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Objectives: We investigated both the metabolic differences and interictal/ictal
discharges of the anterior nucleus of the thalamus (ANT) in patients with epi-
lepsy to clarify the relationship between the ANT and the epileptic network.
Methods: Nineteen patients with drug-resistant epilepsy who underwent stereo-
electroencephalography were studied. Metabolic differences in ANT were ana-
lyzed using [18F] fluorodeoxyglucose—positron emission tomography with
three-dimensional (3D) visual and quantitative analyses. Interictal and ictal dis-
charges in the ANT were analyzed using visual and time-frequency analyses.
The relationship between interictal discharge and metabolic differences was ana-
lyzed. Results: We found that patients with temporal lobe epilepsy (TLE)
showed significant metabolic differences in bilateral ANT compared with
extratemporal lobe epilepsy in 3D visual and quantitative analyses. Four types
of interictal activities were recorded from the ANT: spike, high-frequency oscil-
lation (HFO), slow-wave, and a-rhythmic activity. Spike and HFO waveforms
were recorded mainly in patients with TLE. Two spike patterns were recorded:
synchronous and independent. In 83.3% of patients, ANT was involved during
seizures. Three seizure onset types of ANT were recorded: low-voltage fast
activity, rhythmic spikes, and theta band discharge. The time interval of seizure
onset between the seizure onset zone and ANT showed two patterns: immediate
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and delayed. Interpretation: ANT can receive either interictal discharges or ictal
discharges which propagate from the epileptogenic zones. Independent epileptic
discharges can also be recorded from the ANT in some patients. Metabolic
anomalies and epileptic discharges in the ANT indicate that the ANT plays a
role in the epileptic network in most patients with epilepsy, especially TLE.
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resistant epilepsy, and its feasibility has been demon-

Introduction : . : . .
strated in a series of previous studies.*’ However, despite

Over the last few decades, deep brain stimulation (DBS)
has emerged as a viable therapy for drug-resistant epi-
lepsy."” Several potential brain targets have been investi-
gated for the treatment of drug-resistant epilepsy.”® The
anterior nucleus of the thalamus (ANT) is a crucial relay-
ing node in the Papez circuitry and a critical nucleus in
the intra-thalamic pathways.” Therefore, ANT is consid-
ered a promising target for DBS to treat medically drug-

extensive research, the exact therapeutic mechanism of
ANT-DBS in focal epilepsy remains unclear.'’ The con-
ception that epilepsy is a cortico-subcortical disease had
been discussed as early as the 1970 s.'' Several ani-
mals'>'? and neuroimaging™'* studies demonstrated the
involvement of the subcortical nuclei in the cortico-
subcortical epileptic network. Although previous studies
have also demonstrated the participation of the ANT in
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the propagation of epileptic seizures,'>'>™'® a particularly

pertinent unanswered question is whether the ANT acts
solely as an important node in ictal propagation, or, no
matter during the interictal or ictal stage, it plays roles in
the cortical-subcortical epileptic network. Existing but
limited studies support the latter hypothesis.'®

During pre-surgical evaluations, we observed metabolic
differences in [18F] fluorodeoxyglucose-positron emission
tomography (FDG-PET) in the bilateral ANT in some
patients with focal epilepsy. Interestingly, the hypometa-
bolism of FDG-PET usually includes the epileptogenic
zone or occurs in closely related cortical regions in
patients with focal epilepsy.'”** Why does ANT exhibit
focal hypometabolism? Revealing the causes of hypometa-
bolism in ANT in patients with epilepsy may help us
identify the precise role of ANT in epileptic networks.

In principle, gaining an increased understanding of the
electrophysiological properties of the ANT and the elec-
trophysiological relationship between the ANT and the
epileptogenic zone may help identify the mechanism
responsible for hypometabolism in the ANT in patients
with focal epilepsy. Here, we describe the results of FDG-
PET and direct stereoelectroencephalography (SEEG)
recordings of the ANT in patients with drug-resistant
focal epilepsy. In this way, we attempted to identify the
potential relationship between ANT and epileptic net-
works. Our findings will be helpful in deepening our
understanding of the mechanisms of ANT-DBS.

Methods

Clinical population

All participants were patients with drug-resistant epilepsy
who were admitted for consultation at the Beijing Insti-
tute of Functional Neurosurgery, Xuanwu Hospital,
between January 2018 and December 2019. All patients
were diagnosed with drug-resistant epilepsy according to
the ILAE Classification of Epilepsies and received a
presurgical evaluation for epilepsy surgery.”'

