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ABSTRACT

Purpose: Deep brain stimulation (DBS) of the anterior nucleus of the thalamus (ANT) is a promising treatment for
refractory epilepsy; however, it remains challenging to successfully target the ANT. The results of Medtronic
Registry for Epilepsy (MORE) supported a frontal transventricular(TV) compared to frontal extraventricular (EV)
lead trajectory for ANT DBS may have better coverage of the ANT. Here we report the safety and targeting
efficacy of a novel, posterior parietal extraventricular (PEV) approach to the ANT.

Methods: We conducted a retrospective analysis of ten patients who underwent bilateral ANT DBS (20 total
trajectories) for medically-refractory epilepsy. Similar targeting methodology as the MORE trial was used, and
the DBS Intrinsic Template Atlas (DISTAL) was utilized for ANT localization and contact position relative to
ANT. Clinical data were assessed for DBS targeting efficacy and surgical complications.

Results: The demonstrated PEV trajectory showed a successful ANT targeting rate of 90% bilaterally. Two or
more contacts within ANT were presented in 75% of all leads. Mean contact number in ANT was 2.2+ 1.2. There
were no intracranial hemorrhages, cerebrospinal fluid leakage, or permanent neurologic deficits.

Conclusion: In this small series, the novel PEV for ANT DBS is feasible with good targeting accuracy and potential
safety advantages. The high accuracy of the PEV trajectory suggests that it is a reasonable alternative trajectory
for ANT DBS. Larger studies will be needed to assess this trajectory on clinical outcome of DBS treatment to
epilepsy.

1. Introduction

et al., 2014; Wang et al., 2018) The Stimulation of the Anterior Nucleus
of the Thalamus for Epilepsy (SANTE) trial demonstrated a significant

Epilepsy affects approximately 65 million people globally, and up to
one third are refractory to medical therapy and may be considered for
surgical therapy.(Thurman et al., 2011) Deep brain stimulation (DBS)
of the Anterior Nucleus of the Thalamus (ANT) has been approved for
use in Europe for an extended period of time and recent approval in the
United States by the Food and Drug Administration (FDA) has rekindled
interest in the treatment of epilepsy patients with DBS who are not
candidates for resection.(Cukiert and Lehtimaki, 2017) Of potential
DBS targets, the anterior nucleus of the thalamus (ANT) has been the
most studied and may function to modulate the limbic seizure network
or the default mode network.(Bouwens van der Vlis et al., 2018; Laxpati

seizure reduction in the active stimulation group compared to sham
stimulation at the end of a 3-month blinded period. There was a 41%
decrease in median seizure frequency at 13 months and a 56% decrease
at 25 months.(Fisher et al., 2010; Lega et al., 2010) Long-term follow-
up showed the responder rate (defined as > 50% reduction in seizure
frequency) in open-label stimulation at 5 years was 68%, and 16% of
subjects were seizure-free for at least 6 months.(Salanova et al., 2015)

Two main transfrontal trajectories for targeting the ANT have been
utilized in previous studies, the transventricular (TV) and the extra-
ventricular (EV) trajectories. The SANTE trial specifically utilized the
TV trajectory mostly.(Lehtimaki et al., 2018) Importantly, 8.2% of the
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subjects in the SANTE trial had revisions due to an absence of lead
contacts within the ANT on postoperative imaging.(Salanova et al.,
2015) Additionally, there was a 4.5% incidence of intracranial he-
morrhage with the TV trajectory, higher than commonly reported in
other DBS applications and this increase is believed to be due to passage
through the ependymal to a target in which the choroid plexus and
thalamostriate vein overlies. In comparison, the EV trajectory was
previously shown to reduce the likelihood of lead contacts in the ANT
compared to the TV trajectory and, therefore, associated with inferior
outcomes.(Lehtimaki et al., 2016) More recently, the Medtronic Reg-
istry for Epilepsy (MORE) trial compared the TV and EV trajectories and
found a higher probability of successfully targeting the ANT with the
TV lead trajectory.(Lehtimaki et al., 2018)

Based on the prior studies, there are potential advantages and dis-
advantages for both the frontal TV and EV trajectories. As such, there is
currently no consensus as to the optimal trajectory for placement of
ANT leads. We previously described (Van Gompel et al., 2015) a par-
ietal extraventricular (PEV) trajectory that mimics a posterior shunt
surgery. In this study, we showed in a consecutive patient experience
the relative value of this approach and analyzed the targeting results
with our coregistration, normalization and image process.

