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POPULAR SCIENCE SUMMARY 

Epilepsy is one of the most common brain disorders. The patients suffer from recurring epileptic 

seizures associated with a wide range of symptoms depending on which brain region that is 

affected. These symptoms can include involuntary movements, inability to speak or understand 

others, or loss of consciousness. There is also an increased risk of developing cognitive problems 

such as memory impairment. Although many epilepsy patients can be successfully treated using 

anti-epileptic drugs, approximately a third of all patients continue to develop seizures despite of 

treatment. These patients can sometimes undergo epilepsy surgery where the seizure generating 

region can be removed. Unfortunately, it can be very difficult to delineate this region, resulting 

in poor surgical results. This is in part due to insufficient understanding of how epileptic activity, 

such as seizure activity, develop and propagate within the brain. This study thus aims to both 

increase the understanding of how epileptic activities develop (part 1), and to improve techniques 

to localize seizure generating brain areas (part 2). Part 1 consists of two studies. In Study I we 

analyzed data recorded from the surface of a seizure generating brain area. This area was 

stimulated with an electric stimulation with slow 2 Hz-pulse that reduces the amount of seizure 

experienced by the patient. The study analyzes how this stimulation modifies this area, and its 

likelihood to generate epileptic activities. Study II analyzes magnetoencephalography (MEG) 

recordings of epilepsy patients. MEG detects very weak magnetic fields produced by the brain 

cells. This technique can be used to visualize epileptic activity. Here, we analyzed occurrence of 

slow brain activity that emerges before onset of epileptic activity. Study I and Study II both 

demonstrate that slow activity exerts a possible inhibitory effect in the epileptic brain. Thus, part 

1 gives an improved insight into the dynamical processes that underlie development of epilepsy. 

Part 2 analyzed a novel, cutting-edge MEG sensor that can be placed much closer to the brain 

than conventional MEG sensors. Moving the MEG sensor closer to the brain might improve both 

strength and resolution of the detected brain activity. Part 2 thus aimed to analyze the potential 

clinical value of these sensors. In Study III, we performed the first-ever on scalp MEG of an 

epilepsy patient. We demonstrated that this technique might detect more epileptic activity than 

conventional MEG. In Study IV, we compared how well on scalp MEG sensors detect and 

localize epileptic activity compared to the techniques that are routinely used in clinical epilepsy 

evaluations. Together, the studies of part 2 demonstrate that on scalp MEG might improve future 

epilepsy evaluations.  

  



ABSTRACT 

Epilepsy is one of the most common neurological disorder, affecting up to 10 individuals per 

1000 persons. The disorder have been known for several thousand years, with the first clinical 

descriptions dating back to ancient times. Nonetheless, characterization of the dynamics 

underlying epilepsy remains largely unknown. Understanding these patophysiological processes 

requires unifying both a neurobiological perspective, as well as a technically advanced 

neuroimaging perspective. The incomplete insight into epilepsy dynamics is reflected by the 

insufficient treatment options. Approximately 30% of all patients do not respond to anti-epileptic 

drugs (AEDs) and thus suffers from recurrent seizures despite adequate pharmacological 

treatments. These pharmacoresistant patients often undergo epilepsy surgery evaluations. 

Epilepsy surgery aims to resect the part of the brain that generates the epileptic seizure activity 

(seizure onset zone, SOZ). Nonetheless, up to 50% of all patients relapse after surgery. This can 

be due to incomplete mapping of both the SOZ and of other structures that might be involved in 

seizure initiation and propagation. Such cortical and subcortical structures are collectively 

referred to as the epileptic network. Historically, epilepsy was considered to be either a 

generalized disorder involving the entire brain, or a highly localized, focal, disorder. The modern 

technological development of both structural and functional neuroimaging has drastically altered 

this view. This development has made significant contributions to the now prevailing view that 

both generalized and focal epilepsies arise from more or less widespread pathological network 

pathways. Visualization of these pathways play an important role in the presurgical planning. 

Thus, both improved characterization and understanding of such pathways are pivotal in 

improvement of epilepsy diagnostics and treatments. It is evident that epilepsy research needs to 

stand on two legs: Both improved understanding of pathological, neurobiological and 

neurophysiological process, and improved neuroimaging instrumentation.  

 Epilepsy research do not only span from visualization to understanding of 

neurophysiological processes, but also from cellular, neuronal, microscopic processes, to 

dynamical, large-scale network processes. It is well known that neurons involved in epileptic 

activities exhibit specific, pathological firing patterns. Genetic mutations resulting in neuronal 

ion channel defects can cause severe, and even lethal, epileptic syndromes in children, clearly 

illustrating a role for neuron membrane properties in epilepsy. However, cellular processes 

themselves cannot explain how epileptic seizures can involve, and propagate across, large cortical 

areas and generate seizure-specific symptomatologies. A strict cellular perspective can neither  



explain epilepsy-associated pathological interactions between larger distant regions in between 

seizures. Instead, the dynamical effects of cellular synchronization across both mesoscopic and 

macroscopic scales also need to be considered. Today, the only means to study such effects in 

human subjects are by combinations of neuroimaging modalities. However, as all measurement 

techniques, these exhibit individual limitations that affect the kind of information that can be 

inferred from these. Thus, once more we reach the conclusion that epilepsy research needs to rest 

upon both a neurophysiological/neurobiological leg, and a technical/instrumentational leg.     In 

accordance with this necessity of a dual approach to epilepsy, this thesis covers both 

neurophysiological aspects of epileptic activity development, as well as functional neuroimaging 

instrumentation development with focus on epileptic activity detection and localization. Part 1 

(neurophysiological part) is concerned with the neurophysiological dynamical changes that 

underlie development of so called interictal epileptiform discharges (IEDs) with special focus on 

the role of low-frequency oscillations. To this aim, both conventional magnetoencephalography 

(MEG) and intracranial electroencephalography (iEEG) with neurostimulation is analyzed. Part 

2 (instrumentation part) is concerned with development of cutting-edge, novel on-scalp 

magnetoencephalography (osMEG) within clinical epilepsy evaluations and research with special 

focus on IEDs. The theses cover both modeling of osMEG characteristics, as well as the first-

ever osMEG recording of a temporal lobe epilepsy patient.  
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1. INTRODUCTION 

1.1 EPILEPSY 

1.1.1 Diagnostic criteriae  

The International League Against Epilepsy (ILAE) defines epilepsy as a brain disorder that fulfills 

at least one of following criteriae: 

1) “At least two unprovoked (or reflex) seizures occurring more than 24 hours apart 

2) One unprovoked (or reflex) seizure and a probability of further seizures similar to the 

general recurrence risk (at least 60%) after two unprovoked seizures, occurring over the 

next 10 years 

3) Diagnosis of an epilepsy syndrome”. 

However, epilepsy is not a unanimous disorder but should be considered a syndrome covering a 

large range of etiologies and seizure types. Epileptic seizures types are defined as generalized 

seizures, focal seizures or unknown seizure types. While so-called generalized seizures rapidly 

engage bilaterally distributed both cortical and subcortical networks, focal seizures originate from 

a more limited network within one hemisphere. These different seizure types can be further 

subdivided into at least ten subcategories. Further describing these are outside the scope of this 

thesis. Epilepsy can arise from several different etiologies, including structural, genetic, 

infectious, metabolic, immune or unknown etiologies. The final epilepsy diagnosis given to the 

patient reflects both seizure type, as well as underlying etiology (Fisher et al., 2017, 2014; 

Scheffer et al., 2017)⁠.  

 By definition, the epileptic brain produces seizure activity that originates from a 

region called the seizure onset zone (SOZ). The seizure activity can hereafter propagate along 

patient-specific pathways within the epileptic network (Jehi, 2018; Stefan and da Silva, 2013)⁠. 

