.0 (311.9) −4.2 (3.1) −14.3 (13.9)

Stroop
Color-word 27.3 (8.9) 21.5 (12.0) −2.4 (1.1) −2.4 (1.7)

Memory and learning
Rey-Osterrieth Complex Figure Test (ROCFT)

Immediate recall 13.1 (6.1) 13.0 (5.7) −1.8 (1.1) −1.8 (0.2)
Rey Auditory Verbal Learning Test

Total recall 40.5 (9.2) 44.3 (0.6) −1.6 (1.0) −1.1 (0.1)
Post-interference recall 6.4 (3.4) 9.0 (1.4) −1.6 (1.2) −0.8 (0.6)
Recognition 13.3 (2.0) 14.0 (1.4) −0.3 (1.1) 0.1 (1.2)

Language functions
WAIS-III

Similarities 18.6 (5.1) 10.8 (4.9) −0.7 (0.9) −1.5 (0.7)

Visual functions
ROCFT

Copying time (s) 325.1 (140.4) 540.3 (106.0)
Copy 32.8 (2.0) 24.7 (15.3) −1.2 (1.3) −4.6 (6.3)

WAIS-III
Block design 32.9 (10.4) 19.5 (9.3) −0.8 (0.7) −1.6 (0.6)
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tests, the difference in performance was most evident in the 
TMT. In part A, the mean time for responders was 46.0  s (SD 
18.9) [−2.3 (2.4) in Z-score] whereas it was three times longer 
in the nonresponders, 138.3 s (113.8) [−12.1 (12.2) in Z-score]. 
Similarly, in part B, the mean time was 153.7 s (60.7) [−4.2 (3.1) 
in Z-score] in the responders and 385.0 s (311.9) [−14.3 (13.9) in 
Z-score] in nonresponders.

The severity of cognitive dysfunction in different cognitive 
tests is presented in Table 3. As measured by the Z-score, normal 
performance was not achieved in the nonresponders in any 
of the tests evaluating executive functions and attention. The 
deteriorated performance was especially evident in all of the 
nonresponders in the TMT. Some responders were also severely 
impaired in executive functions and attention, but their per-
formance was distributed more evenly into different degrees of 
severity. In addition, in tests of visual functions, the performance 
of nonresponders was more often severely impaired in com-
parison with the responders. In memory, learning, and language 
functions, the performance of the patients was closer to normal 
and differences between the groups were not as evident as in the 
other domains.

preoperative and postoperative Cognitive 
performance in a subgroup of patients
A subgroup of patients (n  =  5) underwent both prior and 
post-surgical evaluation. As can be seen in Figure 4, there was 
no significant difference in the patients’ cognitive performance 
between the preoperative and postoperative evaluations.

disCussion

The concept of ANT DBS as treatment of refractory epilepsy is 
relatively new. Previous trials examining its potential for reduc-
ing seizure frequency have been promising. However, the reduc-
tion in the seizure rate between patients varies extensively but 
the reasons for this variation remain a mystery (2–5). Only a few 
studies have been published about factors predicting outcome; 
these have considered the influence of surgical and imaging 
techniques. It has found that DBS contacts located in the anterior 
aspect of ANT and the use of a transventricular approach during 
surgery have led to more a favorable outcome (11, 19). As the 
anterior aspect of ANT seems to be the most appropriate location 
for DBS electrodes, we hypothesized that correct functioning of 
the anatomical connections associated with anterior parts of 
ANT would associate with a favorable outcome. Here, we have 
evaluated the functioning of these neuronal connections by 
examining neuropsychological performance in different cogni-
tive domains and compared this to treatment outcome.

In our study, the patients’ performance in the neuropsycho-
logical tests was mainly below average in all cognitive functions. 
This finding is in line with one known feature of epilepsy as a 
disease, i.e., it causes a cognitive decline (20). Better executive 
functions and attention seemed to associate with better clinical 
outcome, possibly reflecting the level of connectivity of the ANT 
to the frontal cortex. In the individual cognitive tests, the age-
standardized Z-score was notably better in the TMT in respond-
ers than in nonresponders. Less evident differences were detected 

https://www.frontiersin.org/Neurology/
https://www.frontiersin.org
https://www.frontiersin.org/Neurology/archive


Figure 4 | Composite Z-scores in different cognitive domains for patients in 
whom both preoperative and postoperative neuropsychological evaluations 
were available (n = 5).

taBLe 3 | Severity of cognitive dysfunction based on Z values in responders and 
nonresponders.

responders (n = 12) normal 
(Z > −1)

Mild 
(−2 < Z ≤ −1)

Moderate 
(−3 < Z ≤ −2)

severe 
(Z ≤ −3)

executive functions and attention
WAIS-III

Digit span 3 (25.0%) 5 (41.7%) 4 (33.3%) 0 (0%)
COWAT

Animal fluency 1 (8.3%) 5 (41.7%) 2 (16.7%) 4 (33.3%)
Word fluency 3 (25.0%) 4 (33.3%) 2 (16.7%) 3 (25.0%)

Trail-Making Test (TMT)
Part A (s) 5 (41.7%) 1 (8.3%) 1 (8.3%) 5 (41.7%)
Part B (s) 1 (8.3%) 2 (16.7%) 1 (8.3%) 8 (66.7%)

Stroop
Color-wordc 0 (0%) 4 (44.4%) 3 (33.3%) 2 (22.2%)

Memory and learning
ROCFT

Immediate recall 2 (16.7%) 4 (33.3%) 4 (33.3%) 2 (16.7%)
RAVLT

Total recalla 3 (27.3%) 5 (45.5%) 2 (18.2%) 1 (9.1%)
Post-interference 
recalla

5 (45.5%) 0 (0%) 5 (45.5%) 1 (9.1%)

Recognitiond 6 (75.0%) 1 (12.5%) 1 (12.5%) 0 (0%)

Language functions
WAIS-III

Similaritiesa 6 (54.5%) 4 (36.4%) 1 (9.1%) 0 (0%)

Visual functions
ROCFT

Copy 6 (50.0%) 2 (16.7%) 4 (33.3%) 0 (0%)
WAIS-III

Block designa 6 (54.5%) 3 (27.3%) 2 (18.2%) 0 (0%)

nonresponders (n = 4)

executive functions and attention
WAIS-III

Digit span 0 (0%) 2 (50.0%) 2 (50.0%) 0 (0%)
COWAT

Animal fluencyb 0 (0%) 0 (0%) 1 (50.0%) 1 (50.0%)
Word fluencyb 0 (0%) 1 (50.0%) 0 (0%) 1 (50.0%)

TMT
Part A (s)a 0 (0%) 0 (0%) 0 (0%) 3 (100%)
Part B (s)a 0 (0%) 0 (0%) 0 (0%) 3 (100%)

Stroop
Color-wordb 0 (0%) 1 (50.0%) 0 (0%) 1 (50.0%)

Memory and learning
ROCFT

Immediate recallb 0 (0%) 2 (100%) 0 (0%) 0 (0%)
RAVLT

Total recalla 1 (33.3%) 2 (66.7%) 0 (0%) 0 (0%)
Post-interference 
recallb

1 (50.0%) 1 (50.0%) 0 (0%) 0 (0%)

Recognitionb 2 (100%) 0 (0%) 0 (0%) 0 (0%)

Language functions
WAIS-III

Similarities 1 (25.0%) 2 (50.0%) 1 (25.0%) 0 (0%)

Visual functions
ROCFT

Copya 1 (33.3%) 1 (33.3%) 0 (0%) 1 (33.3%)
WAIS-III

Block designd 1 (25.0%) 1 (25.0%) 2 (50.0%) 0 (0%)

Values shown are number of patients (percentages in parentheses).
WAIS-III, Wechsler Adult Intelligence Scale III; COWAT, Controlled Oral Word 
Association Test; RAVLT, Rey Auditory Verbal Learning Test; ROCFT, Rey-Osterrieth 
Complex Figure Test.
aOne missing value.
bTwo missing values.
cThree missing values.
dFour missing values.
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in other cognitive domains. The performance of responders was 
better than that of nonresponders also in the visual functions 
domain. It could be argued that this finding also emphasizes 
the effect of the executive functions on the outcome, because 
the tests included in the visual functions domain (ROCFT and 
block design) also require executive functions. There were severe 
deficits in executive functions and attention as well as in visual 
functions in the nonresponders. Instead among responders, the 
deficits were moderate with respect to executive functions and 
attention and even only mild for visual functions. Memory and 
learning—functions localized in the limbic circuit—seemed to 
display no association with the outcome.

Several of the cognitive domains evaluated in our study, i.e., 
executive functions, attention, memory, and learning, have been 
associated with connections to ANT. The AM subnucleus is con-
nected to frontal areas, i.e., mPFC and ACC, which are known to 
participate in executive functions and attention (21, 22). Memory 
and learning have been postulated to form the so-called Papez 
circuit of which ANT is a part (8–10).

In more detail, ANT is located in the anterior aspect of the 
dorsal thalamus, bordered from both sides by branches of 
internal medullary lamina (23). Significant projections to ANT 
originate from mmt, entorhinal cortex, and adjoining hippocam-
pal structures. ANT lies within the Papez circuit that consists of 
thalamus, sensory cortex, hypothalamus, cingulate cortex, and 
hippocampus. In theory, ANT will be receiving information 
from hypothalamus via mmt, directing it further through the 
internal capsule to cingulate cortex, a structure that integrates 
these emotional stimuli with the information arriving from the 
sensory cortex. Cingulate cortex further directs information 
back to the hypothalamus via the cingulum. The information is 
passed onward along the fornix to the entorhinal cortex of the 
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seizure onset zone to be on prefrontal cortex and patients like 
this could be modulated more by ANT DBS due to direct con-
nectivity between ANT and prefrontal cortex. On the other hand, 
frontal epilepsy might decrease prefrontal connectivity of ANT 
and therefore lead to worse outcome in ANT DBS. In our study, 
there were four responders and one nonresponder with frontal 
epilepsy. This suggests that the correlation between executive 
function performance and seizure reduction outcome requires 
further investigation.