2. Materials and methods
2.1. Patients

This retrospective study was approved by the Mayo Clinic
Institutional Review Board. Ten patients with medically intractable
epilepsy were recruited who met the inclusion criteria of drug-resistant
epilepsy, defined as refractory to trials of at least three appropriately
chosen anticonvulsant medications, and not suitable candidates for
resection. After evaluation and recommendations from a multi-
disciplinary epilepsy surgery conference that included epileptologists,
neuroradiologists, and neurosurgeons, all patients consented to ANT
DBS for treatment of epilepsy.

2.2. Surgical approach and trajectory planning

The details of our implantation have been previously described.
(Grewal et al., 2018; Van Gompel et al., 2015) In brief, stereotactic 3 T
MR images were performed after Leksell (Elekta) frame fixation. The
image data were then co-registered and aligned with the anterior
commissure - posterior commissure (AC-PC) plane. The ANT was tar-
geted semidirectly, by using a Schaltenbrand and Wahren stereotactic
atlas overlay and anatomical landmark, like mammillothalamic tract
(MTT). The coordinates used were modified based on anatomy to allow
contact O to be as anterior and medial in the ANT as possible. A parietal
entry site was chosen resulting in a trajectory from superior posterior to
inferior anterior (Fig. 1). Entry points were selected to be posterior
enough to reach associative areas posterior to sensorimotor cortices.
Medtronic 3389 leads were used in all cases. The patient was taken
immediately for postoperative CT to confirm localization. After con-
firmation of the electrode location, the patient returned to the operating
room where the leads were attached to extensions and tunneled to a
battery in the standard infraclavicular pocket.

2.3. Implantation analysis

All patients had pre-operative MRI and post-operative CT performed
according to a previously published protocol.(Van Gompel et al., 2015)
Briefly, the protocol contained high-resolution MP-RAGE and turbo
spin-echo T2-weighted imaging used for targeting purposes. Post-op-
eratively, high-resolution CT was obtained for localization of final lead
position.

The post-operative CT and pre-operative MP-RAGE MRI were co-
registered using a two-stage linear registration consisting of a rigid
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linear registration followed by affine registration in Advanced
Normalization Tools (http://stnava.github.io/ANTs/)(Avants et al.,
2008) The pre-operative T2-weighted MRI was then linearly co-regis-
tered to the MP-RAGE using SPM12 (http://www.fil.ion.ucl.ac.uk/
spm/software/). Next, using the MP-RAGE and T2-weighted MRI,
transformation matrices were derived for normalization of all pre- and
post-operative images into Montreal Neurologic Institute atlas space
(MNI_ICBM_2009b_NLIN_ASYM)(Fonov et al., 2011) using the SyN re-
gistration approach in Advanced Normalization Tools.(Avants et al.,
2008) A nonlinear deformation was performed in several steps: 1) two
linear (rigid followed by affine) steps, 2) nonlinear (whole brain) SyN-
registration, 3) two nonlinear SyN-registrations focusing subcortical
masks defined by Schoenecker, et al.(Schonecker et al., 2009) A brain
shift correction was performed on the postoperative CT images by
calculation of a focused affine transform between pre- and post-
operative acquisitions restricted to subcortical structures in Lead-DBS
software (http://www.lead-dbs.org).(Horn and Kuhn, 2015) Electrodes
were then localized and contacts manually corrected using Lead-DBS
software.

Comparison of contact position relative to the ANT was performed
in Lead-DBS software by means of the DBS Intrinsic Template Atlas
(DISTAL).(Ewert et al., 2018) The center of each contact was localized
in MNI space, and a threshold of radius 0.635 mm was applied to ac-
count for contact diameter. A 3-D Euclidean distance to the ANT border
was calculated for all four contacts of each Medtronic 3389 lead.

3. Results

Demographic information of the ten patients is included in Table 1.
Patient age ranged from 19 to 56 years at the time of DBS surgery with a
median age of 34.5 years. Median duration of epilepsy 30 years. Mean
follow up time was 26 months. A list of final used target coordinates
relative to AC-PC line was showed in Table 2.