The clinical symptoms experienced by the patient, the epileptic semiology, is closely related to 

the anatomical localization of both the SOZ, and of the epileptic network seizure propagation 

pathways.  Although the semiology can vary from patient to patient, the semiology of focal 

epilepsy stemming from the different lobes exhibit common traits. For instance, temporal lobe 

epilepsy is characterized slow onset, aura symptoms, amnesia, speech arrest and automatisms 

while frontal lobe seizures are characterized by very rapid onset, often from sleep, brief duration 

and hypermotor behavior (Blair, 2012; McGonigal et al., 2021; Noachtar and Peters, 2009)⁠. From 
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a neurophysiological perspective, epileptic seizure are accompanied by specific seizure patterns 

that can be visualized using neurophysiological recording modalities such as 

electroencephalography (EEG), magnetoencephalography (MEG) or intracranial EEG (iEEG) 

(Jayakar et al., 2016, 2014, 2008)⁠. By definition, epileptic seizure activity constitutes neural time 

series exhibiting a quasi-rhythmic appearance with gradual changes in amplitude and frequency 

content (spatiotemporal evolution). Apart from seizure activity, the epileptic brain often produces 

so-called interictal epileptiform discharges (IEDs) in between seizures. These are transient, short-

lasting events not associated with any clinical symptoms. On the EEG, IEDs are typically sharp, 

high-amplitude waveforms clearly distinguishable from the background activity (Kane et al., 

2017)⁠. These IEDs originate from the so called irritative zone. The irritative zone often, but not 

always, include the SOZ. The irritative zone can also extended beyond the borders of the SOZ, 

and might even involve the contralateral hemisphere (Jehi, 2018)⁠. The SOZ and the irritative zone 

might also be completely separate regions. The exact relationship between IEDs and seizures still 

remains elusive (Avoli, 2019)⁠. In the remaining thesis, the term “epileptic activities” will be used 

to refer collectively to both epileptic seizures, and IEDs.    

While many generalized epilepsies can be treated successfully using anti-epileptic 

pharmacological drugs, approximately 30% of all focal epilepsy patient are so-called 

pharmacoresistant. These patients do not respond to pharmacological treatment (REF). Many of 

these patients suffer from severe epilepsy, sometimes with daily seizures with a great risk of 

developing co-morbidities and reduced quality of life. The main remaining treatment options 

consist in epilepsy surgery, that aims to remove the SOZ. However, a minority of patients are not 

eligible for surgery due to SOZ situated within eloquent cortex with severe adverse effects 

associated with surgery, or due to widespread SOZs that cannot be resected (Kwan et al., 2011; 

Sander, 2003)⁠.   For these patients, only different neurostimulory paradigms remains (Starnes et 

al., 2019)⁠.   
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Figure 1 

Epileptic activities: Interictal epileptiform discharges (IEDs) and epileptic seizure activity 

a) Raw MEG sensor traces with multiple IEDs 

b) Example of a focal temporal lobe seizure with spatiotemporal resolution in clinical EEG 

recording with 21 electrodes. From (Javidan, 2012). 

 

 

1.1.2 Epidemiology  

Epilepsy is one of the most common neurological disorder, and the most common if all ages are 

taken in considerations. The incidence of epilepsy is approximately 61 per 10000 person-years, 

with higher incidence in low- and middle-income countries than in high-income countries. The 

prevalence, on the other hand, is 7.60 per 1000 individuals. Epilepsy is slightly more common in 

men than in women, and the incidence of the disorder is highest in young children and in the 

oldest individuals (Beghi, 2020; Sander, 2003)⁠. Furthermore, epilepsy is associated with an 

increased mortality compared to the general population. The death causes include injuries, status 

epilepticus, and so-called sudden onset death in epilepsy (SUDEP).  Epilepsy is associated with 

several co-morbidities, such as cognitive impairment, depression, anxiety, dementia as well as 



4 

 

heart disease and arthritis. The general co-morbidity risk is eight times higher than in the general 

population (Keezer et al., 2016; Yuen et al., 2018)⁠. 60 % of all epilepsy patients suffer from 

generalized epilepsy, and these patients often respond well to pharmacological treatments. In fact, 

the majority of epilepsy patients can be rendered seizure-free with anti-epileptic drugs (AEDs). 

On the contrary, focal epilepsy patients are, on average, more prone to be pharmacoresistant, with 

recurring seizures despite three different anti-epileptic drugs. An analysis of a large number of 

tertiary care centers referrals shows that approximately 60% of these patients suffered focal 

epilepsy. Of these, 60% suffered from temporal lobe epilepsy, 24% frontal lobe epilepsy, 5% had 

parietal or occipital epilepsy and 3% had multilobar epilepsy. (Beghi, 2020; Keezer et al., 2016;  

Téllez-Zenteno and Hernández-Ronquillo, 2012; Sander 2013)⁠. Among the focal epilepsies, 

approximately 60% are pharmacoresistant, and might become eligible for epilepsy surgery. The 

outcome of epilepsy surgery varies with the underlying etiology and localization. Anterior 

temporal lobe resections exhibit approximately 50% seizure freedom in a ten-year follow-up 

study. In comparison, seizure freedom after five years was approximately 15% in all 

extratemporal epilepsy cases. However, this group is far from homogeneous. For instance, frontal 

lobe resections result in approximately 40% seizure freedom. Furthermore, seizure outcome 

depends on the underlying etiology as well as disease duration (Ryvlin et al., 2014).⁠ 

 

1.1.3 Brief Overview of Neurobiological Mechanisms in Epilepsy 

Under normal, physiological conditions, neurons connect through synapses. A synapse can elicit 

a postsynaptic potential (PSP) in the post-synaptic neuron, hereby changing the neuron cell 

membrane voltage. If the PSP is excitatory, the membrane voltage moves towards the neuron’s 

threshold for action potential firing. The action potential gives rise to a time-scale specific 

dynamic change in membrane voltage potential.  However, the epileptogenic neurons eliciting an 

IED produce a different, pathological, potential called paroxysmal depolarizing shift (PDS). The 

PDS is initiated by a plateau potential created by both excitatory post-synaptic potentials and 

multiple ionic conductance changes. The PDS is characterized both by a higher amplitude and a 

longer duration than the action potential. Several experimental animal studies with cortical 

application of epileptogenic substances have recorded such events accompanied by IEDs using 

both intracellular and extracellular recordings and clamp voltage studies. ⁠(Ayala et al., 1970; 

Dichter and Spencer, 1969; Dichter and Spencer, 1968; Matsumoto and Marsan, 1964)⁠ Although 

PDS might also play a role in development of sustained seizure activity, (Meijer et al., 2015; 
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Tryba et al., 2019)⁠, the cellular underpinnings of epileptic seizures are less well understood than 

for IEDs. Nonetheless, a large number of both local field potentials and microelectrode recordings 

from both humans and animals have been performed to understand the neuronal activities that 

underlie seizure activity development. Also, dynamical aspects of both synaptic potentials and 

action potentials that rule these processes have also been investigated using advanced 

mathematical models. Historically, seizure development has been considered to arise from an 

excitation/inhibition imbalance. This notion stems from both in vivo and in vitro animal studies, 

and studies on human epileptogenic tissue resected in epilepsy surgery. These experiments often 

involved application of either epileptogenic substances (such as for example penicillium), or 

excitating GABA-antagonistic substances, with subsequent recording of seizure activities. It is 

thus well known that epileptic seizures can be elicited experimentally through application of 

exciting substances, or through blockage of inhibition (Matsumoto and Marsan, 1964; 

Schwartzkroin and Prince, 1979)⁠. Here, inhibition corresponds to up regulation of inhibitory post-

synaptic potentials, while neuronal excitation results from excitatory post-synaptic potentials 

mediated by excitatory neurotransmitters. These processes can also be mathematically modeled 

using computational simulations of strong post-synaptic excitatory potentials (Wilson and 

Cowan, 1972).⁠ Nonetheless, describing human epileptic activities as instantaneous changes in 

excitation/inhibition balances is an unrealistic simplification. There exist rare patient cases with 

rare neurotransmitter mutations, resulting in excitation up regulation. However, these patients 

develop very severe, continuous epileptic seizures that cannot be treated, often with high 

childhood mortality. Thus, such simplified models cannot alone explain human epilepsies. 

