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Abstract

This study examined low-frequency anterior nucleus of the thalamus (ANT)-deep brain stimulation (DBS)
to study the effects of DBS parameters on the evoked potentials (evoked potential (EP)s) in patients with
drug-resistant epilepsy (drug-resistant epilepsy (DRE)). The focus was on how DBS parameters (DBS
amplitude, DBS contact, and DBS implantation) modulate EPs characterized by EP latency, EP magnitude,
and source location. The aim was to investigate the underlying mechanisms of low-frequency ANT-DBS
and its impact on related neural networks.

Data were obtained from two subjects participating in the EANSkE study. electroencephalograph (EEG)
recordings and T1- and T2-weighted images from two patients were analyzed using advanced preprocess-
ing and source reconstruction techniques. Template subtraction was applied to reduce the DBS artifact,
and dipole fitting was used to determine the location at the source level. The effects of DBS amplitude
and DBS contact were found through Global Mean Field Power (GMFP) plots, topographical maps, and
source-level dipole reconstructions. Anatomical labels for the reconstructed dipoles were assigned using
the Brainnetome atlas, providing a detailed location of the source of the corresponding EP components.

The results demonstrated that low-frequency ANT-DBS evokes clear EP components at four latencies:
3-10 ms, 19-26 ms, 37-58 ms, and 55-117 ms. Stimulated deeper (C0 and C1) contacts and higher DBS
amplitude produced higher magnitude responses. Source reconstruction revealed a temporal movement of
dipoles along structures related to the Papez circuit, e.g. the thalamus, cingulate gyrus, superior frontal
gyrus, and basal ganglia. However, some variability was observed in source locations and EP amplitudes,
particularly with stimulated superficial (C2 or C3) contacts, or lower DBS amplitude stimulation.

While the findings provide valuable insights, the study also includes limitations. The small sample size,
inherent challenges in source reconstruction accuracy, and simplifying assumptions constrain the general-
izability of the results. Despite these limitations, the results indicate the importance of DBS parameters
in modulating neural activities. Recommendations for future research are comparing low-frequency ANT-
DBS results with high-frequency, comparing the dipole fitting results with beamforming or sequential dipole
fitting, and comparing the locations of the DBS-evoked responses to epileptic activity maps. This study of-
fers an understanding of the electrophysiological effects of low-frequency ANT-DBS. It emphasizes the
potential to influence seizure networks through targeted neuromodulation. These findings contribute to
the growing body of evidence on ANT-DBS and provide a basis for further research to optimize the DBS
therapy and improve therapeutic outcomes for patients with DRE.
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Chapter 1

Introduction

1.1 Epilepsy

Epilepsy is one of the most common neurological diseases worldwide [1], defined as a neurological disorder
by any of the following criteria: 1) at least two unprovoked (or reflex) seizures occurring more than 24 hours
apart; 2) one unprovoked (or reflex) seizure with a high probability of additional seizures (at least 60% of
the next 10 years); or 3) a diagnosis of an epilepsy syndrome [2]. An estimated 55 million people worldwide
are affected by this chronic disease, with each year more than 150,000 diagnoses [3]. A seizure disrupts
the regular brain activity caused by excessive neural activity. Both increased action potential firing rates
and increased synchronous firing cause this excessive neural activity. Seizures are classified by their onset:
focal, generalized, or unknown. A focal seizure begins in one specific part of the brain (e.g., the seizure
focus), with the possibility of propagating to other areas of the brain. Neurons positioned in the seizure
focus experience high-frequency bursts of action potentials, and, meanwhile, hypersynchronization occurs
of the neuronal population [4]. This abnormal activity is usually restricted to the area in which it originated,
but during a seizure it can spread due to the failure of inhibitory mechanisms. A generalized seizure starts
in both hemispheres when there is no clear seizure focus. The mechanisms underlying this seizure type are
not yet well understood. Generalized seizures involve hyperexcitability of neurons throughout the cortex
and abnormal behavior in neural networks that connect the thalamus to the cortex [5].

The type of epilepsy a patient has notably influences the treatment approach. The primary treatment
modality for epilepsy is anti-epileptic drug (AED). These are typically prescribed after two unprovoked
seizures or after a single unprovoked seizure with an increased risk of a second unprovoked seizure [6].
Most AEDs can be used for all types of epilepsy. Certain types of epilepsy, such as temporal lobe epilepsy,
require more invasive treatments when seizures persist despite medication, whereas other syndromes, like
absence epilepsy, are often well-managed with AEDs alone. Approximately 30%-40% of epilepsy patients
do not respond to AEDs [7]. In this case, we speak of DRE, epilepsy that is resistant to medical drugs.
People with DRE that have focal epilepsy might, in this case, benefit from surgical resection of the specific
brain region if the focal area is not vital for the patient [5]. If surgical resection is not possible or was not
effective, invasive neuromodulation techniques can be the following treatment option for DRE. Electrical
pulses are delivered to peripheral nerves or targeted brain regions in response to increased rhythmic activity
to prevent seizure initiation and/or propagation. The stimulatory pulses can be delivered at a predetermined
time (open-loop) or in response to detected seizures (closed-loop). Three such neuromodulation techniques
have been approved as epilepsy treatment: Vagus nerve stimulation (VNS), responsive neurostimulation
(RNS), and DBS. All three are depicted in Figure 1.1. With VNS (depicted in green), the left vagus nerve
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2 CHAPTER 1. INTRODUCTION

is stimulated via coiled electrodes surgically implanted around the nerve at the height of the neck [8]. RNS
(depicted in red) is based on continuously monitoring intracranial EEG at the area of suspected seizure
onset [9]. When a possible seizure is detected, a short burst of high-frequency electrical stimulation will
be delivered on-site. DBS (depicted in blue) delivers a predetermined, open-loop program of electrical
pulses to deep brain structures via implanted electrodes [10]. The variability in patient response to DBS for
epilepsy remains largely unexplained, and the exact mechanisms through which DBS reduces seizures are
still not well understood.

Figure 1.1: On the left panel, a schematic representation of neuromodulation techniques used in epilepsy
treatment is visualized [9]. The brain regions involved in the neuromodulation technique are
highlighted on the right panel. Blue, green and red represent ANT-DBS, VNS, and RNS,
respectively.

1.2 Deep Brain Stimulation (DBS)

Since the 1930s, neuromodulation has been used to explore brain functions and identify potential targets
for ablative therapies [11]. This exploratory work laid a foundation that in the late 1980s led to the devel-
opment of DBS as a treatment for movement disorders, specifically Parkinson’s disease [12]. Since then,
its application has expanded to include a variety of conditions, including epilepsy [13], depression [14],
and obsessive-compulsive disorder [15]. In epilepsy, several target areas have been identified due to their
specific roles in seizure networks and their involvement in neural circuits related to seizure propagation.
These areas include the anterior nucleus of the thalamus (ANT), the centromedian nucleus of the thalamus
(CMT) and the hippocampus. Stimulation of the ANT, a key structure in the Papez circuit, has been pri-
marily targeted for focal epilepsy. The ANT is thought to modulate the spread of seizure activity through its
role in integrating and relaying excitatory and inhibitory inputs between the thalamus and cortex. This was
supported by the Stimulation of the Anterior Nucleus of the Thalamus for Epilepsy (SANTE) trial, which
demonstrated significant seizure reduction in patients with focal epilepsy treated with ANT-DBS [16], [17].
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The centromedian nucleus of the thalamus (CMT) has been targeted for generalized epilepsy due to its role
in thalamocortical circuits and its involvement in regulating cortical synchronization. This target has been
particularly beneficial for patients with generalized tonic-clonic seizures and absence epilepsy, where thala-
mocortical dysrhythmia is a hallmark feature [18]. The hippocampus is also a key structure in temporal lobe
epilepsy, the most common form of focal epilepsy. Hippocampal DBS aims to suppress hyperexcitability
in this region, reducing seizure onset and propagation. This target is often chosen when seizures originate
from the mesial temporal structures and when surgical resection is not feasible or desirable [18]. Since
ANT-DBS is an approved treatment for focal epilepsy and aligns with the goals of this work, we will focus
on ANT-DBS from now on.

ANT-DBS delivers a predetermined (open-loop) program of electrical pulses to deep brain structures
via implanted electrodes (in the ANT) connected to a pulse generator. This is depicted in blue in Figure
1.1. DBS uses an implantable pulse generator, typically placed under the skin in the chest [19]. This device
delivers targeted electrical stimulation to the lead implanted in the ANT. The shape of this stimulus is
defined by stimulation parameters, such as the frequency, burst duration, stimulus amplitude, and pulse
width [20]. Optimal values for these parameters are patient-specific and are found by trial and error. The
clinical standards for using DBS as epilepsy treatment are as follows: high-frequency stimulation (≥ 100
Hz), current amplitude ≥ 1V [21].

Research has shown that activity within the Papez circuit, visualized in Figure 1.2, is increased in
patients with epilepsy [22]. The Papez circuit is involved in ANT-DBS, also visualized in Figure 1.2. This
neural circuit consists of the hippocampus, thalamus, cingulate gyrus, and parahippocampal gyrus and is
known for its key role in spatial memory and emotion [23]. It is also believed to be involved in seizure
generation and propagation [22], [24], however its precise role in seizure propagation remains a topic of
ongoing research. The Papez circuit is structured around two parallel loops: the cingulum bundle and the
fornix [25]. The cingulum bundle forms a large loop connecting the prefrontal projections of the cingulate
gyrus with the hippocampus in the parahippocampal gyrus of the temporal lobe. Projections from the
hippocampus travel to the mammillary bodies via the fornix, which then connect to the ANT through the
mammillothalamic tract. The loop completes as the ANT projects to the cingulate gyrus.

Figure 1.2: Schematic of the pathways included in the Papez circuit [26]. This circuit connects the hip-
pocampus with the cingulate gyrus via the anterior nucleus of the thalamus.
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The exact mechanism by which DBS reduces seizure activity is not yet completely understood. Previous
research demonstrated that neurostimulation can help disrupt seizure propagation [?], [27], or can raise the
overall seizure threshold [27]. It seems that patients with partial seizures tend to have a better response
to ANT-DBS than patients with generalized epilepsy [28]. A widely accepted theory suggests that an
imbalance between excitatory and inhibitory neural activity causes seizures [5], [29], [30]. One hypothesis
proposes that ANT-DBS works by restoring this balance between inhibition and excitation [31]. Another
possible explanation is that ANT-DBS decreases seizure frequency by disrupting or desynchronizing the
network’s activity [32].

Research on specifically ANT-DBS as epilepsy treatment is scarce. One study performed ANT-DBS
and measured EPs within the circuit of Papez. They concluded that fine-tuning of the contact position of the
electrode could improve the efficacy [17]. Another study applied 2 Hz DBS in the ANT, which resulted in
strong EPs at 35 and 38 ms after the DBS peak [33]. EPs offer a functional assessment of neural activity (in
this case, especially within the circuit of Papez), potentially enhancing the efficacy of ANT-DBS in treating
DRE by optimizing the therapeutic approach. Another study compared low-frequency with high-frequency
DBS and demonstrated a significantly better seizure reduction for low-frequency ANT-DBS [34]. This
emphasizes the need for research regarding low-frequency ANT-DBS.

1.2.1 EEG and DBS

EEG is a powerful diagnostic tool, enabling clinicians to detect abnormal neural activity associated with
epileptic seizures. Beyond diagnosis, continuous EEG monitoring can guide the effectiveness of AEDs or
help tailor DBS settings by identifying the evoked responses. An EP is a time-locked electrical response
of the nervous system to a specific external stimulus, with an amplitude of several microvolts [35]. Unlike
random spontaneous activity, EPs are stimulus-specific and reproducible, making them a tool for analyzing
neural activity. In epilepsy, EPs serve an important role in understanding and assessing the brain’s abnor-
mal electrical activity. This abnormal electrical activity can disrupt the normal sensory processing, often
reflected in altered EPs. EPs are a valuable tool in epilepsy research, offering non-invasive means to explore
neural activity and evaluate therapeutic efficacy of DBS. By analyzing the location of the EP, clinicians can
assess how different brain regions contribute to the generation or propagation of seizures [10]. This can be
particularly valuable when planning treatment.