In conclusion, better executive functions and attention seemed 
to predict a better clinical outcome of the ANT DBS treatment. 
Based on our preliminary findings and the anatomical connectiv-
ity hypothesis, we suggest that deficits in executive functions may 
relate to poorer outcome, possibly due to decreased prefrontal 
connectivity in the ANT. This finding might offer a potential 
foundation for further research to help refine the selection of 
patients with refractory epilepsy who are candidates for ANT 
DBS surgery, a subject that has not been extensively studied. The 
implantation of DBS electrodes is a minimally invasive neurosur-
gical procedure and reversible in nature, but like all surgical pro-
cedures, it entails some risks and should only be performed after 
thorough consideration. Our hypothesis forming study aims to 
introduce the possible significance of functional anatomical con-
nections in the ANT to help achieve favorable treatment results. 
Moreover, it encourages future research on neuropsychological 
evaluation as a tool for patient selection, highlighting the need 
for further investigation of possible confounding factors, such as 
the effect of seizure load and seizure type, presence or absence of 
episodes of convulsive status and other variables.
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hippocampus, which links the circuit to the limbic system. This 
circuit connects ANT frontally to structures mediating execu-
tive functions and temporally to functions including learning 
and memory (8, 9, 10). ANT DBS has been observed to activate 
several structures in the prefrontal area in a study conducted  
with anesthetized swine (24).

The existing data suggest that some alterations in neu-
ropsychological domains might occur later after the initiation 
of ANT DBS treatment, in fact several studies detected no 
consistent changes in cognitive functions immediately after 
the surgery. Five of our patients were examined prior to and 
after surgery with no significant change in patients’ cognitive 
performance being detected between the two time points. In 
recent studies, a cognitive improvement has been observed in 
patients with ANT DBS in verbal fluency and delayed verbal 
memory, whereas a deterioration of response inhibition and 
increased emotional reactivity to threat has been reported  
(25, 26). No significant change in executive functions, infor-
mation processing, and general abilities, and furthermore, no 
correlation has been found between the reduction of seizure fre-
quency and neuropsychological composites (25). A frequency of 
13% has been reported for the subjective worsening of memory 
at 3 months after ANT DBS surgery (2). This effect was, however, 
transitory and had disappeared at the 5 years’ follow-up after 
surgery. In a further study, subjectively reported memory prob-
lems were not observed in the neuropsychological evaluation, 
in fact, the tested memory functions seemed to show a slight 
objective improvement over time (27). A gradual improvement 
has been noted in cognition and mood as well as a deterioration 
in expressive language in the 5-year follow-up, however, there 
was no difference between control and stimulated groups at the 
end of the 3-month blinded phase. Furthermore, no differences 
between responders and nonresponders have been reported. 
Based on these previous findings and our own data, it seems 
that the neuropsychological profile remains relatively stable 
soon after the surgery.

Our study was carried out retrospectively and has some 
limitations. First, the patient population is heterogenic in terms of 
etiology and MRI findings. Second, the sample size was relatively 
small, consisting of only 16 patients, which did not permit exten-
sive statistical comparisons between the groups. Many of the 
calculations have been estimated as mean values and this might 
have a distorting impact on some results. Third, we included neu-
ropsychological evaluations made before and after the surgery. 
Based on previous studies, we assumed that the neuropsychological 
performance would not be significantly affected by the ANT 
DBS treatment. Fourth, our study findings are based on indirect 
evidence measuring only the contribution of individual variables 
and do not segregate whether executive function performance is 
independent predictor of worse outcome or just reflects the role 
of other latent variables not included in the statistical analysis. 
Etiopathogenesis of cognitive decline in epilepsy is multifactorial 
and worse performance in executive functions might result from 
diffused dysfunction of prefrontal lobe. Hence, the relationship 
between neuropsychological performance and the connectivity 
of ANT to the frontal cortex is not unambiguous. Frontal lesions 
and epileptic discharges on frontal cortex might indicate the 
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uickly alleviated after changing the stimulation parameters. In addition, two patients with no previ-
s of psychosis gradually developed clear paranoid and anxiety symptoms that also relieved slowly
ng the programming settings.
The majority of our ANT DBS patients did not experience psychiatric adverse effects. Certain DBS pa-
ight predispose to sudden depressive or slowly manifesting paranoid symptoms that are reversible
ming changes.
The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://
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Introduction

One-third of patientswith epilepsy do not respond adequately to an-
pileptic drugs (AEDs) [1]. Epilepsy is defined as refractory when un-
ntrolled seizures continue after two or more appropriate AED
eatments [2].
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imulation (DBS) is a promising therapy for epilepsy. The
nucleus of thalamus (ANT) DBS has been studied previ-
double-blind randomized controlled trial, it was reported
quency of seizures in patients with refractory epilepsy
it has been CE (Conformité Européenne)-approved for
in Europe, and it recently received approval from the
dministration (FDA) in the USA. There is only limited
basic mechanisms of DBS or of the optimal stimulation
been suggested thatDBSdisrupts or inhibits epileptiform
ogenic thalamocortical networks [9].
is connected and functionally related with the cortex

tures. The ANT has a role in seizure activity in both ab-
eizures; moreover, it is a part of the hippocampal sys-
ic memory and has connections with the anterior
bitomedial prefrontal cortex. Through its connections,
e to both emotional and executive functions [10,11].
tion has been reported to activate the cingulate gyrus,
nd lateral neocortical temporal structures [12], which
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ll have projections to amygdala, a structure involved in the initiation of
motional responses [13].
There is a bidirectional association between epilepsy anddepression,

nd there could be some common pathophysiological mechanisms un-
erlying the onset of epilepsy and psychiatric disorders including de-
ression and anxiety [14,15]. Therefore, ANT DBS might impact
sychiatric signs and symptoms. There are a few reports of psychiatric
dverse effects related to ANT stimulation. In the stimulation of the an-
rior nucleus of thalamus for epilepsy, trial (SANTE) study [8], the pa-
ents in the active stimulation group reported more depressive
ymptoms compared with the control group (sham). One depression
vent in the active stimulation group was serious (suicide). Some, but
ot all patients, who experienced depression had also a prior history
f depression. Subjective reports of depression and memory impair-
ents have also been reported [16].
The aim of the present study was to evaluate previous or present

sychiatric symptoms in patients intending to undergo an ANT DBS op-
ration and to evaluate if these can predict possible psychiatric adverse
ffects that they might experience after the operation. The types of psy-
hiatric adverse effects and also their management are described and
lso reported here.

. Materials and methods

Twenty-two patients (14 males and 8 females; 36± 11.5 years old)
ith bilateral ANT DBS for refractory epilepsy participated in this study.
he age of onset of epilepsy was 14± 8.6 years. The patients were se-
erely ill; the mean frequency of their seizures was 42/month. The
roupwas heterogenic with respect to epilepsy type, age of onset, med-
ations, and burden of disease.
The patients had their ongoing AED treatments, and the possible

sychiatric medications were also continued at the time of operation.
All patients gave written informed consent. The study protocol was

pproved by Tampere University Hospital Ethics Committee.
TheDBS deviceswere implanted by a neurosurgeon in TampereUni-

ersity Hospital during February 2010 to March 2016. The DBS elec-
odes (3389, Medtronic, Inc.) were implanted under general
nesthesia using a Leksell Stereotactic Frame (Elekta). The initial stereo-
ctic target was 5–6 mm lateral, 0–2 mmanterior, and 12mmsuperior
spective to themidcommissural point (MCP). The target was then ad-
sted according to each individual's anatomy in the 3-Tmagnetic reso-
ance imaging (MRI) (Siemens) short tau inversion recovery (STIR)
ages by visualizing the mammillothalamic tract.
When the operation was being planned, a psychiatric interviewwas

erformed at baseline by an experienced psychiatrist concentrating on
rmer and current psychiatric symptoms and medications. The fol-
w-up visit was conducted at one year after the surgery. The Symptom
hecklist-90 [17] (SCL-90) was performed to evaluate the subjective
sychiatric symptoms. Beck Depression Inventory [18] (BDI) andMont-
omery and Åsberg Depression Rating Scale [19] (MADRS)were used to
ssess the presence and severity of depressive symptoms. The Alcohol
se Disorders Identification Test (AUDIT) [20] was used to evaluate
e risks associated with alcohol use. Neuropsychiatric symptoms
ere inquired by using the Neuropsychiatric Inventory [21] (NPI). In-
rease in score indicates increased severity in symptoms in all of the
sts used.
The stimulation was initiated using the optimal contacts with a

oltage of 5 V, 90 μs pulse width, and 140 Hz frequency. The cycling
as 1 min on and 5 min off. The contacts or parameters were
hanged according to clinical judgment to improve the stimulation
esponse in relieving epileptic seizures or due to psychiatric adverse
ffects.
Three-dimensional (3D)models of DBS electrodes, ANT, and volume

f activated tissue were constructed with Medtronic SureTune II
oftware using preoperative 3-Tesla MRI and postoperative computer
mography (CT) scan fusion images.