(Shields, 2000; Staley, 2015)⁠ Furthermore, neither seizure activity or IEDs are isolated cellular 

events, but reflect sustained, hypersynchronized activity from a large neuronal population 

(Destexhe, 1998; Kramer and Cash, 2012; Tao et al., 2007;⁠ Wendling et al., 2009)⁠⁠. A microscopic 

perspective cannot alone explain how an epileptic network can come to involve a sufficiently 

large cortical area to give rise to clinical symptoms. Rather, combined analyses of microscopic, 

mesoscopic and macroscopic scales are required. While a mesoscopic scale refers to a smaller 

brain region (mm2-cm2) (Kleinfeld et al., 2017; Zhang et al., 2011)⁠  the macroscopic scale refers 

to large-scale, whole-head dynamics (Bressler and Menon, 2010; Horn et al., 2014; Wang and 

Kennedy, 2016)⁠⁠. These levels are also deeply connected, and changes on one level can translate 

to activity changes on other levels. For instance, pharmacologically induced epilepsy in cat do 

not only produce cellular changes as those described above, but result in spontaneous 

development of ripples in neocortical slices (Grenier et al., 2001) that propagate to thalamic 

neurons that hereafter give rise to 3 Hz spike and wave activity as seen in absence seizures 
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(Grenier et al., 2001; Grenier et al., 2003; Steriade and Contreras, 1995). Similarly, Eissa et al 

demonstrated that synchronized, pathological cellular activity is required for seizure initiation 

within small mesoscopic networks. Voltage clamp studies on human focal epilepsy cortical slices 

alongside mesoscopic microelectrode recordings elegantly demonstrated that simultaneous PDS 

and high-frequency oscillations associated with seizure initiation (Eissa et al., 2016)⁠. This process 

has also been simulated mathematically, where high-frequency activity behaving as seizure 

activity produced from a neuronal population can be produced simply by tuning the post-synaptic 

potentials of individual neurons. (Wendling et al., 2016)⁠.  

 Thus, it is evident that understanding of the development of both IEDs and seizures 

require neuroimaging modalities such as intracranial EEG, scalp EEG and MEG especially 

designed to capture mesoscopic and macroscopic scales. As mentioned above, IEDs and seizure 

activity can be identified on non-invasive neurophysiological recordings only after 

hypersynchronization of at least 3 cm2 cortex (Oishi et al., 2002; Tao et al., 2007)⁠. This further 

underline that epilepsy arise from the mass effect of pathological interactions between a large 

number of neuronal populations. Neuroimaging studies have also demonstrated that neither 

seizures nor IEDs arise from instantaneous shifts excitation/inhibition (Hawco et al., 2007; Jacobs 

et al., 2009)⁠. Indeed, both intracranial and scalp EEG recordings exhibit pre-ictal frequency 

changes several hours before seizure onset. Even IEDs, which are transient events often lasting 

less than 200 milliseconds, are preceded both neurophysiological and hemodynamical tens of 

seconds prior to IED onset (Bourel-Ponchel et al., 2017; Jabran et al., 2020; Jacobs et al., 2009)⁠. 

Interestingly, mesoscopic local field potential recordings have also demonstrated a role for 

inhibitory interneuronal communication patterns in epileptogenic foci. ((Foci et al., 1967; 

Schevon et al., 2012a⁠). Human and animal epilepsy multiarray recordings recorded 

hypersynchronized firing from an ictal core, while the surrounding regions exhibited low-level, 

inhibitory firing that might prevent seizure activity propagation (Schevon et al., 2012a)⁠. Similarly, 

Keller et al reported a decrement in single unit firing up to 500 ms prior to IED onset (Keller et 

al., 2010).  

 Thus, it is evident that epileptic activities arise from joint, synchronized neuronal 

activity across an entire epileptic network. Both the pathological activity of the individual neuron, 

and the dynamical effects of massive, synchronized interneuronal communication is required for 

IEDs and symptomatic seizures to be visible on EEG, or MEG.    
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Figure 2 

Postsynaptic potentials and Paroxysmal depolarizing shifts (PDS) 

a) Illustration of physiological neuronal membrane voltage potential changes. While an 

excitatory postsynaptic potential moves the membrane voltage potential closer to the threshold 

where the neuron fires an action potential, an inhibitory post-synaptic potential decreases the 

likelihood of action potential firing. Adapted from (Furtak S, 2022) 

b) Illustration of the paroxysmal depolarizing shift. Postsynaptic firing result in repetitive action 

potentials with diminishing amplitudes (1, 2) until a membrane voltage plateau (3) is reached. 

The PDS can also be followed by a after-hyperpolarization with membrane voltage potential 

values below membrane resting state values (4). From (Kubista et al., 2019) 
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Figure 3 

Micro-, meso- and macroscopic scales of neuroimaging 

Illustration of detection of neural activity at different scales. On the most detailed, microscopic, 

level, multi-unit arrays (MUA) and local field potential (LFP) measurements both record from 

within the cortex. Hereby, the extracellular potentials resulting from neuronal firing can be 

detected. Electrocorticography (ECoG) records summated mesoscopic neuronal activity from a 

small section of co⁠rtical surface, while both MEG and EEG records macroscopic neuronal 

signals summated from larger cortical sections. Three different neuronal populations (blue, green 

and black) and their geometrical orientations are illustrated here. From (Hagen et al., 2018)⁠  

 

 

1.1.4 Introduction to Epilepsy Etiologies 

As mentioned in section 1.1 Diagnosis criteriae, epilepsy etiologies include structural, genetic, 

infectious, metabolic, immune and unknown causes. The following section will give a brief 

introduction to some of these, mainly to shed a light on the widespread dynamical processes that 

lead to epilepsy development. The section is not an exhaustive description of epilepsy etiologies.  

Some structural etiologies in epilepsy 

By definition, an epilepsy-associated structural abnormality is   any abnormality that substantially 

increases the risk of being associated with epilepsy. In addition, the abnormality should also be 
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visible on structural magnetic resonance imaging MRI, and the finding should be in accordance 

with other epilepsy evaluation findings. These findings can be explained by both genetic 

mutations and acquired insults such has stroke or traumatic brain injuries ⁠(Berg et al., 2010; 

Gaillard et al., 2009; Scheffer et al., 2017)⁠. Reviewing genetic pathways and resulting neuronal 

properties involved in some common developmental structural abnormalities provide an insight 

into possible mechanistic processes involved in epilepsy development. One highly epileptogenic 

lesion is so-called developmental glioneuronal tumors (GNT). These occur in young patients with 

pharmacoresistant epilepsy with several years of duration. The patients typically do not exhibit 

other symptoms and can be treated only be total tumor resection (Aronica and Crino, 2014; Thom 

et al., 2012)⁠⁠. Often, these tumors contain dysplastic neurons with random orientation, contrary to 

the parallel organization of healthy pyramidal cells. (Aronica and Crino, 2014; Becker et al., 

2006).⁠ Interestingly, another common etiology to pharmacoresistant focal epilepsy is so-called 

focal cortical dysplasias (FCD). These also exhibit an abnormal organization of the neocortical 

layers with changed neuron orientation. Even with preserved neuronal histology, this 

reorganization alone can render the cortical tissue highly epileptogenic (Blümcke et al., 2009; 

Tassi et al., 2002). ⁠Several structural abnormalities, including both GNTs, cortical dysplasias and 

tuberous sclerosis, tumor-like changes strongly correlated with epilepsy, result from genetic 

mutations in the mammalian target of rapamycin (mTOR)-pathways. mTOR is critically involved 

in cortical development and neuronal migration. Mutations here result in neuronal 

hyperexcitability, mediated by up-regulation of excitating neurotransmitters. Interestingly, ion 

channel gene expressions of these developmental malformation resemble those of the immature 

neuron. (Baybis et al., 2004; Boer et al., 2010)⁠. ⁠The immature brain with its different 

neurotransmitter profile is especially prone to develop seizures compared to the adult brain. 

(Katsarou et al., 2018)⁠. 

In summary, evidence from developmental abnormalities, a common etiology to 

pharmacoresistant epilepsy, indicates that neuronal organization, as well as neurotransmitter 

profiles across a cortical region plays important roles.     

Some genetic etiologies in epilepsy 

Epilepsy genetics is a growing field that has revolutionized epilepsy diagnostics with targeted 

sequencing and whole-exome/genome sequencing. These genetic etiologies cover both 

multigenetic etiologies that increase the risk of pharmacorespondent generalized epilepsy in 

otherwise healthy patients, to monogenic epilepsy often resulting in a severe phenotype with both 
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epilepsy and cognitive deficits. Approximately 40% of all patients with severe epilepsy have 

monogenic epilepsy (Perucca et al., 2020; Rasia-Filho et al., 2021)⁠. The development of genetic 

evaluations has become especially important in diagnostics of the developmental and epileptic 

encephalopathies A large number of epilepsy-associated mutations with varying phenotypes have 

been identified. Some of these involve ion channel mutations with a direct effect on membrane 

potentials and the individual neuron’s ability to elicit action potentials. For instance, mutations in 

the SCN1A gene controlling sodium channels can result in Dravet syndrome characterized by 

severe epilepsy with cognitive deficits. Similarly, mutations in STXBP1 coding for proteins in 

neurotransmitter release; KCNQ2 coding for potassium ion channels and CACNA1A genes 

coding for calcium channels have severe epileptic syndrome phenotypes (Perucca et al., 2020). 