3.1. Success rate of ANT-targeting

Bilateral ANT DBS in all ten patients resulted in a total of 20 tra-
jectories. At least one contact was present within the ANT in 90%
(n = 18). Additionally, 80% (n = 8) of patients were successfully tar-
geted on both sides, with only two patients categorized as a unilateral
ANT miss. There was no difference of ANT hit rate between the right
side (90%) and left side (90%). The relationship of all contacts with the
ANT is demonstrated in Fig. 2 (3D reconstruction data showing each
implant is in supplemental figure). The number of trajectories that in-
cluded 1, =2 or = 3 contacts within the ANT were 3, 15, and 9, re-
spectively. Notably, left-sided leads showed a greater number of con-
tacts within the ANT compared to the right side (26 vs. 18). The mean
contact number at ANT was 2.2+ 1.2. (Table 3)

3.2. Lead misplacement

A total of two leads within two patients had no contacts in the ANT
on postoperative CT. One missed on the right side lead (patient 9) and
one missed on the left (patient 6). The ANT misplacement rate was 10%
of trajectories. The displacement of the right lead in patient 9 was
slightly lateral to the ANT with the most distal lead contact only 0.5 mm
from the ANT border. Displacement of the left lead in patient 6 was
related to a deflection of the lead along the posterior trajectory that
resulted in a more superior and medial positioning of the lead than
anticipated. (Fig. 3)

3.3. Surgery-related complications
There were no post-operative intracranial hemorrhages identified

on follow-up imaging for our patient cohort. No CSF leakage happened.
There were no intracranial infections, however one patient experienced
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a battery site infection 9 months following surgery resulting in ex-
plantation of the battery and lead extensions. The cause of the delayed
infection was unknown but did have dental work one month prior to
infection. One patient developed transient contralateral motor weak-
ness after implantation lasting 1 week, which was attributed to a cen-
tromedian intra-laminar parafascicular complex (CMpF) lead that was
placed through the motor cortex rather than related to the ANT lead.
One right-sided lead fracture was noted in one patient 18 months after
the DBS surgery, which was subsequently replaced.

4. Discussion

The ANT has proven challenging to reliably target in multiple prior
studies.(Bouwens van der Vlis et al., 2018; Jiltsova et al., 2016) Tar-
geting difficulty could be due to a relatively large degree of variation in
the structure of the ANT in anatomical and radiological studies.
(Mottonen et al., 2015; Van Buren and Borke, 1972) The results of the
MORE trial supported that a TV trajectory is more likely to deliver an
electrode into the ANT when compared to a frontal EV trajectory. The
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Fig. 1. Exemplary subject illustrating the current parietal
extraventricular trajectory in axial (A) and oblique sagittal
(B) post-operative non-contrast CT. Electrodes in the same
subject co-registered to the Montreal Neurological
Institute atlas space are shown in the oblique coronal (C)
and left sagittal (D) views highlighting the relationship of
the electrode contacts with the anterior nucleus of the
thalamus (red).

Table 2
Target Coordinates to AC-PC Line.

Patient No.  Anterior MCP offset Laterality offset Superior offset
(mm) (mm) (mm)
1 4.50 4.25 13.50
2 3.50 3.50 14.75
3 3.75 4.25 14.00
4 1.50 4.25 14.25
5 4.00 4.00 14.00
6 3.50 4.25 14.00
7 2.00 4.00 14.75
8 1.50 5.00 12.00
9 3.00 5.50 14.00
10 1.50 5.00 12.00

AC: anterior commissure; PC: posterior commissure; MCP: mid-commissural
points.

Table 1
Demographics of Patients.
Patient No. Age at Surgery Gender Seizure Duration (Years) Follow up (Months) Complication
1 36 M 33 16 Battery site infection at 9 months
2 54 F 31 10 none
3 47 M 44 28 none
4 32 F 8 33 Fracture of right side lead
5 39 M 30 38 none
6 33 F 21 28 none
7 32 F 30 39 none
8 25 M 14 39 none
9 50 M 49 16 Transient left hemiparesis (suspected from entry site of CMpf Electrode)
10 19 F 9 11 none

ANT: Anterior nucleus of the thalamus.
CMpf: Centromedian intra-laminar parafascicular complex.
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Fig. 2. Relationship of all contacts with the anterior nucleus of the thalamus (red). Coronal views show the most distal contact (A), second most distal contact (B),
third most distal contact (C), and proximal contact (D). Axial views show the most distal contact (E), second most distal contact (F), third most distal contact (G), and

proximal contact (H).