3. Results
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o significant psychiatric morbidity in the whole study
ine, the mean BDI score was 6.3 (range: 0–19), and
(range: 0–8) in 18 patients (missing data in four pa-
e year, the corresponding values were BDI: 7.8 (range:
ts, missing data in two patients) and MADRS: 5.1

8 patients, missing data in four patients). Five patients
scribed with psychiatric medication before the opera-
sants, antipsychotics, and diazepam (DZP). Clobazam
zepam (CLN) were used for epileptic seizures. One pa-
ry of severe transient psychotic episodes of aggression
lusions and mental confusion one year before the DBS
id not experience DBS-related psychiatric adverse ef-
e AED changes were made during the follow-up
ut these did not cause the improvement in seizure con-
anges in any of our patients.
experienced sudden-onset depressive andmelancholic
were associated with programming. These symptoms
n a few days after adjusting the initial stimulation pa-
were managed by either reducing the stimulation cur-
g the contacts. In one of the patients (patient 2, Fig. 2),
t 1 month after the operation, and in the other patient,
r the implantation (patient 4, Fig. 4). Moreover, other
tric symptoms were detected in two patients; these in-
, sleep disturbances, anxiety, fear, and paranoid symp-
mptoms developed slowly, over months, and were
naged also by adjusting the stimulation parameters
e active contacts (Figs. 1 & 3). The patients with these
and their management are described below (four case
patients with depressive adverse effects had former

ression, but none of them had previously experienced
iety symptoms.

g. 1)

her late 40s had experienced focal epilepsy since 33 years.
as an assistant, and she lived alone. Her epilepsy was re-
everal AED trials. Her seizure frequency ranged from14 to
patient was not a candidate for resective surgery. Vagus
n (VNS) had been tried without any response. She had
iatric history. Levetiracetam (LEV) had induced some de-
ts that vanished after discontinuation of the medication.
er ANT DBS, she felt more active but was not diagnosed
nic. Monopolar stimulation was initiated with active con-
ge: 4/4 V, therapeutic current: 4/6.6 mA current, 90 μs
d 140 Hz frequency). After six months, her seizure fre-
ed. Unfortunately, after 10months of stimulation, the pa-
sleep disturbances and feeling depressive, and soon
egan to feel paranoid and annoyed. The changewas insid-
edwithout any clear triggering factors. Her initial psychiat-
ere mild but worsened gradually to an outright psychotic
elusions and erotomanic thoughts. There were no signs
the patient remained conscious and oriented throughout.
to experience psychogenic nonepileptic seizures along
nd low mood. The patient had experienced similar
zures 8 years before, and these were confirmed at that
ctroencephalography (VEEG)aspsychogenicnonepileptic
am (CIT) 20mgwas provided to treat her depression and
ulation contacts were also changed tomore cranial, active
ved to3 and11, and the currentwasdecreased to5.9mA/
t). After this reprogramming, the patient felt better, and
ychotic symptomsdisappeared. Citalopramwas continued
nt also had her ongoing AEDs: zonisamide (ZNS) 400mg,
) 600mg, and lacosamide (LCM) 400mg, quetiapine 25
istered in the evening for sleep disturbances, when

3–379
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Table 1
Responders (n=15).Age, yearswithepilepsy, andmedicationaredefinedat the timeof implantation.OnlyAEDsandpsychiatricmedicationaredetailed. Responder status isdefinedbyat least a50%
seizure reduction in the dominant seizure type at 1 year after the surgery [22]. The case histories of the patients 1–3 are described in more detail in the text.
Abbreviations: CBZ, carbamazepine; CD, cortical dysplasia; CIT, citalopram; CLB, clobazam; CLN, clonazepam; DZP, diazepam; ESL, eslicarbazepine acetate; LCM, lacosamide; LEV, levetiracetam; LTG,
lamotrigine; MZP, mirtazapine; NA, not available; OXC, oxcarbazepine; PGB, pregabalin; PHT, phenytoin; PSY, psychiatric; RIS, risperidone; TPR, topiramate; VPA, valproic acid; ZNS, zonisamide.

Patient Sex Age Years with
epilepsy

AED/PSY medication (mg)
baseline → at 1 year

BDI baseline→
at 1 year

MARDS baseline→
at 1 year

Etiology Epileptic zone

1 F 48 33 ESL 1600 → 0, LCM 0 → 400, PGB 600, ZNS 400 0→ 0 2 → 5 Unknown Left occipital
2 F 24 7 CLB 20, CIT 20, OXC 1500, TPR 400 7→ 12 3 → 5 Encephalitis Multifocal
3 M 29 9 CBZ 100, CLB 10 → 20, MZP 0→ 30 0→ 2 0 → 5 CD Multifocal
5 F 32 31 CLN 8→ 6, PHT 200 1→ 3 4 → 9 CD Left frontal
6 M 30 18 CBZ 1200, CLB 30, CIT 10 → 15 NA → 13 NA CD Multifocal
7 F 26 19 OXC 1500 → 1800, CLB 15, ZNS 400→ 300 NA → 4 NA → 0 CD Multifocal
8 F 36 10 CBZ 800, CIT 40 → 30, DZP 0 → 20, KTP 0 → 600,

LCM 200, LEV 1000, RIS 2→ 1, ZNS 400
5→ 0 1 → 0 CD Right frontal

9 M 23 14 CLB 20, LTG 150, VPA 1500, ZNS 400 14 → 11 4 → 2 Encephalitis Multifocal
10 F 31 3 CLB 20, LCM 0 → 500, OXC 1000, ZNS 500 → 200 16 → 16 6 → 8 Encephalitis Multifocal
11 M 47 38 CBZ 400, CLB 15, ZNS 400 1→ 7 1 → 4 Unknown Frontal
12 M 49 44 CBZ 600, LCM 400 4→ 7 2 → 9 Encephalitis Right temporal

A
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cessary. Her seizure frequency improved further to three seizures/month
90% reduction compared with pre-DBS baseline). Her mood stabilized,
d the psychotic symptoms had relieved when evaluated in the one-
ar follow-up.

2. Patient 2 (Fig. 2)

A woman in her mid-20s had refractory epilepsy after presumed en-
phalitis since 8 years. She lived alone and worked part-time as an assis-
nt. Her seizures had failed to improve with multiple AED trials, and she
as not a candidate for resective surgery. Vagus nerve stimulation was
ied without any meaningful response. Epileptic seizures (biparietal sei-
re onset zone) occurred 14 to 32 times/month. She had had depressive
mptoms and antidepressant medication after the onset of epilepsy but
t before that time. She was receiving long-standing and still ongoing
T 20-mg medication at the time of ANT DBS operation. At the baseline
ychiatric evaluation, no depressive symptoms were present.
Stimulation was induced with active contacts 2/10 (voltage: 5/5 V,
μs pulse width, and 140 Hz frequency). Voltage was gradually in-

eased to 6.5 V,which inducedmelancholia, tiredness, sadness, and so-
atic complaints which appeared within two days. The effect was seen
BDI, she had a score of 33 points i.e., evidence of severe depression.
This depressive effect vanished (BDI: 9) when the voltage was de-

eased to 5 V, again within two days. With these parameters, there
as no change in her seizure frequency. When the contacts were
anged to 3, 10, and 11 with the same parameters, the seizure fre-
ency was further decreased. Furthermore, changing the contacts to
and 11, 5/4 V, the response to the stimulation in seizure frequency
as even better, a 61% reduction.

A similar
thoughts wa
of the chose
creasing the
nial to 3 and
topiramate (
continued.

3.3. Patient 3
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candidate fo
patient had f
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13 M 40 32 CLB 20 → 25, OXC 1650, ZNS 400 NA
14 M 56 42 OXC 1800 0→ N
15 M 29 20 OXC 1800, VPA 1300, ZNS 200 19 → 0
16 M 22 7 LCM 200, OXC 900, ZNS 500 7→ 9
ble 2
nresponders (n= 7). Age, years with epilepsy, and medication are defined at the time of implantation. Only AEDs
at least a 50% seizure reduction in the dominant seizure type at 1 year after the surgery [22]. One patient ismarked
ar, however, reaching responding status later with optimal stimulation parameters. The case history of patient 4
breviations: CIT, citalopram; CLB, clobazam; ESL, eslicarbazepine acetate; LCM, lacosamide; LEV, levetiracetam
piramate; VPA, valproic acid; ZNS, zonisamide.

Patient Sex Age Years with epilepsy AED/PSY medication (mg)
baseline → at 1 year

BDI baseline→ at 1
year

MARD
year

4* F 54 35 LCM 500 → 600, TPR 400 → 300 7 → 13 5 → 9
17 M 22 10 VPA 2500 NA NA
18 M 48 37 CLB 20 → 40, LCM 400, OXC 1500 0 → 1 2 → 2
19 M 24 5 CLB 30, LEV 2000, OXC 1800, TPR 600 18 → 24 8 → N
20 M 45 9 CIT 20, LCM 400, LEV 3000, OXC 1200 5 → 11 2 → 8
21 M 50 49 CLB 10, LCM 400, PAM 8 2 → 4 0 → 0
22 F 31 8 ESL 2000, LEV 3000, ZNS 400 7 → NA 3 → N
rgence of melancholia, sadness, crying, and depressive
en three times when the current or pulse width in any
ntacts was increased; and these were managed by de-
age and ultimately, by changing the contacts more cra-
. The AEDs used were oxcarbazepine (OXC) 1500 mg,
) 400 mg, and CLB 20 mg. Citalopram 20 mg was also

. 3)

ate 20s had refractory temporal lobe epilepsy due to bi-
ymal heterotopia since 10 years. The patient was not a
ective surgery. Epilepsy was refractory; seizures in the
to improvewithmultiple AED trials, and epilepsy sur-
nsidered. Postictal neuropsychiatric symptoms of ag-
nfusion had been present, but the patient had no
t psychiatric symptoms at the time of the ANT DBS op-
tion was initiated with active contacts 2/10 (voltage:
ulsewidth, and 140 Hz frequency). The voltage was in-
ly to 6.5 V. One year after the operation, the patient
lain about low mood, but both BDI and MADRS scores
micmood (2 and 5, respectively). In the SCL-90 assess-
and depression were evident, and the patient also felt
ported fear, irritation, andmemory problems. Intermit-
h paranoid thoughts were also present. Mirtazapine
d risperidone (RIS) 1 mgwere started, which improved
ntacts 3 and 11 were added. The current was 10mA on
eizure frequency was improved by 80% as compared
ut the patient still had paranoid thoughts, somatic

NA CD Multifocal
0 → NA Unknown Multifocal
1 → 0 Unknown Right frontal
4 → 10 Encephalitis Left hemisphere
and psychiatric medication are detailed. Responder status is defined
with an asterisk; that patientwas still a nonresponder during thefirst
is described in more detail in the text.
; NA, not available; OXC, oxcarbazepine; PAM, perampanel; TPR,

S baseline→ at 1 Etiology Epileptic zone

Hippocampal sclerosis + CD Left temporal
Encephalitis Multifocal
CD Right temporal

A Unknown Left parietal
Unknown Right frontal
Ischemic lesion Right frontal

A Encephalitis Multifocal
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omplaints, and self-observation. He did not continue to take the psy-
hiatric medications. His psychiatric symptomswere gradually worsen-
g, and patient had become more paranoid with aggressive thoughts.
he active contacts were changed to 3 and 11, voltage was 6.5/6.5 V,
nd pulse width was 90 μs with a frequency of 140 Hz, which resulted
a reduction in his psychiatric symptoms. In this case, the slowly initi-

ting, alternating, and gradually worsening irritation, anxiety, and para-
oid thoughts were seen as adverse effects to the stimulation. His
ymptoms became reduced when more cranial contacts were chosen,
nd the current was decreased. This patient was rather similar with
ase 1. He was prescribed with carbamazepine (CBZ) 100 mg and CLB
0mg as AEDs.