1.3 Source Reconstruction

Source reconstruction is a technique in EEG analysis, enabling the localization of neural activity by unrav-
eling the complex interactions of electrical signals measured on the scalp. Understanding this process starts
with the superposition principle, which explains that the overall electrical potential recorded on the scalp is
the cumulative effect of multiple active neural sources [37]. When neurons exhibit synchronized activity,
it results in current flow throughout the conductive tissues of the head. This process, called volume con-
duction, enables the spread of electrical currents from the source inside the brain to the scalp. On the scalp
EEG, this can be measured by differences in electrical potential between different channels, as depicted in
Figure 1.3. To make sense of these signals, topographical maps are created by recording these potentials,
representing the spatial distribution of the electrical activity generated by the underlying neural populations
at specific points in time [38]. However, because EEG signals are a mix of multiple neural sources, the
spatial source of the activity is not directly observable [39]. Source reconstruction aims to reverse the ef-
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Figure 1.3: Superposition principle of EEG source activity [36]. Activity from both sources (red and green)
will be visible at the EEG channels at the scalp.

fects of volume conduction and accurately localize the underlying brain activity coming from the sources.
Figure 1.4 gives a general overview of the structure of EEG source reconstruction, including the forward
and inverse models.

1.3.1 Processing of Anatomical Data

The first step of the source reconstruction pipeline involves generating a head model, depending on the
chosen methodology. The head model can range from a simplified sphere to a highly detailed patient-
specific model that accurately reflects the anatomical and electrical properties of the individual’s head.

In this study, we opted for a volumetric head model generated through a finite element method (FEM)
approach. This method provides accurate representation of the anatomical and electrical properties by
accounting for tissue conductivities and detailed geometries of the scalp, skull, and brain. The choice
of FEM-based modeling was driven by its ability to handle complex head anatomies and provide higher
precision in estimating the spread of neural currents. Using an MRI-based head model was critical for
constructing a patient-specific representation, ensuring that the source localization accurately reflects the
individual anatomy.

The anatomical features (geometry of the sphere, or scalp, skull, and brain) are combined with electrical
properties, including the conductivities of different tissue types (scalp, skull, and brain). These features are
needed for modeling how the electric currents generated by the neural sources spread through the head.
The EEG electrodes can be aligned and projected onto the surface of the head model. This is referred to as
the sensor model and contains information about the spatial configuration of the EEG sensors detecting the
activity from the neural sources. Finally, a source model is generated by creating a grid of points within the
brain where potential sources of neural activity are estimated.

1.3.2 Processing of Functional Data

Preprocessing the functional scalp-EEG data is an essential step to reduce potential artifacts and enhance
the consistency of subsequent analyses by time-locking. Without preprocessing, high-amplitude artifacts
could mask the underlying neural signals, leading to distorted results.

In our EEG recordings, the DBS artifact is present, caused by the electrical pulses delivered by the DBS
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Figure 1.4: Diagram illustrating the EEG forward/inverse problem. To go from the real scalp-EEG (left) to
the estimated source in the brain (right), we have to solve the inverse problem. However, to find
the solution to this model, we first have to solve the forward model: estimate all the sources in
the brain that can model the real EEG.

device. Template subtraction is one method used to reduce this artifact while preserving the possible un-
derlying brain activity. This technique involves creating a time-locked template of the artifact by averaging
the EEG signals across multiple stimulation pulses (assuming the artifact is consistent across pulses) [40].
The resulting template is then subtracted from the raw EEG signal. Although this method does not remove
the artifact entirely, it reduces its amplitude while preserving the underlying neural activity [41].

Following the artifact reduction, the EEG signal can be analyzed by computing the GMFP, which is the
root mean square of the EEG signals across all channels. The GMFP is calculated as follows:

GMFP(t) =

√√√√[
∑

K
i (Vi(t)−Vmean(t))

2
]

K
, (1.1)

where t is time, Vi(t) is the voltage at channel i, Vmean(t) is the average voltage across all channels, and
K is the number of channels. To visualize the spatial distribution of the neural activity, EEG topography can
be used. EEG topography is a visual representation of the distribution of electrical activity across the scalp,
typically shown as a two-dimensional map [42]. The voltage recorded by the EEG channels is projected
onto the 2D surface of the scalp. The potential values between the channels are interpolated to create a
smooth map of the activity measured at the scalp.

1.3.3 Forward Model

The forward model is essential for linking neural activity within the brain to the electrical potentials mea-
sured on the scalp, forming the foundation of EEG source reconstruction. It simulates how electrical activ-
ity in the brain (the sources) generates the potentials that are measured at the scalp via EEG, based on the
biophysical properties of the head [43]. The forward model is based on the quasi-static approximation of
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Maxwell’s equations, which assumes that electromagetic field changes are slow enough to neglect inductive
effects. This simplification reduces the equations to focus on the steady-state conduction of electric fields,
leading to the Poisson equations that describes how neural activity generates potentials measurable at the
scalp:

∇ · (σ∇Φ =−∇ ·Js, (1.2)

where σ is the conductivity of the different tissues in the head, Φ is the scalar electric potential, and Js is
the current source density generated by the neural activity. The Neumann boundary conditions are applied
at the outer surface of the head, stating that there is no current flow normal to the surface:

σ∇Φ ·n = 0, (1.3)

where n is the unit normal vector to the head’s surface.
The Poisson equation (Eq. 1.2) is solved numerically using computational methods. One approach is

the Finite element method (FEM), which divides the head model into a mesh of finite elements to handle
its complex geometry and varying tissue conductivities [44]. Other methods, such as the boundary element
method (BEM), may also be applied depending on the requirements of the analysis. By modeling the
propagation of potentials through the head, the forward model provides the foundation for reconstructing the
neural sources responsible for the measure scalp EEG signals. In this work, we used a FEM-based approach
for solving the forward model. FEM was chosen due to its ability to handle the intricate geometries

Equivalent Current Dipole

In source reconstruction, neural activity is often modeled using simplified source representations, such as
the equivalent current dipole (ECD). The ECD approximates the electrical activity generated by neural
populations in the brain, where the complex distribution of neural currents is represented by one or more
point-like dipoles [39]. These dipoles reflect the effect of synchronous neural activity within a localized
region and act as a point source with defined orientation, location, and magnitude, providing a practical
approximation of the distributed activity.

1.3.4 Inverse Model

Where the forward model generally describes how neural activity in the brain generates the electrical poten-
tials at the scalp, the inverse model estimates the neural sources (position, orientation, and strength) that are
responsible for these observed signals [39]. Unlike the forward problem, which is well-defined, the inverse
problem is ill-posed, meaning that there is no unique solution due to the infinite number of source configu-
rations that can explain the recorded EEG data. This problem arises because the EEG recordings represent
a superposition of signals from multiple neural sources, each contributing to the measured potential (Figure
1.3). To address this challenge, various techniques apply constraints and assumptions to estimate biolog-
ically plausible source distributions. In this study, we applied the dipole fitting method to localize neural
activity.

Dipole fitting

The dipole fitting method is a parametric approach used in EEG source reconstruction to identify the best-
fitting dipole(s) that account for the recorded neural activity [39], [45]. It is based on the ECD model and
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involves finding the optimal dipole position, orientation, and strength by minimizing the difference between
the observed data and the signals predicted by a dipole model. Dipole fitting is particularly effective when
the sources are expected to be focal, as it provides a practical solution to the ill-posed inverse problem under
specific assumptions.

1.4 Objectives

This thesis aims to explore the effects of ANT-DBS on evoked potentials (EPs), focusing on how different
stimulation parameters influence electrophysiological responses. The primary objective is to investigate
whether and how DBS-induced EPs can be observed and characterized on both the sensor and source levels.
The following research questions guide this exploratory study:

1. Do we see DBS-induced evoked potentials on the sensor level?

2. How are these evoked potentials modulated by DBS contact, DBS amplitude, and DBS implantation
in both the sensor level and source level?

The expectation is that EPs will be visible in the EEG data. Specifically, early EP components are as-
sumed to originate within the Papez circuit due to its anatomical connectivity and hypothesized involvement
in ANT-DBS [17], [33], [46]. While the precise relationship between the Papez circuit and seizure gener-
ation remains a topic of ongoing research, its relevance to epilepsy-related networks makes it a plausible
source of early EP components.

Furtheremore, the expectation is that EPs will be visible in the EEG data, allowing for characterization
of the neural responses. Based on prior studies, the following assumption can be made regarding DBS
amplitude: higher DBS amplitude are expected to result in larger EP amplitudes due to increased activation
of the neural tissue. Other aspects, regarding the effect of DBS contact and implantation on the EPs, remain
exploratory due to a lack of specific literature. This thesis aims to provide preliminary insights into these
factors, serving as a foundation for future research.



Chapter 2

Methods

2.1 Data Selection

Data is obtained from the Evaluation of ANT-DBS Neuromodulation with Sensing Electrodes (EANSkE)
study [47]. Figure 2.1 provides an overview of the data collection and protocol. The dataset included
T1- and T2-weighted magnetic resonance imaging (MRI) scans (pre-operative where available), CT scans
post-implantation, and EEG measurements at different time points. Specifically, we analyzed data from
bilaterally implanted DBS electrodes across two patients (DBS011 and DBS014): implantation 1 (DBS011,
right shaft), implantation 2 (DBS011, left shaft), implantation 3 (DBS014, right shaft), and implantation 4
(DBS014, left shaft). Two datasets were used for analysis: EEG recordings s000840 from patient DBS011
and s000842 from patient DBS014, as well as corresponding T1- and T2-weighted images and CT scans.

The first EEG was measured before implantation to establish a baseline. After implantation, three addi-
tional EEG measurements were performed at specified intervals (2 months, 12 months, and 24 months after
implantation). During these post-implantation sessions, a specific stimulation protocol was implemented.
This protocol included both high- and low-frequency (6 Hz) stimulation. For low-frequency stimulation,
adjustments were made to the DBS contact (C0, C1, C2, C3) and the DBS amplitude (high = 5V or low =
2.5 V). In this study, only the effects of low-frequency DBS were analyzed, focusing on the variations in
stimulation parameters.

Figure 2.1: Overview of the protocol of the EANSkE study. MRI scans are made once before and once after
DBS implantation. Four EEG measurements are performed, one baseline (before implantation)
and three times after implantation during the DBS.

9
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For the low-frequency stimulation (6 Hz), the DBS contact (C0, C1, C2, C3), DBS amplitude (high/low),
and the DBS implantation (left/right) were modified. This protocol is reflected in the EEG signal, for
example, as visible in the M2 channel shown in Figure 2.2. Monopolar stimulation was used, with the
implanted pulse generator serving as the anode and a single electrode contact point (C0, C1, C2, C3)
programmed as a cathode.

Figure 2.2: Left: the EEG signal from the M2 channel, showing segments corresponding to different DBS
stimulation settings as defined by the protocol. Right: a schematic of the DBS implantation,
highlighting the four electrode contacts (C0, C1, C2, C3).

2.1.1 Materials

The EANSkE study uses the Medtronic Model 3389 leads connected to the Medtronic Percept PC Neu-
rostimulator with BrainSense Technology. A 64-channel cap with a 10/20 configuration was used for the
EEG measurement.

Code is available through the

2.2 Source Reconstruction

Figure 2.3 visualizes the source reconstruction pipeline. All processing is done using MATLAB © (R2022b)
using the FieldTrip (20240326) software toolbox [36]. All analyses are done in native space (ras coordinate
system), except if stated otherwise.
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2.2.1 Processing of Anatomical Data

The first step of the source reconstruction pipeline is processing anatomical and spatial data to generate a
head model, align the EEG electrodes, and create a source model, each of which will be discussed in this
section. Before generating the head model, we removed facial features from the T1- and T2-weighted MRI
to anonymize the dataset.

Figure 2.3: Source reconstruction pipeline. Pre-processing of the T1- and T2-weighted data results in the
head model, sensor alignment, and source model. These components are used to calculate the
forward solution numerically using the FEM method. The leadfield, describing the relation
between the source activity within the brain and the EEG measurements, is derived from the
forward solution. The inverse solution is then calculated using the pre-processed EEG data and
the leadfield. The method used is dipole fitting.