However, as discussed above, it is important to have in mind that these are rare diagnoses. The 

most common epilepsies occur in otherwise healthy individuals that might exhibit multigenetic 

inheritance with an increased familiar risk for epilepsy. Thus, ion channel mutations directly 

influencing neuron membrane voltages cannot alone explain epilepsy development (Staley, 

2015).⁠ 

 

1.1.5 Clinical Epilepsy Evaluations 

Epilepsy evaluations include several both non-invasive and invasive neuroimaging 

investigations. These aim to both diagnose the disorder, and to estimate the localization of the 

SOZ. Almost all epilepsy patients undergo clinical scalp EEG recordings with 21 electrodes to 

detect IEDs, and possibly seizures, in order to support the epilepsy diagnosis. The majority of 

patients never undergo further epilepsy evaluations, and can hereafter be successfully treated with 

AEDs. Approximately 30% of all patients do not achieve adequate seizure frequency reduction 

despite pharmacological treatment. (Jayakar et al., 2016, 2014; Sander, 2003). ⁠Most commonly, 

these patients suffer from focal epilepsy and might be eligible for epilepsy surgery with resection 

of the seizure onset zone. The anatomical localization of the SOZ can vary significantly between 

patients. It can be a demanding clinical challenge to properly locate a SOZ. Consequently, these 

patients often undergo several neuroimaging investigations to capture both functional, structural 

and metabolic changes associated with an epileptic focus. These often include non-invasive 

investigations such as long-term scalp EEG to capture seizures, structural MRI to reveal any 

abnormality, MEG for localization of IEDs and nuclear medicine FDG-PET scans to reveal 

metabolic changes. These results are used to plan implantation of stereo-EEG (sEEG) where a 
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limited number of needle electrodes are implanted into the brain. SEEG aim to find the exact 

SOZ. Several factors influence how easily the SOZ can be identified in an individual patient. A 

widespread epileptic network might render SOZ delineation difficult.  Recording epileptic 

activity from deep anatomical sites such as basal frontal lobe or insula can be complicated using 

conventional non-invasive neurophysiological modalities, making adequate sEEG implantation 

difficult. Inconsistent or inconclusive non-invasive findings might also impair stereo-EEG 

planning resulting in no electrodes positioned within the SOZ. SOZ localization might fall in 

between whole-head investigations with limited spatial resolution, and invasive recordings with 

superior spatial resolution but very limited sampling.   

 In the following, we will revise some of the most common neuroimaging modalities 

used in epilepsy evaluations. We wish to give the reader a brief impression of benefits and 

limitations of some neuroimaging modalities in epilepsy evaluations. MEG is discussed 

separately in section 1.2.  

Scalp EEG modalities  

Scalp EEG (or simply EEG) constitutes a routine clinical evaluation functional neuroimaging 

modality. EEG measures the potential differences between two electrodes. These potentials result 

from the summated PSP of tens of thousands of neurons. The most commonly utilized electrode 

montage consists in 21 electrodes placed across the scalp. This might reveal the existence of IEDs 

or seizure activity but cannot estimate the epileptic activity source localization with any higher 

precision (Benbadis et al., 2020; Seeck et al., 2017)⁠. Epilepsy patients often undergo long-term 

EEG monitoring that might last several days. These aim to capture epileptic seizures so that the 

origin of the seizure activity can be roughly estimated (Tatum et al., 2022)⁠. The number of 

electrodes can be increased up to 256 electrodes to significantly improve the spatial resolution of 

the recording. Such high-density EEG (hdEEG) recordings are, for practical reasons, mainly 

limited to detection of IEDs which are typically much more abundant than seizures (Stoyell et al., 

2021)⁠. The IED origin do not necessarily coincide with the SOZ, why surgical resection cannot 

be performed solely on IED source estimations.  

Structural structural MRI 

Structural MRIs are routinely performed to characterize the underlying etiology. A focal, epilepsy 

generating lesion can also be delineated. The structural MRI can also be used together with MEG 
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recordings, where IED source estimations can be mapped onto the patient’s MRI. (Sidhu et al., 

2018) 

IEEG modalities 

Although some epilepsies such as neurodevelopmental tumors stem from focal lesions seen on 

MRI, many presurgical cases require intracranial recordings to pinpoint the SOZ, and map the 

epileptic network. There are a large variety of iEEG recording techniques, including subdural 

EEG (sbdEEG) with rectangular grids or arrays implanted on the cortical surface. However, the 

most commonly used intracranial modality employed today is sEEG. Here, needle electrodes are 

implanted deeply into the brain. Apart from all other neurophysiological modalities, sEEG can 

measure initial seizure activity from deep sites such as the hippocampus or insula. However, 

individual sEEG electrodes detect activity from only a very small cortical region why SOZ 

activity can be missed if the electrodes are slightly misplaced. The modality relies heavily on a 

well performed non-invasive evaluation (Arévalo-Astrada et al., 2021; Kappen et al., 2020; 

Lesser et al., 2010; Rossi Sebastiano et al., 2020)⁠. ⁠ 

 

1.1.6 Epileptic networks 

Historically, epilepsy was thought to involve either the entire brain (generalized epilepsy), or only 

a small, restricted brain region (focal epilepsy). Modern neuroscience has radically changed this 

view. Nowadays, both so-called focal and generalized epilepsies are considered networks 

disorders with varying distribution of the epileptic network (Lee et al., 2020; Stefan and da Silva, 

2013)⁠. ⁠The epileptic network can be understood as a more or less widespread network regions 

and pathways exhibiting pathological function and structure. This can be easily visualized by 

analyzing propagation of seizure activity. Here, patients initially exhibit one set of symptoms, 

that gradually changes as the seizure activity moves to other regions, eliciting different symptoms. 

Correspondingly, inspection of scalp EEG or iEEG demonstrates a spatiotemporal evolution of 

epileptic seizure activity (Janca et al., 2018; Wendling et al., 2009; Zhang et al., 2017)⁠.⁠ Several 

studies have also shown that epileptic networks are active in between seizures. Regions distant 

from the epileptic focus exhibits pathological changes on both structural and functional MRI 

(Fahoum et al., 2012)⁠.  Temporal epilepsy patients often exhibit changes to the contralateral, 

healthy temporal lobe (Coito et al., 2015; Seidenberg et al., 2005)⁠. Even FCDs can be associated 

with widespread epileptic networks. Pathological high-frequency activity propagates from the 
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dysplasia to distant regions, during both ictal and interictal periods. (Jeong et al., 2014; Varotto 

et al., 2012)⁠ 

 

 

 

 

 

 

 

 

 

 

Figure 4 

Epileptic networks 

Schematic overview over an epileptic network with a lesion as the seizure-generating region 

(yellow). After seizure initiation, the seizure activity propagates to other remote regions (blue). 

Adapted from (An et al., 2019)⁠  

 

 

 

 

 

 

 

 

 



14 

 

1.2 NEUROSTIMULATION WITH SPECIAL FOCUS ON NEOCORTICAL 

STIMULATION 

A minority of focal epilepsy patients are not eligible for surgery. This might be due to a too 

widespread epileptic networks that would not benefit from surgery. The SOZ might also be placed 

within eligible cortex. Only neurostimulation remains as a treatment option for these patients. 

There are several types of neurostimulations. Some of these have been approved by both 

American and European drug administration authorities. Relatively little is known about the 

underlying processes. Given the variation in target sites and stimulation paradigms, it is likely 

that the underlying dynamics depend on the individual neurostimulation paradigm. Both 

continuous and responsive stimulation with onset during the preictal phase can reduce seizure 

frequency.  

Vagus nerve stimulation (VNS) has been approved for usage in therapy resistant 

epilepsy for over 20 years. Both high-frequency (30 Hz) and low frequency (1 Hz) paradigms 

exist. VNS targets central anatomical sites such as the thalamus. Thalamic nuclei can also be 

targeted directly using deep brain stimulation. It is assumed, but not proven, that the stimulation 

interrupts seizure propagation pathways (Starnes et al., 2019; Torres Diaz et al., 2021).⁠⁠⁠ 

 Quite differently, chronic subtreshold cortical stimulation (CSCS) directly 

simulates a neocortical SOZ and significantly reduces the seizure burden (Starnes 2019, 

Lundstrom 2016). CSCS delivers low-frequency (2 Hz) pulses to SOZ contacts of a sbdEEG grid. 