Table 3
Success Rate of Placing Contacts at ANT.
Trajectories Left side N Right Side N Both Sides N
(%) (%) (%)
ANT-hit 9 (90%) 9 (90%) 18 (90%)
ANT-miss 1 (10%) 1 (10%) 2 (10%)
1 Contact ANT 1 (10%) 2 (20%) 3 (15%)
> 2 Contacts ANT 8 (80%) 7 (70%) 15 (75%)
> 3 Contacts ANT 7 (70%) 2 (20%) 9 (45%)

Total Contacts in ANT 26 18 44
Mean ANT Contacts per 2.6 (1.3) 1.8 (0.9) 2.2(1.2)
Trajectory (SD)

ANT: Anterior Nucleus of the Thalamus.
SD: Standard Deviation.

success rate for placing at least 1 contact at ANT bilaterally was 84% for
TV implants and 58% for EV implants.(Lehtimaki et al., 2018) We
modified the trajectory at our institution to allow full access to the ANT,
and our proposed PEV trajectory revealed a 90% success rate for pla-
cing at least one contact within ANT, bilaterally. The MORE trial found
a greater accuracy with the TV trajectory (ANT hit rate of 82.8%)
compared with the EV trajectory (ANT hit rate of 70.3%). Results of
similar measures of our targeting results with the MORE trial using
3389 leads were summarized in supplemental table (Lehtimaki et al.,
2018).

A notable consideration is the contact number inside the ANT. The
current PEV trajectory acquired an average number of contacts as 2.2
within ANT by using Medtronic 3389 leads. Since ANT is longer in A-P
direction than in superior-inferior or medial to lateral aspect, it is

reasonable that lead trajectory along that axis implants more lead
contacts in ANT. So far there is no direct evidence to prove that more
contacts in ANT benefits on clinical outcome. However, it is reasonable
that the higher ANT contact density definitely provide more flexibility
with stimulation program in the treatment of epilepsy, and as we collect
more data, this will be an important analysis on seizure outcome. In
addition, Satzer et al. demonstrated the impedance of DBS electrode
varied over time, and contact number and electrode model were sig-
nificant predictors (Satzer et al., 2014). Since the likelihood of a given
contact being active in any given programming varied significantly
between contacts, more contacts in the attempted target area would
have significant implications for long-term DBS programming and ef-
ficacy.

Despite the relatively low incidence, intracranial hemorrhages carry
the highest risk of devastating neurological outcome for DBS (Zrinzo
et al.,, 2012). In the current study, no patient had intracranial hemor-
rhages after the surgeries. In the SANTE trial, five asymptomatic in-
tracranial hemorrhages (4.5% of patients) occurred after DBS im-
plantation via the TV trajectory (Fisher et al., 2010). Importantly, Elias
et al. and Ben-Haim et al. reported the hemorrhage rate to be sig-
nificantly associated with a surgical trajectory traversing the ventricle
(Ben-Haim et al., 2009; Elias et al., 2009). Zrinzo et al. concluded that
the TV approach was a technical factor increasing the risk of hemor-
rhage in DBS surgeries (Zrinzo et al., 2012). The consideration to the
risk of ICH by going through lateral ventricle motivated the search for
alternative surgical approaches. It is reasonable that an EV trajectory
for DBS placement may have a lower potential risk for an intracranial
hemorrhage compared to a TV trajectory since the electrode does not
penetrate the ependyma twice. As such, the PEV trajectory which passes

Fig. 3. Image of two patients with anterior
thalamic nucleus misses. The right electrode
position in Patient 9 (A) was located slightly
lateral to the margin of the anterior nucleus of
the thalamus (red). Oblique sagittal CT in the
patient 6 (B) shows a superior deflection of the
electrode beginning near the margin of the
atrium of the lateral ventricle.
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extraventricularly should theoretically further reduces the risk of he-
morrhage as the ependyma should not be violated. Notably, the tha-
lamostriate vein at anterior aspect of ANT would never be a problem on
pathway since we inserted the electrode posteriorly.