Head Model

The T1- and T2-weighted MRI images are used as input for the SimNIBS © function charm for generating
the head model [48]. This process involves segmenting the anatomical data to identify different tissue types
within the head, including: gray matter, white matter, cerebrospinal fluid (CSF), scalp, eyeballs, compact
bone, spongy bone, blood, and muscle. We labeled regions not assigned to a specific tissue type (repre-
senting air or small gaps) as an additional tissue with conductivity 1e-6 S/m for physical plausibility and
to use for further modeling. Following segmentation, we generated a 3D tetrahedral volumetric mesh, with
all tetrahedral elements assigned to the corresponding tissue label from the segmentation. We generated the
head model by assigning specific conductivity values (Table 2.1) to each tissue compartment in the tetrahe-
dral mesh, using the SimBio method implemented in FieldTrip. This head model provides the foundation
for the FEM calculations in the forward model.
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Table 2.1: Segmented tissue structures and corresponding conductivity values, based on SimNIBS [48].

Segmented Tissue Conductivity Values (S/m)

White Matter 0.126
Gray Matter 0.275
CSF 1.654
Holes 1e-6
Scalp 0.465
Eye Balls 0.5
Compact Bone 0.008
Spongy Bone 0.025
Blood 0.6
Muscle 0.16

Sensor Alignment

A template 10-20 electrode configuration, adapted for use with the TMSi EEG cap, was loaded and manu-
ally aligned to the subject-specific head model to generate the sensor model. This template is personalized
for the specific EEG cap that was used in this study. To minimize spatial error between the electrodes and
the scalp, we projected the aligned sensors directly onto the scalp of the head model before performing the
forward computations.

Source Model

The source model is generated by calculating the centroids (geometric centers) of each tetrahedral element
in the head model, and by selecting only those located in the gray matter. Selecting only gray matter sources
ensures that the dipole sources are placed in anatomically realistic locations where neural activity is likely to
originate. To accommodate computational limitations and time constraints, the source model was reduced
to 30% of the original sources, resulting in a final source model that included ±350.000 sources.

2.2.2 Pre-processing of Functional Data

The functional EEG data was pre-processed in several steps to prepare the signal for the source reconstruc-
tion, where the continuous EEG signals from all channels (10-20 electrode system) were included. First,
we re-referenced the data to the common average to ensure that each channel’s signal was compared to the
global activity across all channels. We applied demeaning to all channels to remove any baseline shifts in
the data, centering the data around zero and improving the signal-to-noise ratio (SNR) for subsequent anal-
yses. We visually inspected the data to identify the DBS artifact. Peaks corresponding to the DBS artifacts
were detected using the M2 channel and were based on amplitude threshold (≥ 1.5 µV) and minimum peak
distance (≥ 5 samples). Once the DBS peaks were detected, we defined trials around each peak, with a
window extending 30ms before and 145 after the DBS pulse. The pre-stimulus period serves as a baseline
and 30 ms is long enough to establish a stable baseline without taking prior neural activity into account.
The post-stimulus period includes the expected responses to the DBS. In 145 ms, both early and late EP
components can be captured. Following the trial definition, we visually inspected the data for remaining ar-
tifacts. We manually rejected channels or trials with clear noise to ensure that only clean data were used for
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subsequent analyses. We excluded the EMG channels from further analysis, because they do not measure
brain signal. We performed time-lock analysis on the epoched data to extract the time-locked averages for
each channel. Baseline correction was applied using a pre-stimulus window of -30ms to -5ms to remove
any low-frequency drifts or baseline shifts in the data. This results in a set of average signal across trials,
showing the response to DBS at each EEG channel. To summarize the overall brain response to DBS, the
GMFP was calculated across all channels and the topography at a preset time point.

Template Subtraction

The template subtraction method is based on a previous paper, where linear interpolation is applied to the
initial part of the signal, and template subtraction is used in the last part [40]. We created the template by
averaging the M1 and M2 channels from the passive recovery phase until the end of the epoch. Then, the
relative error (RE) between the individual EEG channels and the artifact template was calculated. We found
the scaling factor (SF) by subtracting RE from 1 and is then multiplied by the template. We then subtracted
this SF from the EEG data. Finally, we applied linear interpolation to the pre-stimulus period (-30 to 0 ms)
of the signal right before the artifact. For stimulation at the second DBS shaft implantation, an artifact was
observed at 83ms after the DBS peak. This artifact was distinct from the primary DBS artifact and affected
the signal visibly. To address this, we applied linear interpolation within the time window [82.75,86] ms
after the DBS peak to remove this second artifact.

Selection of EPs

The selection of the EP latencies for analysis was based on the GMFP plots. We visually inspected the plots
individually, to identify peaks or features that resemble peaks, such as a broad fluctuation. The identified
peaks were noted down, documenting the specific EP latencies. These latencies were subsequently used in
further analysis to examine the spatial and temporal dynamics of the EPs.

2.2.3 Forward Model

We chose the FEM method to numerically solve the quasi-static Maxwell’s equations for each source po-
sition, which is implemented into the SimBio method used to generate the head model [44]. We, then,
calculated the forward solution, called the leadfield matrix. Calculating the leadfield matrix for this source
model required approximately 8 hours of computation. We used the calculated leadfield matrix to solve the
inverse problem and reconstruct the dipole sources.

2.2.4 Inverse Model

Dipole Fitting

To solve the inverse model and find the optimal dipole position, orientation, and strength, the function
ft_dipolefitting was used, which initiated a grid search to find the approximate location and was
followed by linear optimization to refine the parameters and minimize the residual variance between the
modeled and measured (EEG) data. We calculated a single dipole per selected EP, with the underlying
assumption that a single dipole can explain the EEG data at each time point.
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Anatomical Labels of the Dipoles

The FSL segmentation and the Brainnetome atlas were used to assign anatomical labels to the dipoles. The
FSL segmentation is an automatic segmentation consisting of 55 tissues containing subcortical as well as
gray and white matter structures. The Brainnetome atlas contains a more detailed parcellation with 246
distinct (sub)cortical regions, ensuring more accurate anatomical labeling.

The Brainnetome atlas is not in the native coordinate system but in the MNI (Montreal Neurological
Institute) coordinate system. In order to use this atlas, we had to transform the dipole coordinates from
native to MNI space. First, a mask was created of all structures included in the Brainnetome atlas, which
was then converted to a volumetric mesh. We applied a transformation matrix to map the dipole coordinates
from native to MNI space. Finally, the MNI coordinates of the dipoles were mapped to the Brainnetome
atlas voxel space to assign anatomical labels corresponding to the regions in the atlas. We cross-verified the
labels using both the FSL segmentation and the Brainnetome atlas to support the transformation to the MNI
coordinate system and ensure accuracy.

2.3 Presentation of the Results

The data consisted of: implantation 1 (DBS011 stimulating right DBS shaft), implantation 2 (DBS011
stimulating left DBS shaft), implantation 3 (DBS014 stimulating right DBS shaft), and implantation 4
(DBS014 stimulating left DBS shaft). For each implantation, the stimulation was performed at both high-
and low-amplitude DBS and across all four electrode contacts (C0, C1, C2, and C3).

Before the analysis, the data were selected based on their GMFP plots. The effects of the DBS amplitude
(high vs. low) were analyzed across 10 parameter configurations: implantation 1 (stimulation at C0, C1,
and C2 for both high and low amplitude), implantation 3 (stimulation at C0, C1, C2, and C3 for both high
and low amplitude), and implantation 4 (stimulation at C0, C1, and C2 for both high and low amplitude,
and C3 for high amplitude). The data from implantation 2 (all configurations), as well as implantation 1
(stimulation at C3 under both high and low amplitude) were excluded from further analysis, because the
GMFP showed weak responses below 1 µV which is less reliable for further interpretation.

Further selection on topographies ensured suitability for the dipole fitting method. Finally, we evaluated
the dipoles using the RV, calculated using the following formula:

rv =
∑

N
i=1(d1,i −d2,i)

2

∑
N
i=1 d2

1,i
, (2.1)

where N is the total number of data points, i is the index for each point, d1,i represents the measured
data, and d2,i represents the modeled data. If the residual variance is high, this indicates that the dipole did
not sufficiently explain the data.

To present the results of the effects of DBS on the EPs, this section is structured according to the key
aspects: EP components, Papez circuit, DBS amplitude, DBS contact, DBS implantation.

EP Components

The GMFP plots were used to provide an overview of the EP magnitude and the EP latency on the sensor
level. Topographic maps displayed the spatial distribution on the scalp at the specific time points. At the
source level, reconstructed dipoles were visualized and mapped onto the Brainnetome atlas to associate
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dipole locations with specific brain regions. Highlighted subregions indicated the anatomical location of
the dipole sources.

Papez Circuit

To investigate whether the reconstructed dipoles followed a sequential pattern, we analyzed the dipoles
that were reconstructed across the entire time series for each implantation. The temporal dynamics of the
reconstructed dipole movement and clustering were then used to assess the pathway that was followed.

DBS Amplitude

To investigate the effects of high- and low-amplitude DBS, the GMFP plots, topographic maps, and source-
level dipole reconstructions were compared across conditions. Changes in EP magnitude and EP latency, as
well as the dipole location and orientation were analyzed for both amplitudes to assess how DBS amplitude
influences evoked responses.

DBS Contact

Stimulations at different contacts (C0, C1, C2, and C3) were analyzed to evaluate the effects of contact
location on EP. The GMFP plots, topographies, and source-level data were used to determine differences
in EP latency and EP magnitude, and the source locations.

DBS Implantation

Data from four implantations across two patients were analyzed. Each implantation was assessed for EPs.
GMFP plots, topographies, and the reconstructed source locations were analyzed to study the effect of the
DBS implantation on the evoked responses.

2.4 Validation

Several methods were applied to validate the source reconstruction results. To validate the accuracy of
the source reconstruction (the dipole fitting method), the dipole corresponding to the DBS artifact was
computed. We determined the exact location of the DBS electrodes using Lead-DBS, which provides
precise anatomical localization of the electrode contacts and is known to be within the ANT [49]. This is
visualized in Figure 2.4. We then compared the reconstructed dipole location to the exact electrode location
computed by Lead-DBS by calculating the Euclidean distance between the centroid of the DBS contact and
the dipole.

To validate the latency of the EP components observed in the source-reconstructed signal, we analyzed
the neural pathway derived from the reconstructed dipoles across the entire time series. The pathway of
neural activity was determined by tracking the sequence of reconstructed dipoles within the time window
30.5 - 79 ms after the DBS artifact. This included identifying the transitions between key regions, such
as the thalamus and the superior frontal gyrus, based on the anatomical labels through the Brainnetome
atlas. We calculated the Euclidean distance between successive dipoles locations along the pathway, and
determined the total pathway length by summed these distances. The observed timing for the reconstructed
source to propagate along the pathway was determined by measuring the time difference. The conduction
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Figure 2.4: Left: visualization of bilateral DBS electrodes within the segmented thalamus. Right: same
image, rotated and zoomed in, to show the contacts highlighted in red along each lead.

velocity for each pathway segment was calculated using the formula v= distance
time . We compared the observed

conduction velocities against known physiological values to confirm the plausibility of the EP latencies.
To validate that sources within deeper brain structures can generate measurable scalp-EEG signals, we

estimated the dipole strength required to produce the observed potentials at a specific EEG channel. The
Euclidean distance between the dipole source and the EEG channel was calculated. An estimate for average
conductivity is used σ = 0.33 S/m. We calculated the dipole strength using the formula Q = Φ·r

σ
, where Q

is the dipole strength (Am), Φ is the measured potential at the EEG channel (V), r is the Euclidean distance
between the dipole and the scalp channel (m), and σ is the conductivity (S/m). We compared the dipole
strength then to a suggested dipole moment to assess plausibility.



Chapter 3

Results

This chapter provides an overview of the analysis pipeline and the outcomes of varying DBS parameters.
It starts with a detailed walkthrough of the analysis pipeline, using a single parameter configuration (im-
plantation 1: high amplitude stimulation at C0) as an illustrative example. Then, the focus will shift to the
key findings across all analyzed configurations. This includes a detailed exploration of EP components, the
dipoles and related Papez circuit, and the effects of varying the DBS amplitude, contact, and implantation
side. Parameter-specific results are summarized to highlight trends and variations, with supporting and data
provided in Appendices D, ??, and E.

3.1 Processing of the Anatomical Data

Following segmentation of the anatomical data using the SimNIBS function charm, the T1- and T2-
weighted MRI scans were processed to identify distinct tissue types within the brain and surrounding
structures. Figure 3.1 illustrates the segmentation outcome for subject 11, where the major anatomical
structures are distinguished. Although the scans were anonymized, default facial features remain visible.
These are generic and distinct from the subject’s actual facial features, to guarantee anonymity while pre-
serving anatomical accuracy.