Standard protocol approvals, registrations
and patient consent

The ethics committee of the Capital Medical University
approved this study (Reference: LYS2018041), and written
informed consent was obtained from all included
patients.

Presurgical evaluation

Each patient underwent interictal/ictal scalp electroen-
cephalography (EEG) recordings using a video-EEG
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monitoring system (Micromed, Treviso, Italy), with elec-
trodes placed according to the international 10-20 system.
The duration of video EEG monitoring ranged from 3 to
14 days, and at least three habitual seizures were recorded
for each patient. All information acquired by interictal
and ictal EEG, along with the symptomatic characteristics
of each patient, were analysed to assist in locating the
epileptogenic zones (EZs).

All patients underwent a high-resolution magnetic reso-
nance imaging (MRI) protocol that was performed using
a 3.0-T MR Scanner (Siemens, Verio, Germany) and con-
sisted of conventional spin-echo T1-weighted axial, sagit-
tal, coronal and T2-weighted axial sequences (section
thickness of 5 mm, image gaps of 1 mm). In addition,
fluid-attenuated inversion recovery images were obtained
with a thickness of 5 mm. We also acquired three-
dimensional anatomical T1-weighted axial, sagittal and
coronal sequences covering the whole-brain volume with
a 1-mm section thickness.

18F-fluorodeoxyglucose (18F-FDG) Positron Emission
Tomography (PET) was also performed on all patients to
facilitate the localization of the EZs. The interictal PET
scanner had an isotropic spatial resolution of 5 mm and
generated images with a slice thickness of 2.44 mm. Simi-
lar to the process of post-surgical CT, the PET image was
co-registered with the T1 image in the same space, and
the contrast and colour table was adjusted with an
optional threshold.

The localization of EZs, as well as the relationship
between the EZs and the functional cortex, was fully eval-
uated by a special committee when the clinical data were
collected. According to the committee, SEEG electrodes
were needed due to a lack of sufficient information aris-
ing from non-invasive studies performed on these
patients. A common trait among these patients was that
we used electrodes to explore the opercula-insular cortex
or the inferior/middle frontal lobe.

The implantation, reconstruction and
localization of the SEEG electrode

The SEEG electrodes were implanted using intra-cerebral
multiple-contact electrodes (10-16 contacts; length,
2 mm; diameter, 0.8 mm. 1.5-mm apart) that were placed
intra-cerebrally according to the stereotactic method and
facilitated using a robotic arm-assisted system (Sinovation
Medical Technology, Beijing, China). The plan was dis-
cussed and designed by experienced neurologists and neu-
rosurgeons. The number of SEEG electrodes and
anatomical targeting were designed based on the informa-
tion provided by the evaluation of non-invasive localiza-
tion and the proposed hypothesis for localization. SEEG
electrodes were used to investigate the opercula-insular
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cortex or inferior/middle frontal lobe and were adjusted
subtly so that their tips could enter the ANT. Post-
surgical CT scans were performed to verify the locations
of the contacts and to identify post-operative complica-
tions.

The reconstruction and localization of the depth elec-
trodes were performed in accordance with established
protocols.”” In brief, based on MRI before implantation,
we used the FreeSurfer image analysis suite (https://
surfer.nmr.mgh.harvard.edu/) to reconstruct the cortical
surface. The post-operative CT image was then co-
registered with the T1 image and converted into Talair-
ach space. Electrodes were detected using clustering-
based segmentation. The direction, starting point and
deepest point of the electrodes were verified using the
pre-surgical designation. The trajectory of each electrode
was fitted to a curve, and the contacts were represented
by equally spaced dots.