Leakage of CSF through the lead was a rare but possible hardware
complication in DBS surgeries. Due to pulsation-induced hydrostatic
pumping, CSF would leak outside the brain or accumulate around the
electrode through a fine, tiny slit between the lead and the targeted
thalamus, especially when a lead passes through lateral ventricle. Son
et al. reported a patient underwent ANT DBS with TV approach and got
CSF egress through fine gaps between the metallic electrode contacts
and electrode spacing (Son et al., 2018). There is no evidence currently
to prove this CSF accumulation around the lead would contribute to
malfunction. However, given all the currently available DBS electrodes
are not waterproofed, it should be concerned that TV approach would
cause long-term impedance changes in ANT DBS for refractory epilepsy.
Since the leads are designed for intraparenchymal use, the EV approach
would be a reasonable choice for the long-term stability of electrical
current delivery.

ANT targeting is augmented by identification of the MTT, which
joins ANT at its inferior border slightly anterior to the midpoint of ANT
in the anterior—posterior axis (Jiltsova et al., 2016). It is notable that
MTT has parallelly anatomic orientation with TV trajectory. Parallel
approaches are more likely to miss the tract, especially when anato-
mical targeting of the MTT intentionally avoids this tract. On the con-
trary, targeting via the posterior approach is placement of the lead more
perpendicular to MTT. Although ANT stimulation is a key to seizure
treatment in this strategy, the supplementary antiseizure effect of MTT
stimulation was discussed in the literature. Previous studies with an-
imal models showed that ablation of the MTT provides a treatment
advantage in medically induced seizures (Mirski and Ferrendelli, 1984).
Therefore, a separate advantage of the PEV Trajectory targeting is being
perpendicular to the MTT. This would increase the probability that the
DBS lead crosses the tract and further enable electric stimulation of the
MTT.

Many functional neurosurgical centers apply semidirect or indirect
approximations of stereotactic targets, and the difficulty associated
with directly visualizing deep thalamic nuclei is a major concern
(Andrade-Souza et al., 2005; Bejjani et al., 2000; Benabid et al., 2000).
Despite we showed the good accuracy to target hit, semidirect or in-
direct targeting methods face the obstacle of known unpredictability in
spatial localization of thalamic structures in each individual given their
reliance on standardized coordinates (Kelly et al., 1978). In the field of
epilepsy, volumetric MRI studies have demonstrated that hippocampal,
amygdalar, and thalamic atrophy increases with longer duration of
disease in patients with drug-refractory epilepsy (Bernasconi et al.,
2005; Natsume et al., 2003; Tasch et al., 1999; Theodore and Gaillard,
1999). Inter-individual variations could be distinguished with direct
visualization of neural structures based on brain images. Therefore,
direct targeting is an alternative method of targeting ANT, particularly
for patients with long-term epilepsy. Recently, Grewal, et al. have
shown improved ability to directly identify and target the ANT using a
high-resolution Fast Gray Matter Acquisition T1 Recovery (FGATIR)
MRI sequence (Grewal et al., 2018). The integration of such improve-
ments in direct targeting, combined with our proposed surgical ap-
proach, may allow further increases in targeting accuracy and higher
mean contact number within the ANT.

4.1. Limitations

Several limitations of our study are noteworthy. The smaller patient
sample compared to the SANTE and MORE trial may result in more
variance, however notably these were large multicenter trials allowing
the higher numbers. Additionally, the method for assessing lead accu-
racy is not fully identical between the MORE trial and the current
series. The different way of visualization of contact position relative to
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the ANT potentially affect the comparison. Further, a single center
study comparing data with a multi-center study might cause selection
bias. Additional patients and longer follow-up would allow us to assess
seizure outcomes of the PEV trajectory.

5. Conclusions

In the present case series, we present our institutional experience
with ten adult patients treated with the PEV Trajectory to electrode
placement in the ANT, a novel posterior parietal approach. The current
study provides evidence that the PEV Trajectory is a safe procedure in
appropriately selected patients with no hemorrhage or permanent
neurologic deficit. The results indicate comparable high accuracy to
target the ANT. Multicenter, prospective studies with more patients
may be needed to clarify the benefit of this surgical approach.
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