Figure 3.1: Segmentation of subject 11 using the T1- and T2-weighted MRI scan based on the SimNIBS.

3.2 Processing of the Functional Data

In Figure 3.2, the processed EEG signals are presented, with blue lines representing the individual EEG
channel responses and the red line indicating the GMFP. The data were preprocessed as described in the

17
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Figure 3.2: Left: GMFP of the EEG signal including the DBS artifact, so before artifact reduction. In-
dividual channel signals are shown in blue, and the GMFP across the channel is highlighted
in red. Right: topographical plot of the EEG amplitude distribution at 1 ms. Warmer colors
indicate higher amplitude values, showing the centralized artifact distribution on the scalp.

Methods section (2.2.2, including trial selection, baseline correction, and averaging over trials. The data
reveal a prominent artifact, around t = 0, that exceeds the amplitude of the physiological neuronal signals.
An EP with multiple long-latency components is observed at different latencies: 20 ms, 53 ms, and 78
ms after the DBS peak. The topography at t = 1 ms in Figure 3.2 (right) shows the DBS artifact’s spatial
characteristics measured across the scalp.

After applying the template subtraction, the DBS artifact is reduced, revealing an additional short-
latency EP component at t = 10 ms, depicted in Figure 3.3. The previously observed components (at 20
ms, 53 ms, and 78 ms) remain unaffected by the template subtraction. The topography at t = 1 shows a
different spatial pattern compared to the topography including the DBS artifact.

In Figure 3.4, the topographies of the EP components at each latency are visualized. These topographies
illustrate distinct spatial distributions compared to the initial artifact map at 1 ms (3.2 right). The observed
spatial distributions at 10 ms, 20 ms, 53 ms, and 78 ms reflect the progression of the neuronal response over
time.

3.3 Forward Model

The leadfield matrix was computed to map the relationship between dipole sources within the brain and
the EEG potentials measured by the scalp-EEG. The leadfield describes how a unit-strength dipole at a
given location and orientation on the scalp-EEG. Figure 3.5 shows the leadfield generated for a single
selected dipole location within the brain and modeled for three orthogonal orientations (x, y, and z). The
leadfield matrix contains scalar values representing the potentials at each EEG channel resulting from this
unit-strength dipole.
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Figure 3.3: (left) GMFP of the EEG signal after artifact reduction. Individual EEG channel signals are
shown in blue, and the GMFP is highlighted in red. Vertical lines highlight the key latency
markers at which EP components occur: red (10 ms), green (20 ms), blue (53 ms), and yellow
(78 ms). (right) Topographical map of EEG amplitude at 1 ms. Warmer colors represent higher
amplitude values.

Figure 3.4: Topographical maps of the four EP components identified in the GMFP in Figure 3.3 after
artifact attenuation.

Figure 3.5: Topographical maps of the lead field components for a unit-strength dipole at a selected loca-
tion, oriented along the x- (left), y- (middle), and z-axis (right). The maps depict the distribution
of scalar potentials (in volts) across the scalp as recorded by the EEG channel.
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3.4 Inverse Model

The dipole fitting method localized the dipole sources responsible for the observed EEG, providing infor-
mation on their position, orientation, and strength within the gray matter.

Table 3.1: Anatomical labels of the reconstructed dipoles corresponding to each DBS contact and EP com-
ponent, based on SimNIBS segmentation, FSL segmentation, and the Brainnetome Atlas.

Contact EP SimNIBS FSL Segmentation Brainnetome Atlas

C0

EP 1 Gray Matter Right Cerebral Cortex Right Cingulate Gyrus rostroventral area 24
EP 2 CSF Right Cerebral Cortex Right Superior Frontal Gyrus medial area 9
EP 3 Gray Matter Right Cerebral Cortex Right Basal Ganglia, Nucleus Accumbens
EP 4 Gray Matter Left Cerebral Cortex Left Superior Frontal Gyrus dorsolateral area 8

Table 3.1 summarizes the anatomical labels assigned to the reconstructed dipoles for each DBS contact
and EP component, derived from the SimNIBS segmentation, FSL segmentation, and the Brainnetome atlas.
SimNIBS segmentation, containing ten different tissue types, primarily identifies tissues as gray matter,
or cerebrospinal fluid (CSF). The FSL segmentation consistently, containing 55 tissue types, categorizes
the surrounding areas as various cerebral structures, including the right and left cerebral cortex and white
matter (WM) regions. The Brainnetome atlas provides more detailed anatomical labels for cortical and sub-
cortical regions and comprises 246 labels. This atlas includes specific areas of the superior frontal gyrus,
cingulate gyrus, basal ganglia, and thalamus. Some EP components do not have identifiable labels within
the Brainnetome atlas.

Figure 3.6 illustrates the locations of the reconstructed dipole sources in the brain, displayed in the
lateral, coronal, and sagittal views. Each dipole was assigned an anatomical label using the Brainnetome
atlas, and the corresponding surface mesh of the assigned region was generated. These surface meshes,
representing (sub)cortical structures, are visualized together with the overall cortical surface. The dipoles
corresponding to the four EP components are color-coded: the first EP component (red) is located in the
right cingulate gyrus, the second (green) in the right superior frontal gyrus, the third (blue) in the right
nucleus accumbens, and the fourth (yellow) in the left superior frontal gyrus. The temporal progression of
the EP components is visualized in this figure from early (red) to late (yellow).

Figure 3.6: Visualization of the reconstructed dipole source locations (red, green, blue, yellow) in response
to DBS stimulation, including the meshes of the cortical structures (black). Left, middle, and
right correspond to lateral, coronal, and sagittal views, resp.
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3.5 Presentation of the Results

The DBS parameters (amplitude, stimulating contact, and implantation side) were varied and compared
across conditions. This section highlights the key findings from the analyses of the DBS parameters. Ex-
amples of parameter configurations are presented, and the overall results across all data are summarized.
Additional figures of all parameter configurations are provided in Appendices D, C, and E.

A clear overview of the GMFP plots together with the topographical maps at the different EP latencies
is visualized in Appendix C. In general, all topographies are smooth, and appear to be visually dissimilar
from the DBS artifact (Figure 3.2, left). It should be noted that the colorbar is not fixed across the different
topographies, resulting in intensity representation. As a result, although the color patterns may visually
appear comparable across maps, the actual intensity values are not directly comparable.

The reconstructed dipoles are plotted within a mesh including the (sub)cortical regions of the Brain-
netome atlas, in Appendix E. Figure 3.7 contains the color coding of the dipoles: EP component 1 (red), 2
(green), 3 (blue), and 4 (yellow). The brightness of each color corresponds to the specific stimulating con-
tact: the brightest color represents stimulating C0. Each lighter shade signifies a more superficial contact
point, with stimulating C3 being the lightest shade (most transparent) dipole.

Figure 3.7: Table including the color coding of the reconstructed dipoles.

The final dataset for analysis included configurations with GMFP responses > 1µV). The following
parameter configurations were included: implantation 1, stimulation at C0, C1, and C2 for both high and
low amplitude; implantation 3, stimulation at contacts C0, C1, C2, and C3 for both high and low amplitude;
and implantation 4, stimulation at contacts C0, C1, and C2 for both high and low amplitude and C3 for high
amplitude.

EP components

The general latencies across parameter configurations are EP component 1 at 3-10 ms; EP component 2
at 19-26 ms; EP component 3 at 37-58 ms; and EP component 4 at 51-117 ms. The EP latencies are
summarized in tables per parameter configuration in Appendix A.

In general, the sources at the defined EP latencies are located around the thalamus. This is best visible
in implantation 1 (stimulating C0 contact at high DBS amplitude), visualized in Figure 3.8. The behavior is
broad and extends to the cortical structures (the cingulate gyrus and superior frontal gyrus). For implantation
3 and 4, the behavior is mainly constrained to the subcortical regions (basal ganglia and thalamus). This is
visualized in Figure 3.9, where the sources are located within the basal ganglia (EP component 3 located
within the cingulate gyrus). The pre-frontal regions of the thalamus are highlighted in cyan, to resemble the
ANT that is located within these regions.
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Figure 3.8: Brain mesh including the reconstructed dipoles (red-green-blue-yellow) corresponding to the
EP components (1-2-3-4) of implantation 1 (C0 high amplitude). The regions highlighted
include the thalamus, cingulate gyrus, and superior frontal gyrus. In cyan, the pre-frontal
regions of the thalamus are visualized.

Figure 3.9: Brain mesh including the reconstructed dipoles (red-green-blue-yellow) corresponding to the
EP components (1-2-3-4) of implantation 3 (C1 high amplitude). The regions highlighted
include the thalamus, caudate nucleus, and cingulate gyrus. In cyan, the pre-frontal regions
of the thalamus are visualized.

Papez Circuit

In Figure 3.10, all reconstructed dipoles across the entire time series for implantation 1 (stimulation at C1
with high amplitude) are visualized. The clustering of dipoles around specific anatomical regions is visible,
with distinct colors representing the clusters within different structures. The dipoles show a clear temporal
and spatial pattern, clustering primarily around the thalamus and adjacent regions related to the Papez
circuit. A sequential activation pattern over time is indicated: right thalamus (30-37 ms) → right cingulate
gyrus (37-43 ms) → right superior frontal gyrus (43-58 ms) → right cingulate gyrus (58-63 ms) → right
caudate nucleus (63-65 ms) → right thalamus (65-70 ms) → right nucleus accumbens (70-79 ms) → left
ventral caudate (80− 88 ms) → left cingulate gyrus (88− 97 ms) → left superior frontal gyrus (97− 103
ms) → left dorsal caudate (112− 116 ms) → left thalamus (117ms). After the first 80 ms after the DBS
peak, the dipoles are located in the exact same structures, but in the left hemisphere. Note that there are



3.5. PRESENTATION OF THE RESULTS 23

some time points in between the left superior frontal gyrus (79 - 103 ms) and the left dorsal caudate (112
- 116 ms). This is because between 103 - 112 ms the dipole location switches between those two regions.
For all other time windows, the dipoles are clustered within this structure.

Figure 3.10: Plot of all reconstructed sources over the entire time-series for implantation 1 (stimulating C1
contact at high amplitude), overlaid on the T1-weighted image for axial (left), coronal (mid-
dle), and sagittal (right). The dipole colors teal, orange, green, purple, yellow, blue, and red
correspond to clusters within the thalamus, cingulate gyrus, superior frontal gyrus, cingulate
gyrus, caudate nucleus, thalamus, and nucleus accumbens, respectively. White corresponds
to not-clustered dipoles.

The dipoles across the entire time-series were plotted for implantation 1, 3, and 4 (stimulating C1 contact
at high amplitude). The results of the movement of the dipole source over time is depicted in Figure 3.11.
For implantation 3, the dipole locations do not follow such a distinct pattern as with implantation 1, but
they are clustered in the following (sub)cortical structures over time: left/right thalamus, left/right cingulate
gyrus, left/right dorsal caudate, right superior frontal gyrus, and right nucleus accumbens. Implantation 3
shows the temporal dipoles from Figure 3.11 (middle) for time window 55-105 ms. For implantation 4,
the anatomical labels corresponding to the clustered dipoles also form a pattern: within the time period of
30 - 110 ms after the peak, all dipoles are clustered in the left dorsal caudate. Other regions where the
dipoles are clustered are left/right cingulate gyrus, left superior frontal gyrus and left/right thalamus. The
time window selected for implantation 4 is 1-118 ms.
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Figure 3.11: The clustered source reconstructed dipoles reduced to one dipole per cluster for implantation
1 (left), 3 (middle), and 4 (right). The colors show the temporal evolution in the following
order: red-green-blue-yellow-cyan-magenta-purple.

Figure 3.12 illustrates the GMFP and RV values for implantations 1, 3, and 4 (stimulation at C1 with
high amplitude). The RV values represent the goodness-of-fit of every reconstructed dipole over the entire
time-series. For implantation 1, the clustered dipole sources are found within the time period of 30.5 - 79
ms. The RV values are all (≤ 0.2) within this period. For implantation 3, the RVs are ≤ 0.2 for the entire
time-series. For implantation 4, the RV values are ≤ 0.1 for the majority of the time-series, with a small
peak around 15 ms up to RV = 0.2.

Figure 3.12: GMFP together with the RV across implantation 1 (top), 3 (middle), and 4 (bottom).

The RV per reconstructed dipole source are summarized in Appendix B per parameter configuration.