SbdEEG electrodes consists of grids or arrays with fixed electrode spacing, often 1 cm. One 

individual electrode touches a cortical region with diameter 2-5 millimeter (mm) (Lundstrom et 

al., 2016). ⁠The number of electrodes have to be restricted due to potential severe adverse effect 

including midline shifts. The electrodes pick up very little from the cortex surrounding the 

individual electrode – there is little field spread. Unfortunately, this is also a limitation, as 

epileptic activity originating from cortex between two electrodes can be missed (Lesser et al., 

2010). Although the mechanisms of CSCS remains unknown, CSCS opens up interesting 

discussions on an inhibitory role for low-frequency activity. In support of such a role, some 

evidence has indicated that low-frequency non-invasive transcranial stimulation (TMS) directed 

at the SOZ also reduce the seizure burden (Kile et al., 2010)⁠. It is well known that low-frequency 

activity gates information-routing through cortical inhibition (Jensen and Mazaheri, 2010). This 

can be seen in studies of experimental sensory gating. Here, low-frequency TMS stimulation can 

be used to inhibit visual gamma oscillations, resulting in a drop in visual accuracy (Herring et al., 
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2019; Hwang et al., 2019)⁠. Low-frequency oscillations might be coupled to inhibition in epilepsy 

as well. For instance, Smith et al found that seizure activity is surrounded by a brim of cortical 

inhibition mediated by low-frequency oscillations (Smith et al., 2016)⁠. 
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1.3 MAGNETOENCEPHALOGRAPHY: INSTRUMENTATION AND 

CLINICAL APPLICATIONS OF CONVENTIONAL AND ON SCALP MEG 

1.3.1 Neural Basis for MEG 

MEG, and EEG, detects the summed PSP of pyramidal cells aligned tangentially to the cortical 

surface. The resting pyramidal cell maintains a membrane potential close to -70 mV. This is 

mainly due to intracellular and extracellular concentrations of Na and K ions. If a synapse 

mediates the release of neurotransmitters, the membrane permeability changes and allows for ion 

flow across the membrane, hereby creating the PSP. Depending on whether the post-synaptic 

potential is excitatory or inhibitory, the neuron becomes more or less likely to fire an action 

potential, which occurs when the membrane potential reaches a specific threshold value. Since 

the action potential current flows in opposite directions, cancellation occurs and summed action 

potentials cannot be recorded by distantly placed electrodes or sensors. However, the post-

synaptic potential results in a ion flow that create a current. Seen from a distance, this current 

behaves as a current dipole accompanied by a magnetic field that can be measured by MEG 

sensors. The magnetic field of a single PSP has a strength of approximately 20 fAm (fentoAmpere 

meter). For the magnetic field to be detectable by conventional MEG sensors outside of the skull, 

summation of approximately 10⁵ neurons are required, resulting in a dipole current of 10 nAm. 

Based upon neuron density, activation of approximately 0.5 mm2 should be detectable by 

conventional MEG. However, due to cancellation of opposite sources, approximately 40 mm2 is 

required for a signal to be detectable (Hämäläinen et al., 1993)⁠.  
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Figure 5 

Overview over MEG, and EEG, signal generation.  

Parallel organization of the pyramidal cells (1) aligned perpendicularly to the cortical surface 

(2) generate postsynaptic potentials giving rise to an electrical current (JP). The MEG sensors 

(3) pick up the magnetic field from a large number of activated pyramidal cells.  

EEG measures the voltage difference (V) between two sensors (3) resulting from the electrical 

field generated by the electrical current (JP). Adapted from (Neymotin et al., 2020) 

 

 

1.3.2 Conventional MEG Instrumentation and Limitations 

The sensors of the conventional MEG (convMEG) systems are superconducting quantum 

interference devices (ltc-SQUIDS). These can detect the very weak magnetic fields of the brain, 

ranging approximately from 10-100 fT. Important for signal-to-noise ratio, ltc-SQUIDS exhibit 

a very favorable noise profile, with an internal noise level of only 3 fT/Hz1/2.. The modern day 

convMEG system consist of 306 ltc-SQUID sensors, with 102 magnetometers and 204 planar 

gradiometers (Garcés et al., 2017; Vrba and Robinson, 2002)⁠. These sensor types exhibit different 

sensitivity profiles (so-called lead fields). While magnetometers (unit: Tesla) have a circular 

sensitivity detecting magnetic fields from afar, planar gradiometers (unit: Tesla/m2) detect the 

magnetic field underneath the sensor. The sensitivity of the gradiometer decreases rapidly with 

distance from the sensor. (Malmivuo, 1976)⁠ As ltc-SQUIDs require cooling to approximately 4 

K (Kelvin) to operate, the sensors are cooled with liquid helium housed within a thermally 

insulated dewar  (Cohen, 1968; Heiden, 1991)⁠. As the environmental magnetic field strength is 

much higher than that of the brain, the entire MEG system needs to be housed within a custom 

Faraday’s cage, a magnetically shielded room. The need for cooling and consequent placement 
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of the sensors within a fixed, one-sized helmet constitutes the main limitation to the conventional 

MEG system. The fixed sensor array makes the system sensitive to any head movement, requiring 

patients to sit still. Thus, neither seizure recordings nor long lasting recordings are feasible. The 

arrangement of the conventional MEG sensors results in a scalp-sensor distance of approximately 

2-4 centimeters (cm) . As the magnetic field strength diminishes rapidly with the distance to the 

source, this distance have a negative effect on MEG spatial resolution and information content. 

This especially effects pediatric patients with smaller heads, and thus possibly even longer sensor-

scalp distances. (Riaz et al., 2017; Wehner et al., 2008)⁠. In order to handle these limitations, 

osMEG sensors systems have been developed (see below).  

 

 

Figure 6 

Conventional MEG sensor system 

Left: Conventional MEG sensor array 

Right: A conventional MEG sensor system  
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1.3.3 MEG Signal Analysis with Special Application to Epilepsy Evaluations 

MEG records the magnetic fields that originate from the interneuronal communication of several 

billion of pyramidal cells with “only” 306 sensors. Directly after the recording, pre-processing of 

the data filter out extracranial magnetic field as well as effects of head movement (MaxFilter) 

(Taulu and Simola, 2006)⁠. Hereafter, the first post-processing step is often a mathematical 

estimation of the origin of the recorded signals. This is an ill-posed problem with infinitely many 

solutions. The general approach is to determine the forward and inverse model of the data. First, 

the forward model theoretically determines how the scalp magnetic field from a well-known 

dipole would look on the scalp. The magnetic field outside of the head can be determined as a 

function of the current and of the distance between a source and the scalp by application of a 

quasistatic approximation of Maxwell’s equations and with neural generators assumed to be 

point-sized dipoles. This model also depends on conductive properties of the tissues (meninges, 

bones, skin et cetera) surrounding the brain. Hereafter, the inverse solution computes from where 

the recorded magnetic field stems. A first step in calculation of the inverse solution is 

determination of the lead field that describes the sensitivity of individual sensors. Especially, the 

lead fields of magnetometers (circular sensitivity) and gradiometers (steeply decreasing 

sensitivity of distant fields) are markedly different (Hämäläinen et al., 1993; Malmivuo, 1976)⁠. 

As mentioned, there is no definitive solution to this problem why prior assumptions about the 

solution is required. One such assumption could be that the solution has to be placed on the cortex 

. Hereby, mathematically possible solutions that place neural generators outside of the brain are 

removed a priori (Hämäläinen and Ilmoniemi, 1994)⁠. There are several consequences of both the 

underdetermined nature of the problem, and the requirement of assumptions that are relevant to 

epilepsy evaluations. Small experimental errors, such as movement or muscle artifacts, translates 

to large solution errors with inexact localization of the epileptic activity. This would be 

particularly relevant in seizure activity recordings, or in pediatric epilepsy recordings (Wehner 

2008).  Furthermore, the inverse solution always contains a degree of blurring. Simplified, the 

inverse solution of a point-sized neural generator would be smeared out across a larger cortical 

area (Dale et al., 2000; Wehner et al., 2008)⁠.  