.4. Patient 4 (Fig. 4)

This patientwas similar to case 2. Awoman in hermid-50s had tem-
oral lobe epilepsy due to hippocampal sclerosis and cortical dysplasia
ince 34 years. She was also diagnosed with rheumatoid arthritis. She
ad had no former psychiatric symptoms. Temporal resection and
mygdalohippocampectomia was conducted at the age of 45 years.
fter epilepsy surgery, she was initially seizure-free for other seizure
pes except auras. The following AEDs were used: CBZ 1050 mg and
PR 200 mg. Five years after her surgery, seizures with impaired aware-
ess (FIAS) reappeared with increasing frequencies. Simultaneously,
e patient felt depressive, and CIT 20 mg was started from which she
enefited. Five years later, ANT DBS was chosen to treat the patient's
mporal lobe epilepsy. In the preoperative psychiatric interview, the
atient had no depressive symptoms, BDI: 7, MADRS: 5. She felt tense
fter the surgery and was afraid of the seizures, and this induced some
nxiety in the patient. Stimulation was initiated with bipolar settings,
ontacts 2 and 10 were positive, and 3 and 11 were negative (voltage:
.5/4 V, 90 μs pulse width, and 140 Hz frequency). The current was
radually increased to 6 mA, and after 6 months, the seizure frequency
as decreased by 75% compared with baseline. Theminimal depressive
ymptoms and the fear of seizures had become alleviated; CIT was
iscontinued. Nonetheless, her seizure frequency was not optimal.
timulation was changed to being monopolar, active contacts were 3

and 11, vol
these settin
thoughts, bu
pression van
sive thought
compared w

4. Discussio
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ig. 1. Patient 1. The stimulationwas initiatedwith contacts 2 and10. Gradually, the patient started to experienc
izarre thoughts i.e., feeling that she was magnetic started to appear (a). The stimulated contacts were changed
issipate (b).
4.5/5 V, other parameters were not changed. With
the patient experienced again sudden depressive

hen the currentwas decreased to 7 mA bilateral, her de-
d. Rating scalewas not collectedduring sudden depres-

ange inmood andhad feelings of beingmonitored and eavesdropped.
eing more cranial to 3 and 11 and her psychotic symptoms started to
level, no significant changes on mood were observed
eatment in our study. Two patients experienced abrupt
ptoms related to the DBS programming settings; these
leviated by decreasing the intensity of the stimulation
nging the active contacts. In addition, two patients grad-
ed paranoid and anxiety symptoms which again im-
fter changing the programming settings from contacts
o ones inside ANT.
revious studies [8,23], there were no severe psychiatric
n these 22 patients who underwent ANT DBS for refrac-
oreover, the four moderate psychiatric adverse effects
lymanaged by reprogramming the stimulator in collab-
ecialists. Previously, depression has been reported to
patients who had had a previous depressive history
r, it has not been previously reported that there can be
rance and disappearance of depression with these fluc-
ependent on the stimulation parameters. It is true that
ents with depressive adverse effects had previously ex-
ssion, and therefore, it may be considered as a predis-
Paranoid and anxious reactions occurred after the
enomenon that has also not been demonstrated before.
enario appears to be related to the stimulation of deep
ath the ANT, and it has a gradual onset. It is important
se symptoms and react early since severe depressive
mptoms may endanger the success of the whole treat-
er hand, the described symptomswere transient in na-
ble after changes to the stimulation parameters.
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Fig. 2. Patient 2. (a) Contacts 3/10/11 were activated for stimulation, which resulted in an
increase in the current from 5.8 mA on the left and 5.9 on the right to 6.1 mA on the left
and 9.3 mA on the right. The patient developed depressive symptoms. (b) The voltage
was switched to 5 V on the left and 4 V on the right. This resulted in a decrease in the
current and a disappearance of depressive symptoms. (c) Voltage was raised from
bilateral 5 V to bilateral 6.5 V, which led to the appearance of new depressive
symptoms. (d) Adjusting the voltage back to bilateral 5 V eliminated the depressive
symptoms. (e) Pulse width was increased from 150 μs to 180 μs again inducing
depressive symptoms. (f) Reducing the pulse width back to 150 μs eliminated the
depressive symptoms.
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refractory epilepsy are a very heterogeneous group
tiology, seizure burden, medication, and level of cogni-
en evaluatingmood and cognitive functions before and
are several confounding factors that need to be consid-
atric evaluation is challenging in this patient group al-
MADRS can be used to assess depressive symptoms
y. By using the SCL-90, the psychiatric symptoms can
, but very often, patients with epilepsy are fearful
res and are susceptible to self-observation, and these
e falsely interpreted as anxiety. The benefit of SCL-90
to compare the symptoms at different time points.

sease is also a fact that should be considered.
ers and cognitive decline are common comorbidities of
s, the effects of DBS on psychiatric and neuropsycho-
e attracted increasing interest. According to the current
cant stimulation-related and persistent psychiatric
frequent in ANT DBS patients [25–27]. In our sample,
ptoms did emerge, they were reversible with reduction
ild reductions did not impede seizure control. In a ran-
ed trial, a subjective deterioration ofmood andmemory
ring a blinded phase [8]. In the long-term follow-up,
hological test results improved [8,23,24]. The majority
self-reported and objectively assessed depression had
ession [24]. This was also the case in our two patients
adverse effects. One study reported a deteriorated re-
and improved attention allocation towards a threat in
[28]. It has been claimed that ANTDBSmight exert pos-
ood [8,24], verbal fluency, and delayed verbal memory
after surgery, though the concurrent seizure reduction
terpretation of these results is susceptible to confound-
pendent sleep disruption caused by ANT DBS has been
ay be related to subjective symptoms of cognition and
otic and depressive symptoms have been suggested to
h dramatic reduction of seizure frequency— a phenom-
as forced normalization [31].
ts were carefully evaluated before the surgery, and the
n and management of possible psychiatric adverse ef-
cted in close collaborationwith a neurosurgeon, a neu-
sychiatrist. The adverse effects described here were all
nging the stimulation parameters. There seemed to be
sudden appearance of a depressive effect in response
, and theremay be caudal contacts that were also man-
djusting the parameters. At the group level, a history of
toms did not seem to predispose to psychiatric adverse
BS, although two patients with depressive adverse ef-
us histories of depression. Moreover, the feelings of
iety were more slowly appearing and harder to detect

verse effects; they were also managed with
but the recovery was slower. Although, even these ad-
re clinically managed, in a worst-case scenario, they
rdize the success of DBS treatment. The sudden appear-
pression may lead to serious consequences. Moreover,
paranoid thoughts insisted that the device should be
ition, the compliance with psychiatric medications
an be poor in these occasions. Moreover, when the ir-
nxiety, and paranoid thoughts are transient and fluctu-
ght be hard to detect during clinical outpatient
r settings. Therefore, the close collaboration between
urologists, and neurosurgeons is crucial.
ajority of our ANT DBS patients did not experience

rse effects. Although, certain DBS parameters might
e sudden appearance of depressive or slowly manifest-
ptoms, thesewere found to be reversible via program-
left untreated, these symptomsmight compromise the
ent. Because of self-reported depression and memory
e crucial positioning of the ANT within the Circuit of
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apez, a reputed regulator of mood and memory, it is recommended
at a neuropsychological and psychiatric evaluation of ANT DBS
atients should be done routinely prior to and after the surgery.