DBS amplitude

The effects of DBS amplitude (high vs. low) on the GMFP were analyzed across all four implantations (2
implantations per subject), and their GMFPs are visualized in Appendix ??. These figures demonstrate that
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Figure 3.13: Top: GMFP plot for implantation 3 (stimulation at C0) at high (purple) and low (pink) am-
plitude DBS. Marker lines indicate the EP components at different latencies. Bottom: topo-
graphical maps show measured potential at the scalp at these latencies.

the DBS amplitude does not affect the EP latency; there are no shifts in latencies between the high and low
amplitude stimulation.

In the same figures, it is visible that the high DBS amplitude generally produced a more extensive
response magnitude across all contacts, but especially at the deeper contacts (C0 and C1). For the more
superficial contacts (C2 and C3), the low amplitude stimulation evoked such a small magnitude response,
making it barely distinguishable from noise (C.1 implantation 1 - contact C2 and C.2 implantation 3 -
contact C2 and implantation 4 - contact C3).

The results indicate that, in general, higher DBS amplitude consistently increases the EP magnitude
across all analyzed configurations (10/10). Additionally, DBS amplitude showed to have no effect on the EP
latency in the majority of the configurations (8/10). Exceptions are observed at implantation 1 (stimulation
at C0) and implantation 3 (stimulation at C3). The topographies, in general, show dissimilar patterns
(27/40).

Figure 3.13 visualizes the GMFP of implantation 3 (stimulation at C0) for high vs low DBS stimulation.
The EP components at the different latencies are indicated by the vertical lines. This figure illustrates
that the EP latency is not modulated by the DBS amplitude. Furthermore, the data indicate that a higher
DBS amplitude evokes a higher magnitude response than the low amplitude stimulation. The topographies
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below the GMFP plot illustrate the spatial distribution of the EP components at different latencies. The
topographies for EP component 1 and 3 show similar spatial distributions, while those for 2 and 4 show
distinct patterns.

Reconstructed dipole source analysis showed that high amplitude DBS resulted in sources within the
subcortical regions (27), such as the caudate nucleus (18) and the thalamus (5), based on Tables F.1, F.3,
F.4, F.5. Sources within the cortical structures (17) were located within the cingulate gyrus (9) and the
superior frontal gyrus (4). In contrast, low amplitude DBS resulted in a more balanced distribution with 18
sources located within the cortical structures, such as the cingulate gyrus (11) and 20 sources located within
subcortical regions, such as the caudate nucleus (16).

The results indicate that for 7/40 cases, the source location remained consistent between high and low
DBS amplitude, with all other parameters fixed. The locations were similar for the following parameter
configurations: implantation 3 (C1 EP component 2, C2 EP component 1), and implantation 4 (C0 EP
component 1, 2, and 3, C1 EP component 3, and C2 EP component 3). However, for the remaining cases,
the source location differed.

Comparing the topographies in D.5 and D.6 reveals that the topographies appear visually similar for
stimulation at C0 (EP component 1, 2, and 4) and at C1 (EP 1 and 2). For these cases, the response
measured at the scalp was similar in spatial distribution. In Figure 3.14, the reconstructed dipole sources
corresponding to stimulation at C0 and C1 are visualized. The dipoles that are bright-colored correspond
to high DBS amplitude, and the light-colored dipoles to low amplitude. This figure illustrates that the
red dipoles (EP component 1) appear to have similar location and orientation, as well as the blue dipoles
(EP component 3). The yellow dipoles (EP component 4) appear have a similar location for C0 at high
amplitude and C1 at low amplitude. Although the topographies of EP component 2 exhibit similarities, the
dipole source locations are not.

Figure 3.14: Brain mesh including the dipoles for C0 and C1 high stimulation (brighter colored dipoles)
and low stimulation (lighter shade dipoles). Red, green, blue and yellow correspond to EP
component 1, 2, 3, and 4, respectively.

DBS contacts

In general, the results indicate that stimulation at deeper DBS contacts (C0 and C1) evoke higher magnitude
responses, compared to stimulation at the more superficial contacts (C2 and C3) (4/6). Additionally, the
stimulating DBS contact influences the EP latency (6/6). This latency variation arises from distinct GMFP
trends, where at least two GMFP curves (corresponding to different stimulating contact), show similar
trends. The other GMFP plots show a dissimilar pattern, thereby contributing to the differences in latency
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across contacts. The topographies indicate consistent spatial patterns across most DBS contacts. Specifi-
cally, the topographies corresponding to stimulating C0 and C1 contacts (occasionally including stimulation
at C2), were visually similar per EP component. Stimulation at C3 often showed a distinct spatial distribu-
tion. This similarity in topographies for deeper contacts and dissimilarity for stimulating C3 contact was
observed in 5 out of 6 cases.

Figure 3.15 illustrates the sensor-level responses for implantation 1 at high amplitude, showing the
GMFP on top and the corresponding topographies below. The latencies of the evoked potentials are sum-
marized in Table 3.2. The GMFP at stimulating C0 and C1 shows visually similar amplitude and latencies.
The topographies further indicate this similarity, where stimulation at C0 and C1 shows comparable spa-
tial patterns across the EP components. Stimulation at C2, however, produces a noisier response, which is
reflected in a less smooth topography. Despite this, the EP latencies appear similar to those of stimulation
at C0 and C1. In contrast, stimulation at C3 results in remarkable reduced GMFP amplitude and distinct
topographic maps, which differ visually from those of the other contacts. The similarities between EP
components 1 and 2 for stimulation at C0 and C1 are visualized in greater detail in Figure 3.16.

Table 3.2: Latency values (ms) for each EP component across contacts.

EP 1 EP 2 EP 3 EP 4

C0 8.25 19.5 48.5 71.25
C1 9 20 50.35 68
C2 7.25 20 40.25 87.5
C3 8.75 20.25 35.5 67.75
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Figure 3.15: GMFP plot and topographic maps of the EP components for implantation 1 (high amplitude).
The GMFP plot shows the amplitude of the responses over time for each contact (C0, C1, C2,
and C3), with distinct intervals highlighting for latencies: 1 (red), 2 (green), 3 (blue), and 4
(yellow). Below the plot are the corresponding topographies for each EP component across
different contacts, demonstrating the spatial distribution of the activation on the scalp. The
colorbar indicates the measured potential in mV and is different for every topography.
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Reconstructed dipole source analysis revealed distinct locations for each stimulating DBS contact across
the EP components. For stimulation in C0, the sources were primarily located within the subcortical regions
(12), such as the caudate nucleus (6) and thalamus (4). Cortical structures (8) included the cingulate gyrus
(3) and the superior frontal gyrus (2), among other regions. A more balanced distribution was observed for
stimulation at C1, with 10 subcortical sources (of which 7 within the caudate nucleus) and 9 cortical sources
(of which 4 in the middle frontal gyrus). Reconstructed sources from stimulating contact C2 were primarily
located within subcortical regions (11), such as the caudate nucleus (8). Cortical structures included 7
sources in total, with 4 located in the cingulate gyrus. Stimulation at contact C3 showed more cortical
sources (10), within the cingulate gyrus (6) than subcortical sources (7), within the caudate nucleus (4).

The data revealed that 14/24 cases (58%) show consistent source locations across different stimulating
DBS contacts, with DBS amplitude and implantation kept constant. The majority (10/14) were sources
located within the caudate nucleus. Furthermore, high DBS amplitude (9) showed more consistent source
locations compared to low amplitude (5).

Figure 3.16: Relevant results of implantation 1 (C0/C1 high amplitude). Top left: GMFP of C0 (dark) and
C1 (light) and corresponding EP components (1-2-3-4) in (red-green-blue-yellow). Bottom
left: topographies corresponding to the EP components for C0 (bottom row) and C1 (top row).
Right: reconstructed dipole sources of C0 (bright colors) and C1 (light colors).

Figure 3.16 illustrates the GMFP of high-amplitude stimulating implantation 1 at C0 and C1 and the
topographies corresponding to the latencies of the indicated EP components. In the right, the corresponding
dipole plot is visualized. The trend of the GMFP is similar, evoking responses at the same latencies and
the topographies appear to be visually similar. The dipoles corresponding to EP component 1 (red) and
2 (green) appear to have a similar location and orientation for both stimulating contacts. Although the
topographies of EP component 3 (blue) and 4 (yellow) appear to be visually similar, their source locations
and orientation are dissimilar.
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DBS Implantation

The effect of DBS implantation on the EP components was analyzed across both subjects, revealing that
the majority of the implantations evoked responses (> 1µV). Figures C.3 and C.4 illustrate the evoked
responses for patient DBS011 and patient DBS014, respectively. For DBS011, the stimulating DBS im-
plantation (left) did not evoke any responses that exceeded this threshold, for both high and low DBS
amplitude. Stimulation in the right DBS implantation consistently produced evoked responses across all
parameter configurations.

Figure 3.17: Left: visualization of the DBS within the thalamus for subject DBS011.Right: same image,
rotated and zoomed in, highlighting the contacts in red.

Figure 3.17, visualizing the DBS leads within a thalamus mesh for patient DBS011, provides insight
into the relation between electrode placement and the EP magnitude. For the right DBS lead, the electrode
was positioned directly within the thalamus, with all contacts entirely inside the thalamus. In contrast, the
left DBS lead was placed more superficially, with contact C3 placed outside the thalamus.

For the second patient, DBS014, a reduced response was also noted for the stimulating left DBS im-
plantation. Figure 3.18 illustrates the placement of the DBS leads within the thalamus for subject DBS014.
Although the exact mesh was not available for this patient, we manually plotted the electrode coordinates
within the thalamus mesh. The right DBS electrode appears to be more centrally placed within the thalamus,
while the left electrode appears to be close to the border.

The DBS implantation influences both the EP latency and magnitude. stimulating right DBS shaft im-
plantations (implantation 1 & 3) consistently resulted in earlier EP latencies and higher magnitudes across
all configurations. In contrast, the stimulating left DBS shaft implantations (implantation 4) produced
slightly delayed EP latencies and lower magnitudes, with no responses exceeding 1µV (except for implan-
tation 4, stimulating C0 with high amplitude).
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The effect of DBS implantation on source location was analyzed by comparing the distribution of cor-
tical and subcortical activations across different implantation sites. The results demonstrate that the stim-
ulating DBS implantation influences the source location. stimulating implantation 1 showed the highest
cortical activation (15/24), primarily located in the cingulate gyrus (6) and superior frontal gyrus (6). stim-
ulating implantation 3 showed a more balanced distribution with 12 cortical and 18 subcortical sources,
mainly located in the caudate nucleus (14) and cingulate gyrus (6). stimulating implantation 4 showed pri-
marily sources in the subcortical structures (20/28), within the caudate nucleus (15). The data revealed that
35/54 cases showed a subcortical source location, while the remaining sources were located in the cortical
structures (with other parameters kept constant).

For half of the cases (17/32), the source location is consistent through the stimulating DBS implantation.
For cases where a left and right DBS implantation were compared, the opposite hemisphere relative to the
stimulation site was analyzed for a valid comparison.

Figure 3.18: Visualization of the DBS leads within the thalamus for subject DBS014.

3.6 Validation

To validate the sensitivity of the source reconstruction method, we have reconstructed the source of the
DBS artifact (at t = 0). The results are depicted in Figures 3.19 and 3.20. For DBS011, we can see that the
dipole is close to the stimulation site. The Euclidean distance between the centroid of the dipole source to
the centroid of the C0 contact of the DBS lead is 14.7 mm for DBS011, and 37.1 mm for DBS014.

To validate the latency of the EP components, we analyzed the neural path of the reconstructed source
and estimated the latency based on an average conduction velocity. The distance from the reconstructed
dipole source within the thalamus to the one in the superior frontal gyrus was calculated to be 104.8 mm,
and the time required for this was 6 ms in the source reconstruction. This corresponds to an estimated
conduction velocity of v = 104.8mm

6ms = 17.47m/s. The return pathway from the superior frontal gyrus back
to the thalamus covered a total distance of 134.54 mm in 7 ms, yielding an estimated conduction velocity
of v = 134.54mm

7ms = 19.22m/s.
To validate that sources within deeper brain structures can result in a measurable scalp-EEG signal, we

estimated the dipole strength needed for the measured signal. A dipole located at [−0.977523] (thalamus)
shows a measured potential at the CP5 channel of 4.5 · 10−6 V. The effective conductivity σe f f was esti-
mated to be 0.383 S/m. The Euclidean distance between the reconstructed dipole and the CP5 channel was
calculated to be 88.16 mm. The corresponding dipole strength was calculated to be 1.68 ·10−7 Am.
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Figure 3.19: Mesh of the thalamus including the DBS leads and the reconstructed dipole source at t = 0
for DBS011(implantation 1, stimulating at C0 for high amplitude).