 There exist multiple techniques for computation of the inverse solution. As this is 

the single most important step in MEG epileptic activity source estimations, we will shortly 

discuss two different approaches to inverse modeling. Lastly, we will touch upon cancellation 

within extended sources. 
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Equivalent current dipoles 

Computation of the equivalent current dipole (ECD) of the epileptic activity is one of the most 

commonly used inverse solutions within epilepsy source imaging. ECDs are based upon the 

simplifying assumption that the sum of currents generated from a large number of neurons looked 

upon from afar behaves as one single dipole. The model fits the data to the dipole that explain the 

data distribution best. The dipole is thus assumed to be positioned at the origin of the maximum 

activity (Sarvas, 1987). ⁠In epilepsy evaluations, this means that the placement of the ECD on the 

patient’s MRI indicate the activity center of the irritative zone. However, evaluation of the 

goodness-of-fit of ECDs reveals several important aspects that could potentially influence the 

interpretation of MEG source estimations. The orientation of the sources within the active patch 

influences the final dipole. Thus, it could be speculated that the pyramidal cell disorganization 

seen in FCDs and GNTs could influence the resulting source estimation. Another critical aspect 

is whether a single dipole is a suitable model for the data distribution. For instance, bilaterally 

occurring IEDs would be unsuitable for ECD modeling. Epileptic foci can involve large, extended 

cortical areas. A larger region is less well described by a single dipole. An extended area could 

theoretically be better described by a multipole expansion, but no such technique has been 

validated for clinical usage (Jerbi et al., 2002)⁠.  

Distributed source solutions 

Contrary to ECDs that explain the entire cortex’ activity as one dipole, the majority of inverse 

solutions handle distributed sources. The models thus compute individual inverse solutions for 

all points on the cortex. Accordingly, these can be considered as more realistic than an ECD. 

Several distributed source models are based upon minimum-norm estimations (MNE). Here, the 

cortical current distribution is expressed as a linear combination of the lead fields. The linear 

combination exhibiting the shortest L2-norm (Euclidean distance) is considered to be the solution 

of the inverse problem. These inverse solutions are however associated with blurring of the 

inverted data (field spread), as well as varying sensitivity profile across the cortex with better 

source estimations of superficial sources. It should be noted, however, that alternative distributed 

source solutions such as dynamical statistical parametric mapping (dSPM) and sLORETA have 

been developed to better handle both deeper sources and activity field spread (Hämäläinen and 

Ilmoniemi 1994, Hauk 2011, Dale 2000). 
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Cancellation index 

MEG can detect only the net current of the activated patch. This means that activity with opposite 

polarity cancel out, and cannot at all be detected from a distance. This means that only some parts 

of an epileptic focus can be characterized using MEG. This effect is quantified using cancellation 

index. Without going into mathematical details, cancellation index compares the magnetic field 

generated by simultaneously activated source, to the magnetic fields generated by individually 

activated sources. Analysis of cancellation index of the cortical mantle demonstrates that sources 

placed on opposite sulci walls cancel out. As orientation of the neural generators on the gyral 

crown and sulci bottoms have equal directions, activities from these sites sum up. However, for 

reasons rooted in MEG physics, radial sources cannot be detected by MEG sensors. It is obvious 

that cancellation heavily influences MEG characterization of epileptic activities (Ahlfors et al., 

2010; Dale et al., 2000; Hämäläinen and Ilmoniemi, 1994).  

 In conclusion, revising some elementary parts of MEG analysis reveals that 

interpretation of such results in epilepsy evaluation and research requires understanding of the 

mathematical underpinnings of MEG source estimations.   

 

 

 

 

 

 

 

 

 

Figure 7 

IED source estimation  

Example of equivalent current dipole calculated from averaged IEDs plotted on the patient’s 

MRI. From study II.  
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1.3.4 MEG Source Estimations in Epilepsy 

MEG has been used in epilepsy evaluations for almost 30 years. Primarily, MEG is used for IED 

source estimations to guide sEEG recordings to increase the likelihood of successful mapping of 

the SOZ. (Duez et al., 2016)⁠ In a study of 1000 epilepsy surgery cases MEG detected IEDs in 

72% of all recordings. In a majority of recordings, MEG pointed towards a more localized 

findings than other non-invasive modalities. Approximately 50% of all MEG recordings 

exhibited concordant findings with other investigations, including EEG and MRI as well as 

descriptions of the clinical semiology.  405 epilepsy surgeries were performed in this case series. 

The MEG IED source estimations were usable in 92%. Approximately 50% of these patients 

reached seizure outcome Engel 1 (very favorable surgical outcome). Importantly, resection of the 

region containing the MEG findings was significantly correlated with seizure freedom. The 

sensitivity of resecting MEG findings resulting seizure freedom was 66%, and the corresponding 

specificity was 83%. All IED source estimations in this study was performed using ECDs. 

(Rampp et al., 2019). Similarly, Duez et al (Duez 2019) analyzed the benefit of source imaging 

in 141 epilepsy evaluations. This study did analyze the combination of MEG and EEG. The 

combination could itself improve source estimation accuracy due to the complimentary sensitivity 

profiles of these modalities. MEG/EEG source estimations changed the management plan in 34% 

of all patients, and in 80% these changes proved useful to the patient. It is noteworthy that the 

concordance between source imaging results and intracranial registrations was 53-89% (Duez et 

al., 2019). 

 In conclusion, IED source estimations using MEG provides a useful tool in epilepsy 

surgery evaluations, increasing the likelihood of favorable surgical outcomes.  

 

1.3.5 On Scalp MEG and Epilepsy 

Although MEG constitutes an important tool in epilepsy research, the convMEG system exhibits 

some inherent limitations. Due to the cooling of the sensors, the MEG sensors are positioned 2-4 

cm from the scalp. As the magnetic signal diminishes rapidly with distance, this negatively affects 

sensitivity of the signal. The system is also highly sensitive to movement artifacts and requires 

the patient to sit still, making seizure recordings unfeasible (Boto et al., 2018, 2016).⁠ In response 

to these limitations, osMEG sensors and systems have been developed. All osMEG sensors can 

be placed on-scalp, improving the signal sensitivity. Commercially available osMEG sensors 
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(optically pumped magnetometers, OPMs) can also be positioned within an individualized helmet 

that allows for free head movements, potentially allowing for osMEG seizure recordings. (Boto 

et al., 2021)⁠. 

 There exist two main types of osMEG sensors, OPMs and high-critical temperature 

SQUIDS (htc-SQUIDs). It should be noted that these sensors are magnetometers only (Borna et 

al., 2018; Budker and Romalis, 2007; Zhang et al., 1993).⁠ 

 Similar to convMEG sensors, htc-SQUIDs are based upon superconducting loops 

with Josephson junctions. While ltc-SQUIDs require cooling to 4 K to function properly, htc-

SQUIDs can operate at a higher temperature. These function at a temperature of 77 K and can be 

cooled with liquid nitrogen. The sensors require very little insulation and can be placed much 

closer to the brain. There are some severe limitations to htc-SQUID sensors. The sensors exhibit 

high internal noise levels, and no whole-head montage exists. The sensors can only measure 

activity from a small cortical region, and the patient has to sit still close to the cryostat containing 

the sensors (for details on htc-SQUID osMEG sensors, see (Pfeiffer et al., 2020)). OPMs, on the 

other hand, depend on a different technology. These detect local magnetic fields through 

measurement of laser transmission through a vapor of spin-polarized rubidium. These sensors 

function at room temperature, and can be mounted within an individualized helmet. As a 

consequence, any head movement moves the sensor array as well, why the recording will not be 

distorted by movements. The snug fit of the helmet also results in an even sampling of all brain 

regions, which cannot be achieved with the convMEG system (Budker and Romalis, 2007; Riaz 

et al., 2017)⁠.     

 Both modeling and experimental studies have investigated advantages and 

limitations of osMEG sensory systems. In an exhaustive mathematical investigation Iivanainen 

et al compared the sensitivity profiles of convMEG sensors and osMEG sensors. Whole head 

montages with 306 sensors were simulated for both modalities. The authors demonstrated that 

osMEG sensors exhibit higher signal power and lower field spread than convMEG. The 

localization error was comparable for both sensory types. Thus, while the source estimation 

precision was similar, the spatial resolution was better for osMEG (Iivanainen et al., 2017)⁠. Other 

modeling studies have confirmed these results, consistently demonstrating that osMEG sensors 

increase signal amplitude, as well as the information content of the signal compared to convMEG 

sensors (Boto et al., 2016; Schneiderman, 2014).⁠ 
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 To date, only a few experimental studies of osMEG have been performed. Also, 

most such studies have evaluated reduced montages that often do not cover the entire head, while 

modeling studies often assume an equal number of convMEG and osMEG sensors. Despite these 

limitations, studies on both htc-SQUIDs and OPMs consistently show an increased signal 

amplitude, from both superficial and deep sources. However, similar to convMEG sensors, these 

magnetometers are more sensitive to superficial sources than to deep ones. Interestingly, 

Andersen et al showed that osMEG sensors could capture radial components that can not be 

detected by convMEG. This is probably due to a shift in the sensor-scalp angle compared to 

convMEG (Andersen et al., 2017; Boto et al., 2018; Xie et al., 2017).⁠  

 A part from the practical advantages of osMEG sensors, the improved sensitivity 

and spatial resolution opens up potential applications for these sensors in epilepsy research and 

evaluations. The increased signal power indicates that osMEG might also pick up signals from 

smaller active cortical patches. Thus, osMEG might detect a larger number of low-amplitude 

IEDs, as well as initial seizure activity stemming from a small cortical region. Whole head 

recordings with improved spatial resolution also opens up to improved analyses of large-scale 

epileptic networks.   