More studie
and psychia
needed to i

sychotic symptoms and repeatedly refused reprogramming of DBS contacts. Three years after the initiation
e follow-up appointment and was found in the clinic's bathroom in a confused state. (b) Finally, the patien
1. After this change, the psychotic symptoms became gradually relieved.
he current evidence on psychiatric adverse effects has been mostly
mited to studies with small sample sizes and confounding factors.

significance of
cognition.

ig. 4. Patient 4. The current increased from 6.8 mA to 9mA on the left and from 6.6 mA to 8.3 mAwhen transitionin
) to monopolar stimulation of 3 and 11 (b). The patient started experiencing depressive symptoms, which were
oltage on the right remained at 4.5 V. This lowered the currents to 7.1 mA on the left and 7.4 mA on the right and
izure frequency.
ith reliable designs, standardized neuropsychological
assessment protocols, and larger sample sizes will be
stigate the independent effects of ANT DBS and the

imulation with deep contacts, the patient was nervous and tense at
sented to changing the stimulated contacts to the uppermost 3 and
particular stimulation parameters on mood and

g from bipolar stimulation of anodes 2 and 10 and cathodes 3 and 11
relieved by lowering the voltage on the left from 4 V to 3.5 V while
resulted in relief of her depressive symptoms and a decrease in the



A

dr
fo
up
of
m
an

A

is
Jä

Et

pi
pa

Fu

in

Co

co
fr
fe
be
M

D

at
vi
de
te
m
ar

Re

[

[

[

[

g KS,
mic n
6;99:
e ST,
eus o
007;
verm
mes

alano
r nuc
–908
alper
epile
):354
Bena
l imp
S, Ro
tions
for tr
, Loz
ulati
2–20
Scha
5:45
r DC
, and
.
CB, L
sion
rt ana
V, El
t 201
LR, Li
eport
ard
rch G
ery S
J Psy

Higgi
ntific
ion (

JL, M
hiatr
urol
cCorm
n for
347
Mead
er an
33–4
, Wi
afety
0):10
ne I,
ulati
201
lston
ry ep
M. D
0.
n K, S
ts of
emot
–50.
H, L
timu
ure A
Schm
ante
99-10
, Arn
:17–9

) 373
uthors and contributors

SJ contributed to study conception, creating of 3D-models, and
afted themanuscript. JP contributed to study conception, neurological
llow-up, and drafted themanuscript. SR contributed to patient follow-
and analysis and drafted the manuscript. EL contributed to drafting
the manuscript. KL contributed to study conception and drafted the
anuscript. KJ contributed to study conception, psychiatric interviews
d evaluations, and drafted the manuscript.

cknowledgments

The skillful assistance of epilepsy nurses Kirsi Natri and Satu Hietala
greatly acknowledged. The contribution of software developer Joni
rvenpää and to figure editing is appreciated.

hics statement

The studywas approved by the Ethics Committee of PirkanmaaHos-
tal District. Written informed consent was obtained from each of the
tients.

nding

Thisworkwas supported by the Competitive State, Research Financ-
g of the Expert Responsibility area of Tampere University Hospital.

nflict of interest declaration

SJ and SR declare no conflict of interest. JP has received speaker and
nsultation fees from Medtronic. KL has received speaker honoraria
om Medtronic, Boston Scientific, and Abbot. KJ has received lecture
es from Medtronic, Otsuka Pharmaceutical, and Lundbeck and has
en sponsored to travel and attend to a medical congress by
edtronic.

ata sharing

Additional unpublished data from the study are available for psychi-
ric, neurological, and neurosurgical patient files and psychiatric inter-
ew test results accessible to all the authors. Also, full patient
mographics and diaries of patient visits, dated stimulation parame-
rs, and monthly seizure frequencies are available. Three-dimensional
odeling of implanted DBS contacts created in Medtronic SureTune 2
e available for SJ and KJ.

ferences

1] Kwan P, BrodieM. Early identification of refractory epilepsy. N Engl J Med 2000;342:
314–9.

2] Kwan P, Arzimanoglou A, Berg AT, Brodie MJ, Allen Hauser W, Mathern G, et al. Def-
inition of drug resistant epilepsy: consensus proposal by the ad hoc Task Force of the
ILAE Commission on Therapeutic Strategies. Epilepsia 2010;51:1069–77 Erratum
Epilepsia 2010;51:1922.

3] Hodaie M, Wennberg RA, Dostrovsky JO, Lozano AM. Chronic anterior thalamus
stimulation for intractable epilepsy. Epilepsia 2002;43(6):603–8.

4] Kerrigan JF, Litt B, Fisher RS, Cranstoun S, French JA, Blum DE, et al. Electrical stimu-
lation of the anterior nucleus of the thalamus for the treatment of intractable epi-
lepsy. Epilepsia 2004;45(4):346–54.

[5] Lee KJ, Jan
rior thala
Suppl 200

[6] Lim SN, Le
terior nucl
Epilepsia 2

[7] Osorio I, O
inoperable

[8] Fisher R, S
the anterio
51(5):899

[9] Lega BC, H
refractory
2010;38(3

[10] Child ND,
and clinica

[11] Järvenpää
utive func
thalamus

[12] Zumsteg D
brain stim
117(1):19

[13] Lövblad K,
MR 2014;3

[14] Hesdorffe
suicidality
72:184–91

[15] Josephson
of depres
multicoho

[16] Möddel GC
Nervenarz

[17] Derogatis
liminary r

[18] Beck AT, W
pression. A

[19] Montgom
change. Br

[20] Babor TF,
orders ide
Organizat
2001.

[21] Cummings
neuropsyc
mentia. Ne

[22] Orosz I, M
stimulatio
months in

[23] Tröster A,
comes aft
2017;45:1

[24] Salanova V
cacy and s
2015;84(1

[25] Goonerat
neurostim
Psychiatry

[26] Chan A, Ro
in refracto

[27] Li M, Cook
(2):273–9

[28] Hartikaine
diate effec
tions and
36(5):540

[29] Oh Y, Kim
electrical s
tients. Seiz

[30] Voges BR,
ulation of
2015;56:e

[31] Nadkarni S
(Suppl. 9)

S. Järvenpää et al. / Epilepsy & Behavior 88 (2018
Shon YM. Chronic deep brain stimulation of subthalamic and ante-
uclei for controlling refractory partial epilepsy. Acta Neurochir
87–91.
Tsai YT, Chen IA, Tu PH, Chen JL, et al. Electrical stimulation of the an-
f the thalamus for intractable epilepsy: a long-term follow-up study.
48(2):342–7.
an J, Giftakis J,Wilkinson SB. High frequency thalamic stimulation for
ial temporal epilepsy. Epilepsia 2007;48(8):1561–71.
va V,Witt T, Worth R, Henry T, Gross R, et al. Electrical stimulation of
leus of thalamus for treatment of refractory epilepsy. Epilepsia 2010;
.
n CH, Jaggi JL, Baltuch GH. Deep brain stimulation in the treatment of
psy: update on current data and future directions. Neurobiol Dis
–60.
rroch EE. Anterior nucleus of the thalamus: functional organization
lications. Neurology 2013;81(21):1869–76.
sti-Otajärvi E, Rainesalo S, Laukkanen L, Lehtimäki K, Peltola J. Exec-
may predict outcome in deep brain stimulation of anterior nucleus of
eatment of refractory epilepsy. Front Neurol 2018;9:324.
ano AM, Wieser HG, Wennberg RA. Cortical activation with deep
on of the anterior thalamus for epilepsy. Clin Neurophysiol 2006;
7.
ller K, Vargas M. The fornix and limbic system. Semin Ultrasound CT
9–73.
, Ishihara L, Mynepalli L, Webb DJ, Weil J, Hauser WA. Epilepsy,
psychiatric disorders: a bidirectional association. Ann Neurol 2012;

owerison M, Vallerand I, Sajobi TT, Patten S, Jette N, et al. Association
and treated depression with epilepsy and seizure outcomes: a
lysis. JAMA Neurol 2017;74(5):533–9.
ger CE. Invasive neurostimulation as adjunct treatment for epilepsy.
2;83(8):1001–5.
pman RS, Covi L. SCL-90: an outpatient psychiatric rating scale— pre-
. Psychopharmacol Bull 1973;9:13–28.
CH, Mendelson M, Mock J, Erbaugh J. An inventory for measuring de-
en Psychiatry Jun 1961;4:561–71.
A, Asberg M. A new depression scale designed to be sensitive to
chiatry Apr 1979;134:382–9.
ns-Biddle JC, Saunders JB, Monteiro MG. AUDIT: the alcohol use dis-
ation test. Guidelines for use in primary care. Geneva: World Health
WHO), Department of Mental Health and Substance Dependence;

ega M, Gray K, Rosenberg-Thompson S, Carusi DA, Gornbein J. The
ic inventory: comprehensive assessment of psychopathology in de-
ogy 1994;44:2308–14.
ick D, Zamponi N, Varadkar S, Feucht M, Parain D, et al. Vagus nerve
drug-resistant epilepsy: a European long-term study up to 24

children. Epilepsia Oct 2014;55(10):1576–84.
or K, Irwin C, Fisher RS, SANTE Study Group. Memory and mood out-
terior thalamic stimulation for refractory partial epilepsy. Seizure
1.
tt T, Worth R, Henry TR, Gross RE, Nazzaro JM, et al. Long-term effi-
of thalamic stimulation for drug-resistant partial epilepsy. Neurology
17–25.
Green A, Dugan P, Sen A, Franzini A, Aziz T, et al. Comparing
on technologies in refractory focal-onset epilepsy. J Neurol Neurosurg
6;87(11):1174–82.
J, Rao V, Chang EF. Effect of neurostimulation on cognition andmood
ilepsy. Epilepsia Open 2018;3(1):18–29.
eep brain stimulation for drug-resistant epilepsy. Epilepsia 2018;59

un L, Polvivaara M, Brause M, Lehtimäki K, Haapasalo J, et al. Imme-
deep brain stimulation of anterior thalamic nuclei on executive func-
ion–attention interaction in humans. J Clin Exp Neuropsychol 2014;

ee K, Kim Y, Lim S, Shon Y. Cognitive improvement after long-term
lation of bilateral anterior thalamic nucleus in refractory epilepsy pa-
pr 2012;21(3):183–7.
itt FC, Hamel W, House PM, Kluge C, Moll CK, et al. Deep brain stim-
rior nucleus thalami disrupts sleep in epilepsy patients. Epilepsia
3.
edo V, Devinsky O. Psychosis in epilepsy patients. Epilepsia 2007;48
.