Quantitative analyses of the region of
interest (ROI) and the creation of a three-
dimensional (3D) ANT using PET data

The ROI of the ANT was delineated based on the Morel
Stereotactic Atlas. The precise border of the ANT in each
patient was adjusted subtly using different views and
identified by three experienced neurosurgeons. In brief, a
thin-slice scan was performed on T1 MRI sequences using
a 3.0-T MRI system. This allows the mammillothalamic
tract to be presented clearly, thus helping to define the
ANT border indirectly.”** The choroid plexus and thala-
mostriate veins on the ANT surface were excluded from
the ROL To avoid the influence of hypometabolism at
the margin of the lateral ventricle, the ROI boundary was
reduced by 1-2 voxels compared with that of the T1
image. The ROI of the ANT was labelled with a value and
saved as a label map file. We then labelled the ANT ROI
on both sides. We then used the label statistics module of
the 3D Slicer software (www.slicer.org) to perform data
processing. Thus, we obtained the radioactivity concentra-
tion value (RCV) of the bilateral ANT ROI area, includ-
ing the maximum, minimum, average, standard deviation
(SD) and volume of the ROL* RCV was assessed individ-
ually for the left and right ANT. Next, the ANT RCV was
divided by the mean cerebellum RCV (“nRCV”) to facili-
tate comparison and reduce the variance between
patients.”®*” The absolute asymmetry index (AAI) of each
patient was calculated using Equation (1):

AAI = [LA—RA| x 100/[(LA + RA) /2] (1)
In Equation (1), LA indicates the mean concentration

of the PET tracer in the left ANT and RA represents the
mean concentration of the PET tracer in the right ANT.
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Subsequently, we created a 3D model of the ANT based
on the ROL The probe volume module of the 3D Slicer
was then used to project the PET data onto the surface of
the ANT model. A ColdToHotRainbow colour table was
used to visualize the results. The visual evaluation of
metabolism in the ANT was performed by three radiolo-
gists.

SEEG recording and montage selection

Local field potentials were recorded using a 128-channel
Micromed EEG acquisition system (Micromed; Treviso,
Italy) and sampled at 1024 Hz. Intra-cranial electroen-
cephalography (iEEG) data (time interval calculating and
discharge counting) were analysed using the AnyWave
software  (https://meg.univ-amu.fr/wiki/AnyWave/). To
reduce volume conduction, the SEEG data were processed
using a bipolar montage. According to interictal and ictal
recordings, the two contacts with the earliest spike in
interictal and earliest involvement in the seizures were
selected for each patient (Table 1). In addition, the top
two contacts within the ANT were selected to read the
ANT signals.

The interictal iEEG data recorded in the ANT while the
patient was awake were selected and evaluated by three
technicians with considerable experience in electrophysiol-
ogy. We classified the ANT activities in the interictal per-
iod into four types: spike, high-frequency oscillation
(HFO), slow-wave (8 and 0 activities) and a-rhythmic.
The definition of activity type in each patient was based
on the frequency of activity recorded in the ANT. In
brief, 30 awake stage 1-min blocks from iEEG interictal
data were selected randomly. In addition, patients had no
seizures for at least 30 min before and after these blocks.
Three technicians with considerable experience in electro-
physiology counted each type of activity during each
block. The activity type of ANT was defined as the type
with the highest cumulative quantity. In addition, when
the cumulative quantity was similar between the two
activity types, for example, activity A and activity B (at
least B > 1/2 A), we would consider that two types of
activity were recorded in the ANT.

Based on the non-invasive evaluation, the electrodes
were designed to include both suspicious EZs and early
spreading regions. Usually, more than one electrode is
implanted into the suspicious EZs, in an attempt to
arrange a sufficient number of contacts of the SEEG elec-
trode in the EZs and the surrounding cortex. The synchro-
nization pattern is identified according to the time interval
between the beginning of the earliest spike in the SOZ and
the ANT. Since the nerve conduction velocity between the
cortex and thalamus is fast,”®>? only the time interval that
is fewer than 30 msec is identified. Moreover, in a burst of

2012 © 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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interictal discharges, only the contact with the earliest
spike in the SOZ was selected for comparison with that of
the corresponding spike in the ANT. The temporal rela-
tionship of the interictal epileptic discharges between the
ANT and all of those in the EZ was compared, and a time
interval greater than 30 msec was defined as the indepen-
dent pattern. Twenty synchronous spikes (S spikes) were
selected randomly from the iEEG data of patients, and the
mean =+ standard deviation (SD) of the time interval of
the beginning of the spike between the SOZ and ANT was
estimated for each patient.