Figure 3.20: Mesh of the thalamus including the DBS leads and the reconstructed dipole source at t = 0
for DBS014 (implantation 3, stimulating at C0 for high amplitude).



Chapter 4

Discussion

This research aimed to explore the effects of low-frequency DBS on evoked potentials in patients with
epilepsy, specifically by examining how variations in DBS parameters (DBS contact, DBS amplitude, and
DBS implantation) modulate the sensor and source space of the evoked potentials, in terms of EP latency,
EP magnitude and reconstructed source location.

EP components

Using a combination of EEG signal analysis and source reconstruction techniques, we identified four latency
intervals for EP components: 3-10 ms, 19-26 ms, 37-58 ms, and 55-117 ms. These latencies correspond
to different neural structures that are related to the Papez circuit. Additionally, we observed that variations
in DBS amplitude and DBS contact influence both the magnitude and spatial distribution of the responses.
Overall, the findings demonstrated inter- and intra-individual variation in both latency and source location,
which could result from the precise electrode placement or assumptions about the volume conduction char-
acteristics of surrounding tissue. These variations highlight the importance of precise electrode placement
and the need for further studies to refine patient-specific modeling of evoked potentials in low-frequency
DBS.

Literature on evoked responses of ANT-DBS is scarce; however, research on sub-thalamic nucleus
(STN)-DBS indicated early responses at 3 ms and 10 ms after the DBS artifact [40], [50] and late responses
at 18-25 ms latency [50]. Although these findings align with the latencies observed in this study, it is
important to note that the mechanisms and networks involved in STN-DBS differ from those associated
with ANT-DBS. Longer-latency EPs have been found in ANT-DBS research at 35/38 ms and 65 ms [33].

Papez Circuit

The precise relationship between the Papez circuit and seizure generation remains a topic of ongoing re-
search; however, its anatomical connectivity and role in thalamocortical and limbic pathways suggest it
might be influenced by ANT-DBS. The findings of this study demonstrate that reconstructed dipoles fol-
lowing ANT-DBS cluster within these regions, indicating activation of neural pathways associated with the
circuit.

For implantation 1 (stimulating C1 at high amplitude), the reconstructed dipoles revealed a clear pattern
following structures from the Papez circuit. The sequence of activation (thalamus, cingulate gyrus, supe-
rior frontal gyrus, caudate nucleus, thalamus, nucleus accumbens) suggests that the DBS activates neural
pathways associated with the thalamocortical pathway and limbic circuit. The temporal and spatial patterns

33
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aligns with the anatomical connectivity of the Papez circuit, further supporting the hypothesis that ANT-
DBS modulates this pathway. The reconstructed dipoles follow a circular movement around the thalamus,
as found in previous research in low-frequency ANT-DBS [41]. The RV for these dipoles were all ≤ 0.2
with some dipoles ≤ 0.1. A previous study suggests a RV threshold of 0.1 [51]. This implies that most
reconstructed dipoles were reliable, however, some require cautious interpretation. The sequential pattern
observed in this implantation supports that DBS influences the Papez circuit, but further studies are needed
to confirm these findings.

For implantation 3 and 4 (stimulating C1 at high amplitude), the reconstructed dipoles were less distinct
in their temporal and spatial organization compared to implantation 1. While the dipoles are clustered
within the structures associated with the Papez circuit (thalamus, cingulate gyrus, superior frontal gyrus,
and caudate nucleus), they did not follow a sequential pattern as clearly as in implantation 1. The RV values
are all ≤ 0.2, with some optimal values ≤ 0.1 during the GMFP peak between 30-50 ms. This implies that
the reconstructed dipoles corresponding within this time window were a good fit on the data.

Interestingly, for implantation 4, the dipoles during a time window of 30-110 after DBS artifact, were
primarily clustered within the left dorsal caudate. Most dipoles showed an RV ≤ 0.1, reflecting a high
reliability. This clustering of the dipoles within the basal ganglia, suggests that subcortical regions outside
the Papez circuit may also be involved in the network dynamics influenced by ANT-DBS. It has been
hypothesized that the basal ganglia are involved in the propagation and termination of focal onset seizures
originating in the frontal and temporal lobes [52]. A previous study on thalamus and basal ganglia involve-
ment in focal epilepsy showed high thalamic epileptogenicity in 20% of the patients and for the caudate
nucleus high epileptogenicity in 9% of the patients [53]. This indicates that the location of seizure genera-
tion has inter-individual variability. Some researchers suggest that the basal ganglia play a role in inhibiting
seizure spread by influencing the feedback pathways to the cortex [54].

DBS amplitude

Our findings indicate that DBS amplitude has an effect on the magnitude of the EPs, but does not influence
their latency. Across all configurations analyzed, the latencies of the EPs remained consistent between high-
and low amplitude DBS, aligning with previous research on STN-DBS that reported no latency shifts with
changes in amplitude [55], [56]. This consistency suggests that DBS-induced responses at specific latencies
are determined by fixed pathways that are unaffected by DBS amplitude.

High-amplitude DBS produced larger magnitude responses compared to low-amplitude stimulation.
This finding is supported by prior studies demonstrating a positive correlation between DBS amplitude and
the magnitude of responses [46], [57], [58]. The high-amplitude DBS likely activates a larger population of
neurons, resulting in greater response magnitudes. Conversely, low-amplitude DBS evoked responses with
low magnitude, particularly at the more superficial contacts (C2 and C3).

Interestingly, our results indicate both similarities and dissimilarities in the topographies between high-
and low-amplitude DBS measured through scalp-EEG. These (dis)similarities are also present in the loca-
tions of the reconstructed dipole sources.

It has been argued that the topographies depend on DBS amplitude and inter- and intra-individual vari-
ation [46]. Furthermore, an animal study on ANT-DBS showed that the stimulation current is a relevant
parameter. They indicated that a low amplitude (200 µA) results in no effect, and an amplitude that is too
high (1000 µA) has a proconvulsant effect, meaning it decreases the latency of the seizures rather than
increasing it [28].

One possible explanation for the differences in the topographies, reconstructed dipole source location,
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and orientation between high- and low-amplitude DBS could be related to the SNR. At low amplitude, the
SNR is generally lower because the magnitude of the evoked response is lower, and therefore, the signal is
more susceptible to interference from background noise. The source reconstruction algorithm might then
struggle to find the source location and orientation accurately. The high amplitude stimulation evokes, in
general, a more robust response, which might be less affected by noise (high SNR).

DBS contact

Our findings indicate that DBS contact influences both the EP magnitude and the topographies, as well
as the latency in certain cases. Stimulation at deeper contacts (C0 and C1) consistently produced higher
magnitude responses compared to stimulation at more superficial contacts (C2 and C3) (4/6). Prior research
suggests that the evoked response amplitude was significantly different between stimulation contacts [55].
This suggests that deeper contacts, that are positioned well in the ANT, effectively activate a neural network,
while the superficial contacts may engage different pathways or smaller populations. This pattern can be
explained by the anatomical positioning of the contacts relative to the target area, the ANT. The C0 and C1
are placed deeper within the target region than C2 and C3 positioned closer to the surface or outside of it
(Figure 3.17). These differences in placement are likely to influence the evoked responses.

The results also revealed that the DBS contact influences the EP latency (6/6). Variations in the latencies
came from distinct GMFP trends, where at least two GMFP curves (corresponding to different stimulating
contacts) showed similar patterns, while others showed dissimilar patterns. Our findings partly align with
previous research that suggests that the peak latency did not vary between stimulating contacts [55]. A
possible explanation for the differences in evoked responses per stimulating contact could be the exact
placement of the contacts. If the superficial contacts are placed on the border or outside the ANT, they
might evoke different neurons and pathways, which could cause variations in EP latency. Previous research
on STN-DBS in Parkinson’s disease suggests that different neural circuits have different temporal latencies
[59].

Our findings showed a consistent pattern in the topographies for C0-C1 (and sometimes C2) and (some-
times C2 and) C3 stimulation across all conditions. One possible explanation could be that the C0 and
C1 contacts are placed deep within the ANT and that contacts C2 and C3 are placed more superficial,
or even outside the ANT. Previous research suggests that differences in the evoked responses inter- and
intra-individual can be due to variations in the placement of the DBS electrode [60].

Reconstructed dipole source analysis provided additional insights into the distribution of activation
across cortical and subcortical regions. Consistent source locations across different contacts were observed
in 58% of the cases, with the majority of these consistent sources located within the caudate nucleus. This
consistency is more evident for contacts in close proximity (C0 and C1). Contacts that are further apart (C0
and C3) are more likely to evoke responses from distinct locations.

DBS Implantation

Our results revealed that the anatomical placement of the DBS leads notably influences the EP magnitude,
with responses being stronger and more persistent for the ones positioned deep and straight within the thala-
mus. In both subjects, the right DBS implantation produced consistent responses across all configurations,
while the left implantation either failed to evoke responses (for subject DBS011) or showed reduced re-
sponses (for subject DBS014). This is likely related to the placement of the DBS leads within the thalamus
(Figure 3.17 and 3.18). A study on ANT-DBS stated that suboptimal placement can reduce efficacy and
lead to greater variability in neural activation [?]. Similarly, previous research on STN-DBS has shown
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that electrode placement within the target area is critical for effective responses [59]. We have seen that
suboptimal placement reduce both EP latency and EP magnitude. These results indicate the importance of
precise surgical placement to maximize the efficacy of low-frequency ANT-DBS.

Validation

The validation of the source reconstruction method provided important insights into its accuracy and reli-
ability. The reconstructed dipole sources for the DBS artifact demonstrated spatial accuracy in proximity
to the target area; on average 25.9 mm. This might limit the interpretability of the evoked potentials and
its source locations. This highlights the need for improving the method’s sensitivity. Achieving greater
localization precision is relevant for interpreting the DBS-induced evoked potentials.

The estimated conduction velocities between reconstructed sources were 17.47 m/s for the path from
thalamus to the superior frontal gyrus (through the cingulate gyrus) and 19.22 m/s for the return to the
thalamus (through the cingulate gyrus and caudate nucleus). These values fall within the range of conduc-
tion velocities for myelinated axons [61]. This supports the phsyiological plausibility of the reconstructed
sources and the corresponding EP latencies.

Finally, the calculated dipole strength of 1.68·10−7 Am (168 nAm) for a source located in the thalamus
aligns with values reported in the literature [62], [63]. They propose that a dipole strength on the order of
10 nAm is required for measurable scalp-EEG signals. The dipole strength we calculated differs one order
of magnitude with this value. This supports the plausibility of the reconstructed source and its possibility
to be measured by scalp-EEG.

4.1 Limitations and Recommendations

This study presents an exploratory analysis of low-frequency DBS in epilepsy, focusing on the evoked
responses generated by varying stimulation parameters. While these findings contribute valuable insights,
several limitations must be acknowledged to consider the results and suggest future research.

The first limitation is the small sample size (n = 2), which might limit the generalizability of the findings,
especially regarding the inter- and intra-individual variability of the results. As the new protocol of the
EANSkE study just started, more data will be available in the future to validate these findings and inter-
individual variability. A larger sample size is essential to validate these findings and explore statistical
relationships between the DBS parameters and the results.

Additionally, the DBS artifact is removed by applying template subtraction and assuming that the mas-
toid electrodes (M1 and M2) do not capture that much neural activity [40]. If those electrodes do capture
relevant neural activity, this information is lost by subtracting the template. This could be solved by deter-
mining the template based on electrodes that are placed farther from the brain and do not measure neural
activity.