379–379

http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0005
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0005
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0010
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0010
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0010
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0010
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0015
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0015
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0020
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0020
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0020
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0025
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0025
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0025
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0030
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0030
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0030
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0035
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0035
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0040
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0040
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0040
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0045
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0045
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0045
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0050
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0050
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0055
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0055
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0055
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0060
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0060
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0060
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0065
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0065
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0070
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0070
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0070
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0075
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0075
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0075
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0080
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0080
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0085
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0085
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0090
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0090
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0095
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0095
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0100
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0100
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0100
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0100
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0105
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0105
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0105
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0110
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0110
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0110
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0115
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0115
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0115
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0120
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0120
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0120
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0125
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0125
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0125
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0130
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0130
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0135
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0135
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0140
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0140
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0140
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0140
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0145
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0145
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0145
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0150
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0150
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0150
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0155
http://refhub.elsevier.com/S1525-5050(18)30624-3/rf0155




PUBLICATION 
III 

 

Improving the Effectiveness of ANT DBS Therapy  
for Epilepsy with Optimal Current Targeting 

Soila Järvenpää, Kai Lehtimäki, Sirpa Rainesalo,  
Timo Möttönen, Jukka Peltola 

Epilepsy Open 2020. In press. 
doi: 10.1002/epi4.12407 

 

 

Publication reprinted with the permission of the copyright holders. 

 



 



Epilepsia Open. 2020;00:1–12.     | 1wileyonlinelibrary.com/journal/epi4

Received: 3 January 2020 | Revised: 1 May 2020 | Accepted: 13 May 2020

DOI: 10.1002/epi4.12407  

F U L L - L E N G T H  O R I G I N A L  R E S E A R C H

Improving the effectiveness of ANT DBS therapy for epilepsy 
with optimal current targeting

Soila Järvenpää1,2  |   Kai Lehtimäki1 |   Sirpa Rainesalo1 |   Timo Möttönen1 |   
Jukka Peltola1,2

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original 
work is properly cited.
© 2020 The Authors. Epilepsia Open published by Wiley Periodicals LLC on behalf of International League Against Epilepsy

1Department of Neurosciences and 
Rehabilitation, Tampere University 
Hospital, Tampere, Finland
2Faculty of Medicine and Health 
Technology, Tampere University, Tampere, 
Finland

Correspondence
Soila Järvenpää, Department of 
Neurosciences and Rehabilitation, Tampere 
University Hospital, Teiskontie 35, 33521, 
Tampere, Finland.
Email: soila.jarvenpaa@pshp.fi

Funding information
This work was supported by the 
Competitive State Research Financing of 
the Expert Responsibility area of Tampere 
University Hospital.

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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2 |   JÄRVENPÄÄ Et al.

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 
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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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ABSTRACT 

Objective: To examine the localizing value of microelectrode recording (MER) for 
targeting anterior nucleus of thalamus (ANT). We examined MER data correlation 
with final surgical placement of ANT deep brain stimulation (DBS) electrodes and 
outcome. We also compared the targeting accuracy in transventricular and 
paraventricular implantation trajectories. 

Method: 28 ANT DBS patients with preoperative 3 Tesla MRI and postoperative 
CT scans were included in the study. Surgical plan was made with Elekta Surgiplan 
and Brainlab Elements software programs. Planned theoretical target was inside the 
ANT. MER was performed for 16 patients during the surgery before final DBS 
electrode implantation to test MER feasibility in improving electrode placement in 



 
2 

ANT DBS surgery. 3D models of MER trajectories, ANT and surrounding laminar 
structures were constructed with Medtronic SureTune III software using 
preoperative 3 Tesla MRI and postoperative CT scan fusion images. The difference 
between planned and final surgical targets was calculated from 3D models. The 
outcome was evaluated by the mean seizure reduction during the last 6 months from 
the study compared to the baseline. 

Results: MER was effective in segregating between grey and white matter in 
majority of the patients, as 84% of MER recordings were true positive or true 
negative in relation to the white and grey matter structures in MRI-based 3D models. 
However, intraoperative MER did not increase implantation accuracy in ANT. In 
most of the cases with final electrode placement outside ANT, MER signals started 
markedly below the expected level. Paraventricular trajectory lead to significantly 
more misplacements of the lead than transventricular trajectory (p<0.001). MER had 
no significant effect on outcome as measured by seizure reduction.  

Conclusions: MER is effective in localizing nuclear structures in majority of the 
patients but a single trajectory MER does not differentiate ANT from other grey 
matter structures reliably. MER did not increase implantation accuracy in the 3D 
based model or affect outcome. Transventricular trajectory appears superior 
approach for reaching ANT. MER is useful at least in piercing a preliminary path 
and therefore reducing the potential deflection of the lead from ependymal surface 
of the thalamus but unskilled interpretation or overinterpretation of it might lead to 
misposition of the lead. 
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1 INTRODUCTION 

Approximately 1 % of the population suffers from epilepsy and for 30% the 
condition is classified as refractory, referring to continuing uncontrolled seizures 
despite adequate administration of at least two anti-epileptic drugs1. Deep brain 
stimulation (DBS) of the anterior nucleus of thalamus (ANT) is a promising 
treatment option to treat patients with refractory epilepsy. The effectiveness of ANT 
DBS has been demonstrated in one large randomized controlled trial2 and its long 
term follow-up study3 and several smaller open-label studies4–7. ANT DBS was 
recently approved by FDA for treatment of epilepsy. 

Transventricular and paraventricular trajectories are most commonly used in 
placement of ANT DBS electrodes. Transventricular trajectory traversing through 
the lateral ventricle has a higher probability of placing contacts at ANT target 
region8,9. Paraventricular trajectory sometimes used due to abundant ventricular 
veins appears to be problematic due to thalamo-striatal vein surrounding ANT. 
Sulcal vessels can be avoided by proper planning of the surgical trajectory.8,10 

Target definition in stereotactic neurosurgery is primarily based on anatomical 
atlas information and radiological techniques. High-quality MRI with standard T2 
sequences, contrast enhanced T1 images and different suppression techniques such 
as short tau inversion recovery (STIR) is an indispensable tool for direct visualization 
of ANT and surrounding structures, mammillothalamic tract and external medullary 
lamina11,12. Traditionally, target definition has been based on indirect targeting of 
ANT from atlas information. ANT is identified from the sagittal image and 
coordinates selected in relation to AC-PC line13. In Schaltenbrand and Wahren 
(1998) atlas, ANT lies 5–6 mm lateral, 12 mm superior and 0–2 mm anterior to mid-
commissural point (MCP). The Schaltendbrand and Wahren atlas information is 
however based on only three individuals and is likely to have a limited utility in 
selecting precise coordinates for ANT, a structure with extensive locational variation 
between individuals14. Directly defined ANT has been observed to situate more 
superiorly, anteriorly and laterally to its equivalent in Schaltenbrand and Wahren 
atlas12. 

Preoperative surgical planning and navigation rely on the assumption that the 
brain tissue remains static at the time of preoperative imaging and at the time of 
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surgery. However, dynamic intraoperative changes occur in the brain after opening 
dura. Intraoperative air invasion causes anatomical structures to shift and might alter 
their true locations from stereotactic coordinates estimated from preoperative MRI. 
This might lead to error in DBS electrode placement. Significance of these changes 
in functional neurosurgery have not been extensively studied. Brain shift occurs due 
to loss of cerebrospinal fluid and is affected by the duration of the procedure and 
failure to seal the burr hole completely. Brain shift is usually greater in cortical than 
deep brain structures, possibly because central tissue mass is supported by 
surrounding bony and falcine structures. With target structures in functional 
neurosurgery being usually small in size, even a shift of few millimeters  can decrease 
navigation accuracy and compromise target localization.15–17 

Target definition accuracy can be supplemented with electrophysiological 
mapping by means of macro- or microstimulation. Microelectrode recording (MER) 
has the benefits of minimal microlesioning effect, possibility of multiple exploratory 
trajectories, independence of patient cooperation and minimal risks. MER is 
conducted with a microelectrode lead that is insulated all around but from its tip. It 
measures voltage alterations between the test electrode and a reference electrode. 
Nuclear structures can be identified from characteristic spike-burst patterns missing 
in white matter areas.18 To optimize targeting, multiple MER might be required. 
However, several MER passes might prolong the procedure causing excessive 
cerebrospinal fluid loss16 and increase the risk of intracranial hemorrhage19 and 
infection20 in DBS surgeries. 

The aim of our study was to examine the localizing value of MER for targeting 
ANT by assessing whether MER data correlates with final surgical placement of 
ANT DBS electrodes. We also compared transventricular and paraventricular 
trajectories and their final target accuracy. The effect of brain shift on implant 
placement was estimated from intracranial air volume. 
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2 MATERIALS AND METHODS 

There were 29 consecutive patients with ANT-DBS implantation performed in 
Tampere University Hospital (Tampere, Finland) between 2010 and 2018. The 
inclusion criteria were the availability of preoperative 3 Tesla MRI and postoperative 
CT scan and at least 6 months of prospective follow-up after ANT DBS surgery. 28 
patients met the inclusion criteria. One patient was excluded for the lack of 
preoperative MRI with desired sequences for ANT due to cardiac pacemaker. MER 
was performed for 16 patients (30 hemispheres) during the surgery before the 
implantation to to study MER feasibility in ANT DBS. 12 patients were operated 
without MER guidance. 27 of the patients were under general anesthesia during the 
surgery. One patient in the MER group had the surgery done under local anesthesia. 
Surgical plan was made with Electa Surgiplan (Elekta, Stockholm, Sweden) and 
Brainlab Elements (Brainlab AG, Munich, Germany) software programs using 
preoperative 3 Tesla MRI. Planned theoretical target was inside the ANT, slightly 
above termination of the mammillothalamic tract (mtt) (Figure 1). 3D models of 
planned placement of DBS electrodes, final DBS electrodes, ANT and surrounding 
laminar structures were constructed with Medtronic SureTune III software using 
preoperative 3 Tesla MRI and postoperative CT scan fusion images. The difference 
between planned and final surgical targets was measured. 

MER was classified into 3 groups according to level of electrical activity: high 
activity (≥ 2.5 spikes ≥ 40 µV per second), moderate activity (1.5–2 spikes ≥ 40 µV 
per second), low activity (frequent low amplitude spikes < 40 µV per second) and 
no activity.  