Ictal EEG data were collected and analysed by three
technicians. Seizure onset of the ANT and SOZ was
defined as the earliest change in the SEEG signal of a con-
tinuous rhythmic discharge, followed by clinical manifes-
tations.” Patients with clinical signs that preceded EEG
alteration (ANT and SOZ) were excluded. Three seizures
were randomly selected from each patient (at least three
were recorded per patient). With the help of normalized
time-frequency analysis, the seizure onset types of ANT
were defined as low-voltage fast activity (LVFA), rhythmic
spikes (RS) and theta band discharge. Epileptic activity
with the highest normalized power was the main dis-
charge in ANT seizures with several frequency bands.
Three seizures were selected, which were identical to those
described above, to calculate the time interval of seizure
onset between SOZ and ANT.

Surgical treatment and outcomes

The epileptic focus was localized by expert consultation
based on the evidence provided by SEEG and non-
invasive examinations. Depending on the location and
extent of epileptic foci, surgical resection was performed
in all patients. The patients were followed up for >1 year.
Post-operative outcomes were graded according to the
ILAE classification.™

Statistical analysis

To examine the metabolic differences in the ANT within
and between groups across different categories, we used
paired-sample t tests and independent-sample ¢ tests to
compare nRCV and AAI differences. The nRCV and AAI
of the ANT in the different groups were normally dis-
tributed (Shapiro-Wilk tests, p > 0.05). For this reason,
and given the smaller sample size, we used Fisher’s exact
tests to compare group differences with regard to surgical
outcomes (ILAE I and II vs. ILAE III-VI). The time inter-
val of the beginning of the spike between SOZ and ANT
was reported as the mean + SD. Statistical analyses were
performed using the SPSS version 20.0 software (IBM,
Armonk, NY, USA).

H. Yan et al.

Data availability

Data supporting this study are available upon request.
The data are not publicly available because it contains
information that could compromise research participants’
privacy consent.

Results

Nineteen patients were included in this study. The mean
age at the time of surgery was 20.68 £ 8.05 years (range,
17-38 years). Patients had a history of epilepsy of
10.10 + 6.45 years (range, 1-29 years). The demographic
and clinical characteristics of the patients are summarized
in Table 1. According to the type of resection, the 19
patients were divided into a temporal lobe epilepsy (TLE)
group (n = 9) and an extratemporal lobe epilepsy (ETLE)
group (n = 10). At the 12-month post-operative follow-
up, 14 patients (73.7%) were completely free of epileptic
seizures (12 patients, ILAE I) or only have occasional
auras (2 patients, ILAE II). None of the patients experi-
enced worsening seizures.

Visual evaluation of metabolism in the ANT

Upon 3D visual evaluation, the metabolic difference in
the bilateral ANT was significant in eight of nine patients
with TLE; in seven of these patients, the hypometabolic
side of the ANT was ipsilateral to the EZ. In these seven
patients, the observed ipsilateral temporal hypometabo-
lism also decreased to varying degrees (Fig. 1A). Hypome-
tabolism in the ANT was contralateral to the EZ in the
remaining 2 patients with TLE. In 6 of the 10 patients
with ETLE, the difference in metabolism in the bilateral
ANT was not significant upon visual evaluation (Fig. 1B).
In the remaining four patients with ETLE, the metabolic
difference in the bilateral ANT was significant, although,
in these patients, the hypometabolism in the ANT was
contralateral to the EZ.

Quantitative analysis of ANT metabolism

The nRCV for the ANT on the EZ side was lower than
that on the contralateral side in seven out of nine patients
with TLE (p = 0.034). The nRCV in the contralateral
ANT was lower than that on the EZ side in the remaining
two patients. In 10 patients with ETLE, the nRCV of the
ipsilateral ANT was lower in six patients. In the remain-
ing four patients, the nRCV of the contralateral ANT was
lower than that on the EZ side (Table 2). We found no
significant difference in ANTs with a lower nRCV
between patients with TLE and those with ETLE
(p = 0.33). The AAI of the bilateral ANT in patients with
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Figure 1. PET-MRI, 3D-view of the ANT and postoperative MRI in a patient with TLE (patient 5, A) and in a patient with ETLE (patient 8, B). The
ANT is delineated in the coronal PET-MRI images in the left portion of (A) and (B); the middle and upper portions of (A) and (B) represent a mag-
nified image of the ANT region; the middle and lower portions of (A) and (B) show the 3D view of the ventral side of the ANT; the right portion
of (A) and (B) is the post-operative MRI. The images in (A) show hypometabolism in the temporal lobe (red arrows) and the ipsilateral ANT (black
arrows). The images in (B) show that the metabolic difference in the bilateral ANT was not significant. L = left