The assumptions in the forward model, including isotropic conductivity, could possibly present another
limitation. While the current model assumes uniform average conductivity values across tissue types, white
matter conductivity is known to be anisotropic. This simplification could lead to inaccuracies in the forward
model and subsequent source reconstruction [64]. Research using experimental data from visual stimulation
found that realistic white matter anisotropic conductivity distributions did not significantly improve the
localization of dipoles [65]. Given this, while the inclusion of anisotropic conductivity might theoretically
provide a more accurate forward model, its practical impact on source reconstruction in the context of
DBS-induced evoked potentials remains uncertain. Future research could investigate whether anisotropic
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models provide significant benefits. Additionally, the head model is based on the T1- and T2 images of
the subject; however, the EEG electrodes are manually aligned based on a standard template and introduce
a level of inaccuracy. A 3D scan including the coordinates of the EEG electrodes could be a solution,
enhancing the spatial accuracy and improving the overall sensitivity of the source reconstruction pipeline
[66]. Furthermore, the current head model does not include the DBS leads and its conductivity. The
electrode may influence the electrical field distribution and therefore also the evoked responses. Including
the DBS in the model would improve the model and interpretation of the stimulation effects.

A fundamental limitation lies in the challenges associated with the EEG source reconstruction, which is
inherently ill-posed. While using a single equivalent dipole model, this approach simplifies neural activity
and assumes that a single dipolar source can explain the EEG measured signals. In reality, neural activity
can be complex, and multiple brain regions are likely activated simultaneously, which cannot be captured
by this single dipole model. A possible solution could be to apply different inverse models and compare
the results to check for accuracy. Beamforming is another inverse method that constructs a spatial filter that
can estimate the activity of sources across the brain volume. The accuracy of the dipole localization could
be assessed by comparing the results from beamforming with the dipole fitting results.

The relative position of the DBS leads to the ANT has an impact on the observed evoked responses.
Future studies should investigate the precise relationship between lead position and the evoked responses,
in combination with the efficacy, to optimize the DBS outcomes.

While this study focuses on the DBS-induced evoked responses, it does not include the clinical outcomes
of the patients, such as seizure reduction. Including these outcomes would provide a better understanding
between the effects of the DBS parameters and the clinical efficacy. This could also guide the development
of more patient-specific DBS-protocols.

Another limitation is that the topographic maps, visualized in Appendix D, are snapshots of a specific
time point rather than an average over a time window. The evoked potentials are determined as the peaks of
the GMFP plot, and since these peaks do not always align precisely, the EPs across conditions may capture
different stages of the response. This could lead to misleading comparisons. An average topographic
map over a standardized time window could improve the consistency in comparing the topographies across
conditions. This would smooth the variability in peak timing and provide a more stable topography.

While this study solely focuses on low-frequency stimulation, comparing these findings with high-
frequency DBS would be valuable, since high-frequency is the clinical standard. High-frequency DBS has
effectively reduced seizure frequency by modulating neural circuits, such as the Papez circuit. Contrasting
the effects of low- and high-frequency ANT-DBS could further elaborate on the underlying mechanisms
and optimize treatment in epilepsy. Additionally, previous research suggest a potential overlap between
the DBS-induced evoked potentials and the epileptic activity maps [41]. Such overlaps might represent a
mechanism where DBS interacts with the seizure networks. Extending this approach to include the epilep-
tic activity maps could offer a more detailed understanding of the interactions between the DBS and the
epileptic networks. Future research could integrate these epileptic activity maps with the DBS maps to
improve the development of predictive markers for patient-specific ANT-DBS treatment.

Sequential dipole fitting is an alternative inverse method used to model the temporal dynamics of neural
activity. This approach assumes that a single equivalent current dipole can explain early EP components. As
the activity evolves and becomes more widespread over time, additional dipoles are introduced to account
for the later response components, allowing for the estimation of their spatial positions. Finally, the activity
of all dipoles is re-estimated to refine the model and enhance its accuracy in representing the underlying
neural processes. Although the documentation on this method is scarce, this approach could offer more
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insights into how DBS impacts the brain over time.
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Conclusion

This study examined low-frequency ANT-DBS to study the effects of DBS parameters on the evoked po-
tentials (EPs) in patients with drug-resistant epilepsy (DRE). The focus was on how DBS parameters (DBS
amplitude, DBS contact, and DBS implantation) modulate EPs characterized by EP latency, EP magnitude,
and source location. The aim was to investigate the electrophysiological mechanisms of low-frequency
ANT-DBS and its impact on related neural networks.

The analysis revealed distinct EP components at four latencies: 3-10 ms, 19-26 ms, 37-58 ms, and
55-117 ms. The observed responses indicated modulation of neural activity along structures related to the
Papez circuit, e.g. the thalamus, cingulate gyrus, and superior frontal gyrus, suggesting that ANT-DBS
engages this network.

Higher DBS amplitude consistently evoked higher magnitude responses, without altering EP latency.
Furthermore, the reconstructed source locations varied between the high vs. low DBS amplitude, with
the high amplitude evoking responses within more subcortical structures. Stimulated contacts C0 and C1
evoked higher magnitude EPs than stimulated C2 and C3. EP latencies were influenced by the DBS contact,
as their GMFP showed distinct patterns, with stimulated contacts C0 and C1 (and sometimes C2) showing
similar patterns. Similar EP magnitudes and latencies were observed in stimulated left (and right) DBS
implantation, suggesting symmetrical network activation. Reconstructed dipoles across the time series
suggested sequential activation of structures related to the Papez circuit (e.g. the thalamus, cingulate gyrus,
superior frontal gyrus, and basal ganglia).

There are several limitations that should be addressed in future research. First, the small sample size
limits the generalizability. Expanding the sample size would provide a better understanding of the inter-
and intra-individual variability. Additionally, this study assumes a single equivalent dipole model, which
might oversimplify the complex dynamics of neural activity. Comparing these dipole fitting results with
other inverse models (e.g. beamforming or sequential dipole fitting) could increase the robustness. This
study highlights the need for further investigation into the Papez circuit’s role in epilepsy.

These findings underscore the importance of optimizing the DBS parameters and advancing our un-
derstanding of thalamocortical networks, such as the Papez circuit, to improve patient-specific therapy for
epilepsy.
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Appendix A

EP latencies

This Appendix provides all tables including the manually selected EP latencies for all parameter configura-
tions.

Table A.1: Latencies for each EP component across the contacts (implantation 1 at high amplitude)
EP 1 EP 2 EP 3 EP 4

C0 8.25 19.5 48.5 71.25
C1 9.0 20.0 50.5 68.0
C2 7.25 20.0 40.25 87.5
C3 8.75 20.25 35.5 65.75

Table A.2: Latencies for each EP component across the contacts (implantation 1 at low amplitude)
EP 1 EP 2 EP 3 EP 4

C0 9.5 20.0 58.5 69.5
C1 8.75 20.0 50.0 67.75
C2 9.75 22.0 47.75 72.0
C3 7.5 16.75 46.75 77.5

Table A.3: Latencies for each EP component across the contacts (implantation 3 at high amplitude)
EP 1 EP 2 EP 3 EP 4

C0 3.0 38.5 53.0 116.0
C1 3.0 44.0 53.0 117.25
C2 5.75 38.0 77.0 109.0
C3 6.5 26.5 49.5 91.25
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Table A.4: Latencies for each EP component across the contacts (implantation 4 at high amplitude)
EP 1 EP 2 EP 3 EP 4

C0 3.75 21.5 40.5 93.5
C1 3.0 19.0 46.0 75.5
C2 9.25 21.0 48.25 103.5
C3 5.25 21.25 46.25 106.0

Table A.5: Latencies for each EP component across the contacts (implantation 4 at low amplitude)
EP 1 EP 2 EP 3 EP 4

C0 3.0 19.0 48.75 103.0
C1 3.5 20.25 45.5 100.0
C2 4.75 23.0 42.5 98.0
C3 6.0 16.75 44.75 96.75



Appendix B

RV values

This appendix provides all tables that summarize the RV values for the reconstructed dipoles across all
parameter configurations.

Table B.1: RV values for implantation 1 (high amplitude).

EP 1 EP 2 EP 3 EP 4

C3 0.31 0.30 0.07 0.16
C2 0.04 0.10 0.27 0.12
C1 0.09 0.12 0.09 0.16
C0 0.06 0.10 0.05 0.19

Table B.2: RV values for implantation 1 (low amplitude).

EP 1 EP 2 EP 3 EP 4

C3 0.43 0.29 0.42 0.19
C2 0.15 0.10 0.15 0.06
C1 0.13 0.43 0.16 0.07
C0 0.16 0.12 0.07 0.08

Table B.3: RV values for implantation 3 (high amplitude).

EP 1 EP 2 EP 3 EP 4

C3 0.10 0.08 0.05 0.07
C2 0.09 0.04 0.25 0.17
C1 0.12 0.04 0.07 0.04
C0 0.37 0.49 0.54 0.33

48



49

Table B.4: RV values for implantation 3 (low amplitude).

EP 1 EP 2 EP 3 EP 4

C3 0.16 0.04 0.11 0.28
C2 0.09 0.04 0.25 0.17
C1 0.12 0.04 0.07 0.04
C0 0.37 0.49 0.54 0.33

Table B.5: RV values for implantation 4 (high amplitude).

EP 1 EP 2 EP 3 EP 4

C3 0.18 0.09 0.08 0.12
C2 0.14 0.15 0.05 0.10
C1 0.27 0.13 0.06 0.04
C0 0.23 0.08 0.06 0.07

Table B.6: RV values for implantation 4 (low amplitude).

EP 1 EP 2 EP 3 EP 4

C3 0.16 0.12 0.15 0.07
C2 0.41 0.16 0.10 0.18
C1 0.22 0.23 0.10 0.25
C0 0.37 0.19 0.06 0.17



Appendix C

GMFP comparisons

This Appendix provides additional figures of GMFP plots, comparing high and low amplitude stimulation
and stimulation across different contacts.
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Figure C.1: Effect of DBS amplitude on evoked response across contacts (C0 to C3) for two separate
implantation (same patient). Each plot compares the responses to high and low-amplitude
stimulation over time (ms). Contacts C0 to C3 are arranged from deepest to most superficial.
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Figure C.2: Effect of DBS amplitude on evoked response across contacts (C0 to C3) for two separate
implantation (same patient). Each plot compares the responses to high and low-amplitude
stimulation over time (ms). Contacts C0 to C3 are arranged from deepest to most superficial.
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Figure C.3: Effects of DBS contact points (C0, C1, C2, C3) on the evoked response across different im-
plantations and high/low amplitude (subject DBS011).

Figure C.4: Effects of DBS contact points (C0, C1, C2, C3) on the evoked response across different im-
plantations and high/low amplitude (subject DBS014).



Appendix D

GMFP plots + topographical maps

This appendix provides additional figures of the GMFP plots and topographies at the corresponding contact
and EP. The GMFP plot shows the amplitude of the responses over time for each contact (C0, C1, C2,
and C3), with distinct intervals highlighting for EPs: 1 (red), 2 (green), 3 (blue), and 4 (yellow). Below
the plot are the corresponding topographies for each EP across different contacts, demonstrating the spatial
distribution of the activation on the scalp. It should be noted that the color scale is not fixed across the
different topographic maps, resulting in variations in intensity representation. As a result, although the
color patterns may visually appear comparable across maps, the actual intensity values are not directly
comparable.

For implantation 2 (high amplitude, C1-C3 stimulation, and low amplitude), the GMFP amplitude is
minimal, indicating that source reconstruction is unfeasible for these data.
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Figure D.1: GMFP plot and topographic maps of the EPs for implantation 1 (high amplitude).
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Figure D.2: GMFP plot and topographic maps of the EPs for implantation 1 (low amplitude).
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Figure D.3: GMFP plot and topographic maps of the EPs for implantation 2 (high amplitude).
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Figure D.4: GMFP plot for implantation 2 (low amplitude).
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Figure D.5: GMFP plot and topographic maps of the EPs for implantation 3 (high amplitude).
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Figure D.6: GMFP plot and topographic maps of the EPs for implantation 3 (low amplitude).
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Figure D.7: GMFP plot and topographic maps of the EPs for implantation 4 (high amplitude).
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Figure D.8: GMFP plot and topographic maps of the EPs for implantation 4 (low amplitude).



Appendix E

Reconstructed Dipole Plots

This appendix provides additional plots, including the dipoles of each implantation (high and low ampli-
tude). The color of the dipole (red-green-blue-yellow) corresponds to the EP (1-2-3-4), and the brightness
(bright color to light color) corresponds to the contact (C0 to C3), as stated in Figure 3.7.

Dipole plots of each condition are available on GitHub (https://github.com/jillbay/lowfrequency_
DBS_epilepsy). These figures are provided in MATLAB format, enabling 3D viewing and rotation when
accessed through MATLAB.