 

 

 

 

 

 

 

 

Figure 8 

An htc-SQUID on scalp MEG sensor system 

Left: Seven htc-SQUID sensors positioned with in the cryostat. 

Right: An experimental setup using htc-SQUID sensors. 

Copyright Christoph Pfeiffer  
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Figure 9 

An OPM on scalp MEG sensor system 

Illustration of an OPM whole head montage with individualized fit. From (Hill et al., 2020) 
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2. RESEARCH AIMS AND THESIS FRAMEWORK 

It is evident that characterization of epilepsy has required development of advanced neuroimaging 

techniques, often based upon quantum mechanical properties. Nonetheless, the understanding of 

epileptic networks and their generation of epileptic activities remains limited. Furthermore, 

neurophysiological recordings of human epilepsy fall into one of two categories: Either 

intracranial registrations with very high spatial resolution but limited coverage, or non-invasive 

modalities with less spatial resolution but with whole-head coverage. These limitations are 

reflected both by moderate epilepsy surgery outcomes, as well as by an incomplete understanding 

of epileptic activity generation. Accordingly, the aim of this thesis is to I) deepen the 

understanding of development of IEDs as a local network phenomenon; II) analyze a potential 

role for osMEG sensors within clinical epilepsy evaluations and research. Part I especially 

analyze a role for low-frequency activity in generation of IEDs using both iEEG (Study I) and 

convMEG (Study II). In Study I, low-frequency activity is experimentally induced using 

neurostimulation with subsequent analysis of the effect on IED characteristics. Study II studies 

the occurrence and dynamics of naturally occurring low-frequency oscillations within the 

irritative zone prior to IED onset in convMEG recordings of focal epilepsy patients. Study II also 

investigates the occurrence of gradual development of the low-frequency oscillations that might 

reflect dynamical cortical processes that end in IED onset. Both of these studies employ a 

combination of time-frequency analyses with specific applications to both intracranial and MEG 

neural time series characteristics. Importantly, sbdEEG exhibits less field spread than convMEG, 

which allows for detailed comparison of time series extracted from the SOZ, and those extracted 

from adjacent non-SOZ regions While convMEG do not allow for such high-spatial resolution 

investigations, it does allow for time-frequency analyses of distant cortical regions. Combining 

these two approaches gives both a detailed and large-scale perspective on the neurophysiological 

processes that influence IED development. Study I conclude that low-frequency stimulation both 

reduces IED frequency at the SOZ, and reduces both IED amplitude and duration. Study II clearly 

shows that IED onset exhibits a gradual up-regulation of low-frequency oscillations only at the 

irritative zone. As cortical low-frequency activity often mediates inhibition, it is possible that the 

findings of study II indicate that IED onset emerges once the irritative zone hypersynchronization 

overcomes cortical inhibition.  

 Part 2 constitutes a pioneering investigation of osMEG in epilepsy evaluations with 

special focus on IED detection and source estimations. With reduced sensor-scalp distance  
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and possibility for MEG recordings with free head movements, the sensor type could potentially 

provide substantial improvement to non-invasive epilepsy evaluations. However, any clinical 

application requires thorough scientific comparison of these sensors, and other well-known 

neurophysiological modalities. Study III was the first ever osMEG recording of an epilepsy 

patient using htc-SQUID sensors. The paper provides a detailed benchmarking protocol for 

comparing IED detection by convMEG, osMEG and scalp EEG (21 electrodes). In addition, the 

study presents a novel machine-learning based algorithm for IEDs detected only by osMEG, and 

not by convMEG or scalp EEG. The algorithm quantifies statistical properties of such osMEG-

unique IEDs and thus opens up for mathematical approaches to extract highly detailed, large-

scale epilepsy-associated neural time series features detectable only by osMEG. Study IV is a 

pure modeling study that simulates realistic epilepsy evaluations using osMEG, convMEG, 

hdEEG and sbdEEG. Both IEDs and propagating seizure activity originating from common 

epileptogenic focus sites was modeled using a neural mass model. Both source estimations using 

ECDs and cancellation index were compared across these modalities. In addition, osMEG and 

sbdEEG was compared using so-called representational similarity analysis (RSA) (Kriegeskorte 

et al., 2008)⁠. RSA aims to quantify and compare results from different neuroimaging modalities. 

This analysis especially enabled to investigate how osMEG source estimation accuracy depended 

on source depth and source orientation. Both Study III and Study IV conclude that osMEG detects 

epileptic activities from smaller cortical regions than do other non-invasive modalities. In fact, 

osMEG epileptic activity detection and source estimation might approach sbdEEG accuracy.    
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3. MATERIALS & METHODS 

3.1 PART 1 

3.1.1 Study I  

Participants 

At total of seven focal epilepsy patients (age range: 14-56 years, median age 20 years) were 

recruited at the Department of Neurology, Mayo Clinic. Four of these had FCDs, two had post-

ischemic epilepsy and one had post-traumatic epilepsy. The patients had epileptic foci at the 

temporal, frontal and parietal lobe, and four of them at more than one epileptic focus. All patients 

underwent sbdEEG implantation as a part of clinical epilepsy surgery evaluations. As the SOZ 

was found to be located within eloquent cortex, surgery was unfeasible and patients were offered 

neurostimulation with chronic subthreshold cortical stimulation (CSCS) (Lundstrom et al., 2016). 

Stimulation paradigm and data acquisition  

All patients had a 4x4 sbdEEG with 1 cm spacing implanted covering the SOZ as well as adjacent 

areas surrounding the SOZ. Prior to neurostimulation, baseline sbdEEG was recorded for 6-7 

days. The patients received biphasic 2 Hz stimulation through the SOZ-contacts for two days. 

Stimulation amplitude was set not to elicit motor response.  

Data analysis 

IEDs were visually identified by an experienced clinical neurophysiologist. Initially, IED rate 

(number of IEDs per minute), IED amplitude and duration were quantified during baseline and 

during ongoing stimulation. The spectral power of both SOZ and non-SOZ contacts were 

quantified during both conditions using autospectral density. Pairwise coherence in between all 

pairs of contacts was also calculated during both conditions. For all analyses, the pre-stimulation 

and stimulation conditions were statistically compared using ANOVA or T-tests.     

 

3.1.2 Study II 

Participants 

The study included 14 patients (age range 7-46 years, median age 23 years) with monofocal 

epilepsy undergoing both structural MRI and convMEG recordings as a part of their epilepsy 
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surgery evaluations. Eleven of these patients exhibited temporal lobe epilepsy, while one had 

seizures starting from the insula, one from the parietal lobe, and one from the occipital lobe. The 

patients had varying underlying etiologies, including FCDs, stroke, and tuberous sclerosis.  

Data acquisition and analysis 

ConvMEG data was performed using a 306 channel whole head MEG system (Elekta TRIUX, 

Elekta Neuromag Oy, Helsiniki, Finland). A total of 102 magnetometer and 204 gradiometers, 

one magnetometer and two magnetometers together, were placed at each position. Data was 

recorded with 1000 Hz sampling rate and on-line bandpass filtered between 0.1-330 Hz. The data 

was hereafter stored for off-line analysis. Both horizontal and vertical eye movements, including 

eye blink artifacts, were recorded using bipolar electrooculography (EOG). Electromagnetic 

artifacts were suppressed using both a magnetically shielded room, and an internal active 

shielding. During the patient preparation, the patient head shape was digitized using a Polhemus 

FASTRAK. Head movement and head position was registered using the recording. All patients 

had undergone a structural MRI as a part of the clinical epilepsy evaluation. Anatomical T1-

weighted sequences were utilized. As MRI protocols were determined by clinical indications, 

MRI parameters varied between subjects.  