Table 2. Quantitative analysis of metabolism in the ANT and the characteristics of epileptic discharges in the ANT

Interictal Ictal
Patient ~ Number of {iEEG-ANT L-ANT R-ANT activities Time interval of  Seizure onset interval
number  Seizures nRCV  nRCV  AAl of ANT S-spike (seconds)  type of ANT pattern
1 6 L 1.51 1.68 11.04  S-spike 224 +56 LVFA Immediate
2 7 R 1.27 1.37 7.38 slow-wave (3-5 Hz) - LVFA Immediate
3 13 R 1.35 1.29 4.33  a-rhythmic and slow-wave (2-5 Hz) - None None
4 8 R 1.1 1.03 7.12  S-spike 229+ 46 RS Immediate
5 5 R 1.19 1.1 6.77  S-spike 26.5 + 4.1 RS Immediate
6 7 R 1.18 1.27 6.96 slow-wave (1-2 Hz) - theta Immediate
7 3 L 1.45 1.51 4.03  a-rhythmic and slow-wave (2-3 Hz) - theta Delayed
8 22 L 1.1 1.15 3.35 slow-wave (3-5 Hz) - LVFA Delayed
9 6 L 1.03 1.06 2.60 S-spike 23.1+45 LVFA Immediate
10 3 R 1.41 1.62 13.31  a-rhythmic and slow-wave (3-5 Hz) - LVFA Immediate
1 4 L 1.41 1.66 16.20 slow-wave (3—4 Hz) - LVFA Immediate
12 - L 1.09 1.20 9.11  I-spike (rhythm) - None None
13 8 R 1.35 1.22 10.25 S-spike, HFO 21.8 +£5.0 LVFA Immediate
14 3 L 0.94 1.06 11.75 S-spike 219 + 4.1 RS Immediate
15 12 L 1.36 1.23 9.88 I-spike - None None
16 8 L 1.73 1.75 1.25 slow-wave (2-4 Hz) - None None
17 11 R 1.33 1.39 4.26 S- and I-spike 21.5+5.38 theta Immediate
18 9 L 1.68 1.70 1.49  o-rhythmic and slow-wave (1-3 Hz) - LVFA Delayed
19 15 L 1.36 1.60 16.31 S-spike 18.8 £ 4.8 RS Immediate

Abbreviations: AAl, absolute asymmetry index; HFO, high-frequency oscillation; LVFA, low-voltage fast activity; RS, rhythmic spikes; L, left; R, right;
S, synchronous; |, independent; nRCV, normalized radioactivity concentration.

© 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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TLE was significantly higher than in patients with ETLE
(10.12 £ 4.19 vs. 5.63 £ 4.02, p = 0.029). Upon exclu-
sion of patients with hypometabolism in the ANT on the
side contralateral to the epileptogenic zone, the difference
was more significant (11.3 £ 3.84 wvs. 3.43 £+ 1.95,
p = 0.003) (Fig. 2A).

The electrode in the ANT was implanted ipsilaterally to
the EZ in 18 patients and contralaterally to the EZ in one
patient (patient 12). Hypometabolism in the ANT was
ipsilateral to the EZ in 13 patients (13/19), and 12 of
these 13 patients had seizure-free outcomes after surgery.
In the remaining six patients with contralateral hypome-
tabolism in the ANT, only two patients had seizure-free
outcomes. Patients with contralateral ANT hypometabo-
lism had a significantly higher risk of post-operative epi-
lepsy than those with hypometabolism in the ANT
ipsilateral to the EZ (p = 0.017). In patients with TLE
and ETLE with ANT hypometabolism ipsilateral to the
EZ, the statistical analysis showed that surgical outcomes

H. Yan et al.

were not significantly different compared to patients with
hypometabolism in the ANT contralateral to the EZ
(p = 0.08, p = 0.13) (Fig. 2B). There was no significant
correlation (p > 0.05) between the degree of AAI and the
post-operative outcomes.