MER data was combined into SureTune III 3D model of implanted electrodes, 
showing the MER trajectory with respect to ANT and surrounding structures. 
Correlation of MER activity level with 3D models of grey and white matter 
structures was classified into 3 groups according to adequate overlap: high 
correlation for abundant positive MER signals in assumed grey matter or negative 
signals in assumed white matter or cerebrospinal fluid (2), moderate correlation for 
the majority of the signals being positive in assumed grey matter or negative in  
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Figure 1. Stimulation and surgical targets inside ANT in 3 Tesla MRI. mtt; mammillothalamic tract. 
 

 
 
 
assumed white matter (1) and no correlation if MER signals were negative in 
assumed grey matter or positive in assumed white matter or cerebrospinal fluid (0).  

The volume of air resulting from intraoperative opening of dura was calculated 
from postoperative CT scan using intensity based structure delineation function of 
SureTune III. The largest diameter of air column was measured in axial plane. 

The patients were classified as responders if there had been a ≥50% reduction in 
frequency of the predominant seizure type in the last 6 months counted from the 
time of the study compared to the baseline, as suggested previously by Orosz et al. 
(2014)21. Responders were further divided into groups of progressive responders and 
partial responders as defined by Kulju et al. (2018)22: Progressive responders had 
progressive reduction in seizure frequency with optimal DBS contacts, whereas 
partial DBS responders had initial >50% decrease in seizure frequency but a 
fluctuating seizure count over long term. Nonresponders had less than 50% decrease 
in seizure frequency during follow-up. 

Statistical testing was performed using Statistical Package for the Social Sciences 
(SPSS) software.  The Pearson Chi-Square test was used for categorical variables.  
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3 RESULTS 

In the MER group, of 32 electrode implantations in 16 patients, MER recordings 
of three implants were unavailable and thus were unable to be analyzed. Most of the 
patients had a strong correlation between MER and nuclear structures. The mean 
number of microelectrode recordings in different depths was 14.7 per trajectory (SD 
6.5, n=30). 84% (SD 16%) of the recordings were true positive or true negative and 
16% (SD 16%) were false positive or false negative in relation to the white and grey 
matter structures in MRI-based 3D models.  

One patient out of 16 (Patient 12, Table 1) had only faint signaling during MER: 
the positive signals started approximately 3.3 mm inferior to the entry point in ANT 
beginning at 0.5/3 mm (0.5/3.0 mm inferior to the target point 0 inside ANT). This 
was the only patient that had a higher rate of false positive and false negative (44%) 
than true positive or true negative (56%) recordings in MER. However, the 
electrodes of the patient were successfully implanted in ANT. 

The only patient operated under local anesthesia (Patient 1, Table 1) had strong 
correlation of MER: 90% of the recordings were true positive or true negative.  

Of 56 electrode implantations in 28 patients, 50 implantations were performed 
via transventricular and 6 via paraventricular trajectory (Table 1). MER was 
performed for 23 transventricular and 6 paraventricular trajectories. For 29 
electrodes implanted in successful MER guidance, 19 electrodes were placed 
correctly in ANT (18 using transventricular, 1 using paraventricular approach). 7 
electrodes were placed up in ventral anterior nucleus (VA), 6 of which were  
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Table 1. Patient demographics in the MER group. T, transventricular; P, paraventricular. Partial and 
progressive responders are previously described by Kulju et al. (2018). 1) MER signals rose from VA 
and led to electrode placement inferior to ANT. Patient was a responder only after the right uppermost 
contact was activated by reprogramming and the volume of activated tissue reached up to the ANT. 2) 
MER signals rose from VA but the electrodes were implanted on the superior lateral border of ANT, 
possibly stimulating the thalamocortical network. 3) Bilateral lead migration. 4) Unsuccessful MER.  
5) NA, not assessible; unreliable seizure diary. 
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1 m T T VA1) ANT 1 1.3/0.2 0 Progressive 

2 f P T VA2) VA2) 1 1.3/0.9 0.8 Progressive 

3 f P P VA2) VA2) 2 2.5/1.3 1.8 Progressive 

4 m T T ANT MD 1 1.3/1.2 0.9 No 

5 m T T4) ANT ANT 1 2.5/2.3 7.9 Progressive 

6 m T P MD VA 7 1.1/1.8 0 No (dead) 

7 m T T ANT ANT 2 1.8/1.1 0.1 Progressive 

8 m P P VA ANT 4 1.8/2.3 0 No (dead) 

9 m T T ANT ANT 5 2.2/2.4 0 NA5) 

10 m T4) T ANT ANT 9 0.4/0.3 0 Progressive 

11 m T T ANT ANT 7 1.9/1.6 0 Partial 

12 m T T ANT3) ANT3) 5 0.4/0.3 0 NA5) 

13 f T4) T VA ANT 2 1.2/0.9 1.1 Partial 

14 f T T ANT ANT 5 1.0/1.5 0.2 Progressive 

15 m T T ANT ANT 4 0.6/0.5 0.3 No 

16 m T T ANT ANT 5 0.2/1.0 0 Progressive 
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implanted via paraventricular trajectory and 1 via transventricular route. Three 
electrodes were placed in dorsomedial nucleus (MD), all using transventricular 
approach. For the three transventricular electrodes with unavailable MER data, 2 
were located in ANT and 1 in VA. MER had a localizing value in 24 electrodes 
leading to correct implantation in ANT. For 26 electrodes implanted without 
intraoperative MER, 25 were localized in ANT and 1 in VA. 

Using transventricular approach (n=23), first MER signals originating from ANT 
started at the mean distance of 2.2 mm superior (median 2.0 mm superior, SD 1.2 
mm) before the planned target. Mean distance of all MER signals arising from ANT 
was 1.0 mm superior to the planned surgical target (Figures 2 & 3). First signals 
arising from VA started at the mean distance of 0.4 mm inferior (median 0.0 mm 
inferior, SD 1.4 mm) and MD originating signals at the mean distance of 2.1 mm 
inferior (median 2.0 mm inferior, SD 0.7) to the surgical target. Mean distance of all 
signals arising from VA was 2.1 mm inferior and from MD 3.3 mm inferior to the 
target. 
 

 

Figure 2. Cumulative number of positive MER signals beginning at each distance from surgical target 
(0 mm) for transventricular MER trajectories (n=23). The origin of MER signals is marked with dark 
green for ANT, bright green for VA and light green for MD.  
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Figure 3. Example of a 
microelectrode recording leading 
to correct placement of electrodes 
(Patient 15). Positive MER signals 
(green) start at -3.0/-3.5 mm 
before planned target inside ANT. 
Signaling continues, as MER 
electrode pierces ANT into VA at 0 
mm on the right side and MD at -
0,5 mm on the left side. Negative 
MER signals are depicted in red. 
Only the MER points and ANT, VA 
and MD are illustrated in the 
pictures; the final DBS electrodes 
are not, however they were 
implanted traversing the same 
trajectory as the MER electrodes  
seen in the figure. 

 
 

In paraventricular approach (n=6), first MER signals originating from ANT 
started at a mean distance of 0.0 mm to the planned target (n=1; only one patient in 
this approach group had MER signals arising from ANT whereas for the others this 
targeted nucleus was missed). The mean distance of all signals arising from ANT 
were recorded at approximately 0.5 mm lateral to planned surgical target (Figure 4). 
First signals arising from VA started at a mean distance of 3.0 mm lateral (median 
2.5 mm lateral SD 1.9) to the target and MD originating signals at the mean distance 
of 0.75 mm medial (median 0.75 mm medial, SD 2.5) to the surgical target. Mean 
distance of all signals arising from VA was 1.7 mm lateral and from MD 2.0 mm 
medial to the target. 
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Figure 4. Cumulative number of positive MER signals beginning at each distance from surgical target 
(0 mm) for paraventricular MER trajectories (n=6). The origin of MER signals is marked with dark 
green for ANT, bright green for VA and light green for MD. 

 

 
 
 
Anterior (n=1) and lateral bypass (n=2) of ANT as well as paraventricular 

approach (n=5) lead to MER signals arising first from VA (Figures 5 & 6). 
Transventricular microelectrodes piercing ANT on the posterior aspect (n=4) 
eventually recorded grey matter signaling from MD, although signaling from ANT 
was detected before this. MER signals arising from MD were also detected from 
paraventricular microelectrodes missing ANT from underneath (n=2). 

Best contacts ended up in ANT in 20 out of 29 leads in the MER group. In the 
non-MER group, best contacts in 25 out of 26 leads were located in ANT. MER was 
used in all the paraventricular trajectories (n=6) according to a practice adopted from 
DBS surgeries for movement disorders. The paraventricular trajectories were much 
more likely to be placed somewhere else than in the targeted ANT (only 1 out of 6). 
The likelihood of missing the target via paraventricular trajectory was statistically 
significant using Pearson Chi-Square test (p<0.001). Perhaps due to the over-
representation of paraventricular approach in the MER group, misplacing of 
contacts outside of ANT while using MER also reached statistical significance when 
Pearson Chi-Square test was used (p=0.040). Excluding the electrodes implanted via 
paraventricular trajectory, 20 out of 23 electrodes had their best contacts inside ANT 
in the MER group. Comparing only transventricular trajectories with Pearson Chi-
Square test, there was no statistically significant difference between MER and non-
MER group (p=0.196). 
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There was no significant difference in outcome in patients with MER and with 
no MER when the mean seizure reduction during the last six months of follow-up 
were studied. This was true when nonresponders, partial responders and progressive 
responders were compared as separate groups (p=0.144) as well as when 
nonresponders were compared to patients with any response (p=0.473) using 
Pearson Chi-Square test. The mean follow-up time after which outcome was 
evaluated was 6.0 years (SD 2.5 years) for all patients, 6.7 years (SD 2.3 years) for 
patients with MER and 5.0 years (SD 2.5 years) for patients without MER. 