Figure E.1: 3D visualization of dipole sources for implantation 1 (high amplitude) within a brain mesh.
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Figure E.2: 3D visualization of dipole sources for implantation 1 (low amplitude) within a brain mesh.

Figure E.3: 3D visualization of dipole sources for implantation 3 (high amplitude) within a brain mesh.

Figure E.4: 3D visualization of dipole sources for implantation 3 (low amplitude) within a brain mesh.
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Figure E.5: 3D visualization of dipole sources for implantation 4 (high amplitude) within a brain mesh.

Figure E.6: 3D visualization of dipole sources for implantation 4 (low amplitude) within a brain mesh.



Appendix F

Anatomical Labels

This appendix provides additional tables with information regarding the anatomical labels of the recon-
structed dipoles based on SimNIBS segmentation, FSL segmentation, and the Brainnetome atlas. The
SimNIBS segmentation was included in the generation of the head model; the source model is based on
this segmentation. The FSL segmentation was also included with the generation of the head model, pro-
viding more detailed tissue types. The Brainnetome atlas includes parcellations of cortical and subcortical
structures.

Table F.1: Anatomical labels of the reconstructed dipole sources, corresponding to implantation 1 (high
amplitude)

Contact EP SimNIBS FSL Segmentation Brainnetome Atlas

C0

EP 1 Gray Matter Right Cerebral Cortex Right Superior Frontal Gyrus, medial area 10
EP 2 Gray Matter Right Cerebral Cortex Right Orbital Gyrus A12/47l, lateral area 12/47
EP 3 Gray Matter Right Cerebral Cortex Right Superior Frontal Gyrus A9m, medial area 9
EP 4 Gray Matter Right Caudate Right Basal Ganglia, nucleus accumbens

C1

EP 1 Gray Matter Right Cerebral Cortex Right Superior Frontal Gyrus A9m, medial area 9
EP 2 Gray Matter Right Cerebral Cortex Right Middle Frontal Gyrus A46, area 46
EP 3 Gray Matter Right Cerebral Cortex Right Superior Frontal Gyrus A9m, medial area 9
EP 4 Gray Matter Right Caudate Right Basal Ganglia, dorsal caudate

C2

EP 1 Gray Matter Left Lateral Ventricle Left Basal Ganglia, dorsal caudate
EP 2 Gray Matter Left Thalamus Right Thalamus, rostral temporal thalamus
EP 3 Gray Matter Right Cerebral WM Right Thalamus, rostral temporal thalamus
EP 4 Gray Matter Left Caudate Left Basal Ganglia, dorsal caudate

C3

EP 1 Gray Matter Right Caudate Right Basal Ganglia, dorsal caudate
EP 2 Gray Matter WM-hypointensities Right Basal Ganglia, dorsal caudate
EP 3 Gray Matter Right Cerebral Cortex Right Inferior Frontal Gyrus, opercular area 44
EP 4 Gray Matter Right Thalamus Right Thalamus, pre-motor thalamus
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Table F.2: Anatomical labels of the reconstructed dipole sources, corresponding to implantation 1 (low
amplitude)

Contact EP SimNIBS FSL Segmentation Brainnetome Atlas

C0

EP 1 Gray Matter Right Cerebral WM Right Cingulate Gyrus A24rv, rostroventral area 24
EP 2 Gray Matter Right Cerebral Cortex Right Superior Frontal Gyrus A10m, medial area 10
EP 3 Gray Matter Right Caudate Right Basal Ganglia dCa, dorsal caudate
EP 4 Gray Matter Right Lateral Ventricle Right Basal Ganglia dCa, dorsal caudate

C1

EP 1 Gray Matter Right Cerebral WM Right Cingulate Gyrus A24rv, rostroventral area 24
EP 2 Gray Matter Right Cerebral Cortex Right Middle Frontal Gyrus A9/46d, dorsal area 9/46
EP 3 Gray Matter Right Caudate Right Basal Ganglia dCa, dorsal caudate
EP 4 Gray Matter Right Cerebral Cortex Right Cingulate Gyrus A24rv, rostroventral area 24

C2

EP 1 Gray Matter Left Caudate Left Cingulate Gyrus A24rv, rostroventral area 24
EP 2 Gray Matter Right Cerebral Cortex Right Cingulate Gyrus A24rv, rostroventral area 24
EP 3 Gray Matter Right Cerebral Cortex Right Superior Frontal Gyrus A9m, medial area 9
EP 4 Gray Matter Right Cerebral WM Right Cingulate Gyrus A24rv, rostroventral area 24

C3

EP 1 Gray Matter Right Cerebral WM Right Superior Temporal Gyrus A38l, lateral area 38
EP 2 Gray Matter Left Cerebral Cortex Left Cingulate Gyrus A32sg, subgenual area 32
EP 3 Gray Matter Right Cerebral Cortex Right Cingulate Gyrus A32sg, subgenual area 32
EP 4 Gray Matter Left Cerebral Cortex Left Orbital Gyrus A11m, medial area 11

Table F.3: Anatomical labels of the reconstructed dipole sources, corresponding to implantation 3 (high
amplitude)

Contact EP SimNIBS FSL Segmentation Brainnetome Atlas

C0

EP 1 Gray Matter Right Thalamus Right Thalamus PPtha, posterior parietal thalamus
EP 2 Gray Matter Cortical CSF BG, Left Superior Temporal Gyrus A38l, lateral area 38
EP 3 Gray Matter Cortical CSF Left Cingulate Gyrus A32p, pregenual area 32
EP 4 Gray Matter Left Amygdala Left Amygdala mAmyg, medial amygdala

C1

EP 1 Gray Matter Left Thalamus Left Thalamus PPtha, posterior parietal thalamus
EP 2 Gray Matter Right Lateral Ventricle Right Basal Ganglia dCa, dorsal caudate
EP 3 Gray Matter Left Cerebral Cortex Left Cingulate Gyrus A24rv, rostroventral area 24
EP 4 Gray Matter Right Cerebral WM Right Basal Ganglia dCa, dorsal caudate

C2

EP 1 Gray Matter Left Caudate Left Basal Ganglia dCa, dorsal caudate
EP 2 Gray Matter Right Lateral Ventricle Right Basal Ganglia dCa, dorsal caudate
EP 3 Gray Matter Cortical CSF Left Insular Gyrus vId/vIg, ventral dysgranular and granular insula
EP 4 Gray Matter Right Cerebral Cortex Right Cingulate Gyrus A24rv, rostroventral area 24

C3

EP 1 Gray Matter Right Caudate Right Basal Ganglia dCa, dorsal caudate
EP 2 Gray Matter Right Cerebral Cortex Right Cingulate Gyrus A24rv, rostroventral area 24
EP 3 Gray Matter Right Caudate Right Basal Ganglia dCa, dorsal caudate
EP 4 Gray Matter Right Caudate Right Basal Ganglia dCa, dorsal caudate
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Table F.4: Anatomical labels of the reconstructed dipole sources, corresponding to implantation 3 (low
amplitude)

Contact EP SimNIBS FSL Segmentation Brainnetome Atlas

C0

EP 1 Gray Matter Right Cerebellum Cortex No label found within radius
EP 2 Gray Matter Right Caudate Right Basal Ganglia dCa, dorsal caudate
EP 3 Gray Matter Right Cerebral WM Right Basal Ganglia dCa, dorsal caudate
EP 4 Gray Matter Right Cerebral WM Right Basal Ganglia dCa, dorsal caudate

C1

EP 1 Gray Matter Cortical CSF No label found within radius
EP 2 Gray Matter Right Caudate Right Basal Ganglia dCa, dorsal caudate
EP 3 Gray Matter Left Cerebral WM Left Cingulate Gyrus A23c, caudal area 23
EP 4 Gray Matter Left Caudate Right Basal Ganglia dCa, dorsal caudate

C2

EP 1 Gray Matter Left Caudate Left Basal Ganglia dCa, dorsal caudate
EP 2 Gray Matter Right Cerebral Cortex Right Middle Frontal Gyrus IFJ, inferior frontal junction
EP 3 Gray Matter Right Cerebral Cortex Right Middle Frontal Gyrus A9/46d, dorsal area 9/46
EP 4 Gray Matter Left Cerebral Cortex Left Cingulate Gyrus A32p, pregenual area 32

C3

EP 1 Gray Matter Left Thalamus Left Thalamus rTtha, rostral temporal thalamus
EP 2 Gray Matter Right Caudate Right Basal Ganglia dCa, dorsal caudate
EP 3 Gray Matter Right Caudate Right Basal Ganglia dCa, dorsal caudate
EP 4 Gray Matter Right Cerebral Cortex Right Cingulate Gyrus A23c, caudal area 23

Table F.5: Anatomical labels of the reconstructed dipole sources, corresponding to implantation 4 (high
amplitude)

Contact EP SimNIBS FSL Segmentation Brainnetome Atlas

C0

EP 1 Gray Matter Left Cerebral Cortex Left Cingulate Gyrus A24rv, rostroventral area 24
EP 2 Gray Matter Left Caudate Left Basal Ganglia dCa, dorsal caudate
EP 3 Gray Matter Left Caudate Left Basal Ganglia vCa, ventral caudate
EP 4 Gray Matter Left Putamen Left Basal Ganglia GP, globus pallidus

C1

EP 1 Gray Matter Right Cerebral Cortex Right Cingulate Gyrus A24rv, rostroventral area 24
EP 2 Gray Matter Left Cerebral WM Left Basal Ganglia dCa, dorsal caudate
EP 3 Gray Matter Left Caudate Left Basal Ganglia dCa, dorsal caudate
EP 4 Gray Matter Left Caudate Left Basal Ganglia dCa, dorsal caudate

C2

EP 1 Gray Matter Cortical CSF Right Cingulate Gyrus A24rv, rostroventral area 24
EP 2 Gray Matter Right Cerebral Cortex Right Cingulate Gyrus A24cd, caudodorsal area 24
EP 3 Gray Matter Left Caudate Left Basal Ganglia dCa, dorsal caudate
EP 4 Gray Matter Right Caudate Right Basal Ganglia dCa, dorsal caudate

C3

EP 1 Gray Matter Cortical CSF Right Thalamus rTtha, rostral temporal thalamus
EP 2 Gray Matter Left Caudate Left Basal Ganglia dCa, dorsal caudate
EP 3 Gray Matter Left Caudate Left Basal Ganglia dCa, dorsal caudate
EP 4 Gray Matter Right Caudate Right Basal Ganglia dCa, dorsal caudate
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Table F.6: Anatomical labels of the reconstructed dipole sources, corresponding to implantation 4 (low
amplitude)

Contact EP SimNIBS FSL Segmentation Brainnetome Atlas

C0

EP 1 Gray Matter Left Cerebral Cortex Left Cingulate Gyrus A24rv, rostroventral area 24
EP 2 Gray Matter Left Caudate Left Basal Ganglia dCa, dorsal caudate
EP 3 Gray Matter Left Caudate Left Basal Ganglia dCa, dorsal caudate
EP 4 Gray Matter Left Cerebral Cortex Left Inferior Parietal Lobule A40rv, rostroventral area 40 (PFop)

C1

EP 1 Gray Matter Left Cerebral Cortex Left Middle Frontal Gyrus A6vl, ventrolateral area 6
EP 2 Gray Matter Left putamen Left Basal Ganglia dlPu, dorsolateral putamen
EP 3 Gray Matter Left Caudate Left Basal Ganglia dCa, dorsal caudate
EP 4 Gray Matter Left Putamen Left Basal Ganglia NAC, nucleus accumbens

C2

EP 1 Gray Matter Right Caudate Right Basal Ganglia dCa, dorsal caudate
EP 2 Gray Matter Left Cerebral Cortex Left Cingulate Gyrus A23c, caudal area 23
EP 3 Gray Matter Left Caudate Left Basal Ganglia dCa, dorsal caudate
EP 4 Gray Matter Left Lateral Ventricle Left Hippocampus cHipp, caudal hippocampus

C3

EP 1 Gray Matter Cortical CSF Right Thalamus rTtha, rostral temporal thalamus
EP 2 Gray Matter Right Thalamus Right Thalamus rTtha, rostral temporal thalamus
EP 3 Gray Matter Left Cerebral WM Left Inferior Frontal Gyrus A44op, opercular area 44
EP 4 Gray Matter Right Cerebral Cortex Right Cingulate Gyrus A24rv, rostroventral area 24
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