Interictal activities of the ANT

Four types of interictal activity were recorded in the 19
patients: spike, HFO, slow-wave and o-rhythmic activity.
Spike was recorded in 10 patients (7 of the 10 patients
had TLE). The slow-wave activity was recorded in nine
patients (7 of 9 patients had ETLE). The a-rhythmic
activity was recorded in four patients (4 patients had
ETLE). HFO was recorded in one patient with TLE
(Fig. 2 and Table 2). There were two types of activities in
five patients (Figs. 3 and 4). The AAI differences between
patients with spike or HFO and those with slow-wave or
a-rhythmic activity were not significant (p = 0.26). There
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Figure 2. Differences of AAI across different categories (A) and surgical outcomes in different groups (B). (C) Distribution of the different
interictal activity types in the ANT across different categories. In the group (Ipsi-) TLE, the patient with both spike and HFO is represented by HFO
only, and the patient with both S spike and I spike is represented by | spike only; in the group (Ipsi-) ETLE, the patients with both a-rhythmic activ-
ities and slow-wave are represented by a-rhythmic only. (D) Distribution of the different seizure onset types in the ANT across different categories.
Ipsi-, ANT hypometabolism side was ipsilateral to the EZ; con-, the ANT hypometabolism side was contralateral to the EZ; P, all patients; S + H,
patients with spike and HFO; S — w + «, patients with slow-wave and a-rhythmic activity.

2016

© 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.



H. Yan et al. PET and SEEG Traits of the ANT in Epilepsy

Figure 3. Reconstruction of the depth
electrodes and recording of interictal
activities in the ANT and SOZ in a patient
with TLE (patient 13). (A, C, E)
Reconstruction in 2D and 3D views of the
depth electrodes in the ANT (yellow) and
SOZ (green); the red points are the
contacts in the ANT. (B, D, F) PET-MRI and
3D view of the ANT; the red contacts are
located in the ANT region. (G) Interictal
activities of the SOZ and ANT; HFO (black
triangle) and synchronous spikes (black
circle) were recorded in the ANT. The time
interval of the beginning of the
synchronous spike between the SOZ (red
vertical line) and ANT (green vertical line)
was 21 and 28 msec, respectively (zoomed
red boxes). The bottom of this image is the
time-frequency analysis of the interictal
activities in the SOZ and ANT
corresponding to the blue and red boxes.
L, left.

was no correlation (p > 0.05) between the degree of vs. 1 ETLE). The slow-wave activity was recorded in six
nRCV of the ANT and the discharge of the ANT. In  patients (1 TLE vs. 5 ETLE).

patients with hypometabolism in the ANT ipsilateral to Two patterns of spikes were recorded in the ANT of
the SOZ, the spike is recorded in seven patients (6 TLE the 10 patients with spikes, the synchronous spike was

© 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 2017
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SOZ (green); the red points are the
contacts in the ANT. (B, D, F) PET-MRI and
3D view of the ANT; the red contacts are
located in the ANT. (G) Interictal activities

recorded in eight patients (7 of 8 patients had TLE),
and the independent spike was recorded in three
patients (two patients had ETLE). Two patterns of spikes
were noted in one patient with TLE (Patient 17, Fig. 5).
The time interval between the beginning of the syn-
chronous spike in SOZ and ANT was approximately 20—
30 msec (Table 2).

2018

178 18 182 184 186 188 19 192 194 196 S

of the SOZ and ANT; slow-wave (black
triangle) and a-rhythmic activities (black
circle) were recorded in the ANT. The
bottom of this image is the time-frequency
analysis of the interictal activities in the
ANT corresponding to the blue and red
boxes. L, left.

200
150
100
50

[

Ictal activities of the ANT

One patient was excluded from the analysis of ictal dis-
charge because the electrode in the ANT was implanted
contralateral to the EZ (Patient 12). A total of 150 epilep-
tic seizures (3-22 seizures for each patient, with an aver-
age of 8.3 + 4.9 times) were recorded in 18 patients. The

© 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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Figure 5. Two patterns of the spike in the ANT. Interictal activities of the SOZ and ANT of patient 17; synchronous (black circle) and independent
(black square) spikes were recorded. The time interval of the beginning of the S-spike between the SOZ (red vertical line) and ANT (green vertical
line) was 20 msec; an independent spike (purple vertical line) in the ANT was recorded (zoomed red box). Image reconstruction revealed that the
second contact in the ANT was close to the thalamostriate veins, and the discharge rhythm was synchronous with the heart rate.

ictal epileptic activity of the ANT was recorded in 45 of
54 (83.3%) selected seizures. Three patients were recorded
as ‘None’, which means that the ANT did not participate
in seizures. Patients 3 and 16 showed no obvious electro-
graphic changes in the ANT during seizures, and the clin-
ical signs preceded the EEG alteration in patient 15. The
seizure onset activities of the ANT were classified into
three types: LVFA in eight patients (four TLE vs. four
ELTE), RS in four patients (four TLE vs. zero ELTE) and
theta discharge in three patients (one TLE vs. two ELTE).
Typical examples of different seizure types of ANT are
shown in Figure 6. There was no significant difference in
ANT seizure types between patients with TLE and those
with ETLE. In patients with hypometabolism in the ANT
ipsilateral to the SOZ, LVFA was recorded in six patients
(3 TLE vs. 3 ETLE), RS was recorded in four patients
with TLE, and theta discharge was recorded in one
patient with ETLE (Fig. 2).