The postoperative CT scan for the surgeries without MER guidance were 
conducted generally half a day later (mean on 4.2th postoperative day [SD 1.7] vs. 
mean on 3.8th on postoperative day [SD 2.5]). Mean volume of intraoperative air 
invasion (IAI) in postoperative CT scan was 0.8 cm3 in the MER group and 2.9 cm3 
in the non-MER group (Tables 1 & 2). There was one patient in each group with 
marked air invasion. The mean volume in the non-MER group is especially distorted 
by one patient with IAI of 36 cm3. The rest of the patients represented with only 
little intracranial air postoperatively, most of them none. In the MER group, IAI 
median was 0.03 cm3 and SD 2.0 cm3; in the non-MER group, there was IAI median 
of 0.04 cm3 and SD 10.0 cm3. Mean volume of IAI in all patients was 1.8 cm3 (median 
0 cm3, SD 6.9 cm3).  

Lateral superior placement of electrodes bordering ANT led to similar favorable 
outcome as in treatment trials with bilaterally inside ANT electrodes (Figure 5), 
whereas patients with electrodes inferior to ANT did not respond effectively to 
treatment (Figure 7, a nonresponder before reprogramming). In majority of the cases 
with final electrode placement outside ANT, MER signals started markedly below 
the expected level.  
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Table 2. Patient demographics in the non-MER group. T, transventricular. 
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1 m T T ANT ANT 1 0.8/0.9 36.1 Partial 

2 f T T ANT ANT 6 0.3/0.6 0 Progressive 

3 f T T ANT ANT 2 2.0/0.0 0.3 Partial 

4 m T T ANT VA 5 1.5/2.4 0 Progressive 

5 m T T ANT ANT 5 2.1/2.0 0 Progressive 
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Figure 5. Example of a para- 
ventricular microelectrode 
recording leading to placement 
of the electrodes on the superior 
lateral side of ANT (Patient 3). 
MER signals were originated 
from VA during the registration 
but the final contacts are 
possibly situated along the 
thalamocortical network 
traversing on the superior lateral 
aspect of ANT (Lega et al. 
2010). This patient is the only 
responder in paraventricular 
approach group. The direction of 
the electrodes in three-
dimensional space was closer to 
transventricular than para- 
ventricular approach but due to 
small lateral ventricles the  
electrodes were placed outside  
the ventricles. 

 
 

Figure 6. Example of a 
paraventricular microelectrode 
recording leading to 
displacement of the right 
electrode (Patient 8). Positive 
MER signals start when the 
electrode enters VA on the 
lateral aspect. This patient had 
a reduction of seizure frequency 
over 50% but eventually died of 
epilepsy and was thus classified 
as a nonresponder. 
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Figure 7. Example of a microelectrode 
recording leading to misplacement of  
the right electrode (Patient 1). Positive 
MER signals start at 0/-4.0 mm before 
planned target inside ANT. On the left 
side, MER electrode enters to ANT at  
-4.0 mm distance to planned target  
inside ANT. Signaling continues, as 
MER electrode pierces ANT and enters 
MD at 2 mm after the target. On the  
right side, the signaling starts at 0 mm, 
markedly deeper than on the left side,  
as the MER electrode enters straight to 
VA. MD signaling starts at 2 mm after 
the target. 

 
 
In the MER group, mean distance between planned and final surgical targets was 

1.3 mm (SD 0.7 mm) in all patients (n=32), 1.2 mm (SD 0.7 mm) in transventricular 
trajectories (n=26) and 1.8 mm (SD 0.5 mm) in paraventricular trajectories (n=6).  

In the non-MER group, all 12 patients were operated via transventricular 
trajectory. Planned coordinates were available for 24 trajectories in 12 patients. Mean 
distance between planned and final surgical targets was 1.2 mm (SD 1.2 mm, n=24). 
These patients were operated chronologically later than the patients with MER 
during surgery. There was no statistical difference in distance between planned and 
final target in MER and non-MER groups (p=0.387 for all trajectories, p=0.196 for 
only transventricular trajectories). 
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4 DISCUSSION/CONCLUSION 

In this study, MER did not increase implantation accuracy but segregated well 
between grey and white matter. In majority of the cases with final electrode 
placement outside ANT, MER signals started markedly below the expected level. 

In our previous study, we examined localizing effect of MER in 5 patients from 
two-dimensional STIR MRI coronal planes. Correlation of MER was based on ANT 
delineation visible in MRI, as technology allowing three-dimensional comparison 
was not available at that time. As we have shown before, regardless of different firing 
patterns of ANT, MD and VA, interpreting a single trajectory MER without detailed 
imaging information is challenging or even impossible12. Another study found no 
significant relation to clinical outcome in neuronal firing rate acquired by MER 
between ANT DBS responders and nonresponders23. After our last study on MER, 
we have multiplied our patient population and have constructed new three-
dimensional data of MER and the nuclei in the area of interest. In our recent study, 
we found that MER was effective in localizing nuclear structures in the majority of 
the patients but did not differentiate ANT from other grey matter structures. MER 
did not increase implantation accuracy based on our three-dimensional model. The 
spatial information of MER based ANT information varied between patients, 
especially when the distance to MRI predicted ANT was evaluated. MER signals 
rising several millimeters inferior to the expected level of ANT strongly predicted 
lateral bypassing of ANT, likely due to recording the activity of deeper nuclear 
structures. Mistaken interpretation of the origin of MER signals led to caudal 
misplacement of the lead. When mistaken interpretation of the origin of MER signals 
led to more caudal implantation than planned, it resulted in misposition of the lead 
We also found some reference suggesting that contacts implanted more lateral, 
anterior and superior might have a more favorable outcome in seizure reduction than 
contacts implanted more caudal and posterior. 

According to the present retrospective study, the usage of intraoperative MER 
does not increase implantation accuracy compared to electrodes implanted without 
MER. For some patients, it could be speculated that using MER could lead to 
misplacement of the lead. However, all six paraventricular electrodes were implanted 
using MER according to the standard formed in movement disorder surgery and this 
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could affect the interpretation of the data. In addition, we did not find any significant 
difference when only transventricular leads were taken into analysis. Thus, it seems 
that MER plays a lesser role than trajectory selection in accuracy. There was no 
significant difference in outcome at the last six months of follow-up in patients with 
MER and without MER.  

This study was conducted retrospectively and the patient population is small for 
statistical analysis. In an optimal situation, the assessment of MER feasibility should 
be done in a prospective manner. However, the patient population is large for the 
size of our center and for the previous studies examining MER in ANT DBS. The 
data represented is unique and shares our empirical observations regarding the 
subject. Shortcomings such as confounding factors in our study include inevitable 
prolongation of the surgery when MER was used, possibly increasing the infection 
risk20, effecting on the brain shift and decreasing the implantation accuracy. In 
addition, the postoperative CT scan used for assessing the IAI for the surgeries 
without MER guidance were conducted generally half a day later. The effect of the 
one outlier in the non-MER group with IAI of 36 cm3 is however likely to distort 
the IAI comparison more than the slight variation in postoperative CT timing.  

Some cautions should be taken into consideration when using MER. Possibly due 
to brain shift after opening dura, deep target structures might lie aside of preset 
stereotactic coordinates. Because MER does not seem to segregate well between 
ANT and other grey matter structures in a clinical setting, MER signals rising 
significantly deeper than estimated distance determined from MRI should be 
considered with caution, as they might rise from deeper structures. In our study, 
mean volume of intraoperative air invasion was 1.8 cm3 and it is likely that MER 
signals originating from VA and MD were misinterpreted as ANT based signals 
during surgery. For this reason, if intraoperative MER is used, theoretically it might 
be reasoned to perform multiple MER instead of a sole recording in order to prevent 
the lateral bypass of ANT. However, the vascular supply in this area is abundant and 
hence performing multiple invasive recordings is not recommended. 

Three-dimensional modeling is a new tool for clinicals working with DBS 
patients. It is especially useful when multiple people are involved in the treatment, 
as is usually the case: a neurosurgeon who performs the DBS implantation and a 
neurologist carries out the treatment with programming the DBS. The three-
dimensional outline of the target nucleus and the implanted contacts in its area make 
it easier to perceive which are the best possible contacts to be activated and the size 
of the volume of tissue activated around them. This might help with choosing the 
optimal programming parameters.  
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However, there is no unanimity where the electric current should be targeted 
inside ANT. One hypothesis regarding the seizure reducing effect of ANT DBS is 
that it might be based on stimulation of mammillothalamic tract. Proposition for the 
most efficacious target for DBS electrodes at the anteroventral ANT in close 
proximity of mammillothalamic tract—ANT -junction would support this 
hypothesis24. On the other hand, one of the suggested effects of DBS is that it 
disrupts or inhibits epileptiform activity in epileptogenic thalamocortical networks, 
running on the lateral aspect of ANT25. We demonstrated earlier that contacts 
located more anterior and superior were related to successful treatment trials9. In our 
current study, we found anecdotal evidence based on one patient (Figure 5, Patient 
3) that contact implantation more lateral, anterior and superior did not lead to 
inferior outcome in seizure reduction than contacts implanted more caudal and 
posterior, even when the contacts were located outside ANT. The finding is possibly 
related to stimulation of thalamocortical tracts lateral to ANT and would suggest 
thalamocortical tracts possibly to be more involved in seizure reduction for this 
patient than mammillothalamic tract, a structure located caudally to ANT.  

In conclusion, MER did not increase implantation accuracy or affect on outcome 
as measured by seizure rate but it segregated well between grey and white matter. 
Paraventricular trajectory lead to significantly more misplacements of the lead than 
transventricular trajectory. More investigation on optimal contact location in ANT 
DBS is needed and the final decision of feasibilty in ANT DBS should be assisted in 
randomized prospective trials.  
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