The interval of seizure onset between the SOZ and
ANT was difficult to calculate precisely visually, although
it was confirmed that seizure onset in the ANT did not
precede SOZ seizures in the seizures we studied. Notably,

two patterns were recorded in these seizures: immediate
(seizure onset between the ANT and SOZ almost simulta-
neously) and delayed patterns (seizure onset between the
ANT and SOZ showed a longer interval, at least >1 s)
(Fig. 6A and B). There was no significant difference
(p > 0.05) in ictal interval patterns between the TLE and
ETLE groups.

Discussion

In this study, we investigated metabolic anomalies and
interictal and ictal discharges of ANT in patients with
TLE or ETLE. We attempted to demonstrate the role of
ANT in the cortical-subcortical epileptic network, which
will contribute to a better understanding of ANT-DBS
mechanisms.

Metabolic anomalies in the ANT and SEEG
findings

The metabolic differences between the bilateral ANTSs
upon visual evaluation were significant in the TLE group.
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Figure 6. Two patterns of the ictal interval between SOZ and ANT, and examples of the seizure onset types of the ANT. (A) Immediate pattern:
the seizure onset between the SOZ (red boxes) and ANT (blue boxes) almost simultaneously. (B) Delayed patterns: the seizure onset between the
SOZ (red boxes) and ANT (blue boxes) shows a longer interval, about 8 sec. Examples of seizure onset types of the ANT and their time-frequency
analysis: LVFA (C), RS (D) and theta (E). (F) There was no obvious evolution of activities in the ANT during ictal evolution in the SOZ.
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Furthermore, we compared the AAI of the ANT between
the TLE and ETLE groups. Consistent with visual analysis,
ANT asymmetry was significant in patients with TLE. In
line with the previous report, we also speculate that the
ANT is susceptible to the ipsilateral EZ of the temporal
lobe.”” In other words, the ANT was more involved in
the interictal epileptic network in TLE than in ETLE.
Electrophysiological data from the SEEG recordings fur-
ther confirmed this assumption.

In the study by Pizzo et al,, the thalamus was involved
in focal seizures in the majority of patients, and they
speculated that the participation of the thalamus might
be in all focal epilepsies having nothing to do with local-
ization or aetiology.® Similarly, in our study, ictal dis-
charge of the ANT was recorded in most patients, which
indicates that the ANT is involved in seizure propagation.
However, the temporal interval of seizure onset between
SOZ and ANT varied significantly in different patients,
similar to a previous study.’® The reasons and influencing
factors require further investigation. In contrast to ictal
EEG with varied changes, a stable interictal EEG may pro-
vide a new perspective.

Interictal SEEG studies detected four types of wave-
forms in the interictal recordings of the ANT. Spike and
HFO waveforms in the ANT were mainly recorded in
patients with TLE, whereas slow-wave and a-rhythmic
waveforms were recorded mainly in patients with ETLE.
We believe that the spike and HFO waveforms in the
ANT were epileptic discharges.'®'®*”*® The slow-wave
and o-rhythmic waveforms tend to be considered as a
physiological activity, although more research is needed
to confirm this. We assumed that these different wave-
forms may reflect the differential epileptic excitability of
the ANT in the cortico-subcortical epileptic network. In
most patients with TLE, the reduced metabolism of the
ANT, as well as the increased epileptic excitability, sug-
gests a tight functional connection and pathological inter-
action between the epileptogenic zone and ANT.

In a previous study, ANT thinning was observed in
patients with TLE by high-resolution MRI.>” The authors
suggested that the loss of volume was related to seizure
propagation from the SOZ to the thalamus, leading to
neuronal loss in the ANT. Another study observed a
reduction in synapse density in the ANT, together with
increased levels of gliosis in a TLE model in macaques.'?
Based on previous studies, we speculated that ANT hypo-
metabolism is related to these cellular reorganizations,
which is secondary to the abnormal functional connection
between the temporal lobe and ANT.

Even in the patients with TLE, the previous study
reported that the frequency of interictal epileptiform dis-
charges in the ANT was correlated with that in surface
EEG.' It is usually difficult to clarify the temporal

PET and SEEG Traits of the ANT in Epilepsy

relationship between epileptic discharges in the SOZ and
ANT.'* However, the use of SEEG in the present
study allowed us to analyse spike activity in the SOZ
and ANT. We discovered two patterns of spike activity
in ANT: synchronous and independent spikes. In the
first pattern, the time interval of the spike between the
SOZ and ANT was approximately 20-30 msec, which
may imply the propagation of interictal discharges from
the SOZ to the ANT. The functional and anatomical
connections between the ANT and hippocampus have
been verified in several previous studies.”®*' According
to our previous study, the bidirectional cortico-cortical
evoked potential (CCEP) connection between the ANT
and hippocampus was recorded in similar patients.*?
Furthermore, in this study, we provide additional evi-
dence for abnormal connectivity of the ANT and hip-
pocampus in patients with TLE. Abnormal connectivity
might also be related to the hypometabolism of the
ANT. In addition, the independent discharges recorded
in the ANT also indicate the abnormal excitability of
the ANT. Another interesting finding is the HFOs
recorded in the ANT, which were also detected using
the implanted DBS electrodes.”” As we know, HFO is
usually seen as a specific epileptogenic activity in the
epileptogenic zone.*”** Therefore, these data collectively
indicate that the ANT is a crucial node of the cortical-
subcortical epileptic network during the interictal stage.

Additionally, various types of seizure onset in the thala-
mus have been studied and reported.>'”*”***> In concor-
dance with previous research, similar seizure onset types
of ANT were also recorded in our studies, such as LVFA,
RS, and theta discharge. Due to the limited study cohort,
a difference in seizure onset types of the ANT between
TLE and ETLE was not found.

Metabolic anomalies in the ANT and surgical
outcomes

In the present study, we found that patients with hypo-
metabolism in the ANT ipsilateral to the SOZ had better
surgical outcomes. A previous study also reported that
hypometabolism in the thalamus ipsilateral to the SOZ
was associated with better surgical outcomes than con-
tralateral thalamic hypometabolism.*® Although reverse
ANT asymmetry is less common in patients with epi-
lepsy,*®*” these patients with reverse ANT asymmetry
appear to have worse surgical outcomes.

Novel understandings of ANT-DBS

Different from the intervention of responsive neurostimu-
lation in the ictal stage of seizure,*>* ANT-DBS may per-
form chronic modulation in the interictal stage to

© 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 2021



PET and SEEG Traits of the ANT in Epilepsy

decrease the excitability of the epileptic network. In previ-
ous studies, the close relationship between ANT and the
temporal lobe has been confirmed from the perspectives
of functional anatomical connections, pathological biopsy,
ictal EEG and electrical stimulation.””'>'®*>** In our
study, further evidence of interictal discharges and
decreased metabolism in the ipsilateral ANT of the epilep-
tic temporal lobe was provided. This new evidence indi-
cates that the ANT not only acts as an important node in
ictal propagation but also plays a significant role in the
cortical-subcortical epileptic network during the interictal
stage, especially for patients with TLE. Based on this evi-
dence, we can further understand the antiepileptic mecha-
nisms of ANT-DBS. In addition to the indirect inhibition
of local field potentials and epileptic discharges in the
hippocampus we have reported,*” we speculate that the
direct interference of the interictal epileptic discharges
that either propagated from the SOZ to the ANT or gen-
erated in the ANT might be a potential antiepileptic
mechanism of ANT-DBS. As a result, we infer that effec-
tive stimulation of the ANT can weaken the pathological
connection between the EZ and the ANT.

Limitations

This study was based on clinical data and had several lim-
itations that need to be considered. First, PET data were
compared between the ipsilateral and contralateral ANT,
rather than being compared with the ANT of healthy
individuals. Second, although the statistics showed signifi-
cance in different group comparisons, the small study
cohort limited the statistical power of some experiments.
Third, it is difficult to record all thalamus nuclei that par-
ticipated in the seizures because of the limitation of the
spatial sampling of the SEEG.
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