 The study employed a combination of time-frequency analysis techniques to 

identify and characterize low-frequency oscillations (defined as 1-8 Hz) during pre-IED epochs 

(one second prior to IED onset, [-1000 ms, IED-onset]), compared to control epochs (the second 

preceding IED epochs [-2000 ms, -1000 ms]). Initially, beamforming analysis (Dynamical 

Imaging of Coherent Sources) (Gross et al., 2001; Hillebrand et al., 2012)⁠ of low-frequency 

oscillations was performed to compare pre-IED conditions to control conditions, both at the 

irritative zone, and control zones on both the ipsilateral and contralateral hemispheres. Hereafter, 

IED-event-locked synchronization/desynchronization was calculated using ERD-ERS (event-

related desynchronization-synchronization) maps (Pfurtscheller and Lopes Da Silva, 1999)⁠. A 

non-parametric cluster-based permutation test designed for statistical evaluation of EEG/MEG 

data (Maris and Oostenveld, 2007) was utilized to test if the pre-IED epochs exhibited any 

significant up regulation of low-frequency oscillations compared to control epochs. Finally, the 

evolution of irritative zone pre-IED oscillations was characterized. Hilbert transformation was 

applied to the irritative zone source estimates, and linear fit of the peaks of the envelope was 

performed. The direction (positive/negative) of the correlation coefficient was determined, both 

for the pre-IED epoch and for 20 consecutive control epochs. The direction was used as a metric 
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to quantify if the amplitude of the oscillations were growing or diminishing. The control epochs 

were used to establish a binomial distribution, and the probability of the directions of pre-IED 

epoch low-frequency oscillations was calculated.   

 

3.2 PART 2 

3.2.1 Study III 

Participants and data acquisition  

One patient (45 years) with left temporal lobe epilepsy was recruited for both convMEG and an 

osMEG recording with htc-SQUID sensors. The patient initially underwent a convMEG 

recording (resting state, 30 minutes with eyes open, 30 minutes with eyes closed) with co-

registration of scalp EEG (10-20 montage, 21 electrodes). The convMEG recording was 

conducted as described in 3.2 Study II. MNE source estimation were performed and the result 

was projected to the patient’s clinical MRI using MNE-Python (Gramfort et al., 2013)⁠ and 

FreeSurfer (Dale et al., 1999; Fischl et al., 1999)⁠⁠. Voltage maps of averaged IEDs were projected 

onto the reconstruction of the patient’s scalp. This map was used to guide the positioning of the 

osMEG htc-SQUID sensors. A system with seven htc-SQUID sensors (for technical details, 

please see (Pfeiffer et al., 2020) was utilized for the osMEG recording. Two resting-state osMEG 

recordings with eyes closed, each lasting 30 minutes, were performed: One from the center of the 

positive magnetic field projected onto the scalp, and one from the corresponding negative 

maximum peak of the magnetic field. EEG co-registration was also performed during the osMEG 

recordings.      

Data analysis 

The osMEG data was filtered at 1-40 Hz followed by visual inspection of the data. The initial 

identification of IEDs was guided by simultaneous inspection of the co-registered EEG data. As 

the visual appearance of the osMEG data did not resemble that of convMEG, ocular identification 

of extra IEDs detected only by osMEG was deemed unfeasible. As a consequence, an alternative 

machine learning-based IED detection algorithm was developed. Fourteen statistical features 

including standard deviation, skewness and mean was extracted from the osMEG-IEDs that were 

also visible in the co-registered scalp EEG. A genetic algorithm (Mitchell, 1998)⁠ was hereafter 

utilized to construct synthetic IEDs resembling these verified, true IEDs. These synthetic IEDs 
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were used to train a support vector machine (SVM) (Pedregosa et al., 2011)⁠. The SVM was 

hereafter utilized to localize potential IEDs in the osMEG data not detected by the co-registered 

EEG. Finally, only such potential IEDs that could be considered as a time series anomaly were 

kept. This was defined as IEDs that entailed an equal or larger change in the extracted statistical 

features compared to a pre-IED baseline than the EEG-positive osMEG IEDs. The approach was 

validated on the convMEG data.    

 

 

 

 

 

 

 

 

 

 

Figure 10 

Htc-SQUID osMEG measurement 

The htc-SQUID osMEG measurements were performed from the maximum (red) and minimum 

(blue) peak magnetic fields of averaged interictal epileptiform discharges (IEDs) from the 

convMEG recording (a). Sensor layout and orientation are schematically illustrated in (b).  

 

3.2.2. Study IV 

Data simulations and analyses: 

Both IEDs and seizure activity was simulated using a neural mass model known to produce time 

series waveforms closely resembling epileptic activity (Wendling et al., 2000). A forward model 

based upon a template MRI from MNE Python (Gramfort et al., 2013)⁠ reconstructed using 

FreeSurfer (Dale et al., 1999; Fischl et al., 1999)⁠ was computed. OsMEG with 128 sensors, 



32 

 

convMEG with 306 sensors, hdEEG with 128 electrodes and sbdEEG with 223 electrodes (0.5 

cm center-to-center distance) sensor arrays were modeled using MNE Python, and sensor data 

for each modality was simulated.  

The study consists of four sub studies: In the first study, eight gradually growing 

epileptic foci (increasing the radius from 1.5 mm to 60 mm, step size 1 mm) were simulated at 

the mesial temporal lobe, the lateral temporal lobe, the frontopolar region, the lateral frontal lobe, 

the parietal lobe and the occipital lobe. For each modality, inverse solutions using ECDs where 

determined. The distances between the ECDs and foci centers were computed to quantify and 

compare the source estimation accuracies of all modalities. The second sub study characterized 

the cancellation indices of these epileptic foci.  

In the third sub study, propagation seizure activity with SOZs in the mesial temporal 

lobe and the lateral frontal lobe simulated. ECDs of all modalities were determined and the 

distances between the ECDs and the SOZs were computed.   

In the fourth study, a modified RSA (Kriegeskorte et al., 2008)⁠ was applied to 

compare IED source estimations of osMEG and sbdEEG. RSA is specifically developed to extract 

and compare features across different neuroimaging modalities. In this application, IEDs from 

over 4000 sites across the cortical mantle were simulated. Source estimations of these IEDs were 

calculated for osMEG, and osMEG virtual sensors from the same sites as the sbdEEG electrodes 

were extracted. Two 223x223-matrices, one with the osMEG virtual sensors with IED source 

estimation data, and one with sbdEEG IED sensor data were constructed. For both of these, the 

Euclidean distances between all pairs of entries were computed. The entry (both for osMEG and 

for sbdEEG) with the longest Euclidean distance to all other entries was defined as the maximum 

source estimation. For each modality and for each simulated IED, the Euclidean distance between 

this maximum source estimation and the true IED origin was computed. This allowed us to 

compare similarities between osMEG and subdural EEG recordings, especially with respect to 

how osMEG source estimation accuracy varies with source depth and orientation.    
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Figure 11 

Simulated raw on scalp MEG (osMEG) data 

Example of interictal epileptiform discharges (IEDs) modeled using a neural mass model (for 

details see (Wendling et al., 2000)) in simulated raw osMEG sensor data.  
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3.5 ETHICAL CONSIDERATIONS 

All studies involving human study participants were approved by Ethical Review Boards. Study 

I was approved by Mayo Clinic IRB (Mod15-006530-38), Study II and Study III were approved 

by the regional Ethical Review Board in Stockholm (dnr 2016/1563-31 and 2018/1337-31). 

Written informed consents were obtained from all study patients.  

Study I 

The main risks associated with this project are related to the potential, and not negligible, adverse 

effect of sbdEEG implantation. These include both infections and hemorrhages. Although the 

electrode implantation was exclusively clinically motivated, the experimental neurostimulation 

prolonged the procedure and thereby the risk of infection. 

Study II 

All MEG recordings and clinical MRI measurements analyzed in this study were performed as a 

part of the patients’ clinical epilepsy evaluations. Thus, study participation was not in itself 

associated with any increased risk for the participants. Study inclusion was not associated with 

any risk of incidental findings. Both MEG and MRI are considered safe procedures associated 

with minimal risks. 

Study III 

The study utilized an in-house osMEG sensor system with seven htc-SQUID sensors positioned 

within a thin cryostat filled with liquid nitrogen. The main, and potentially very harmful, risk 

associated with the study is any damage to the cryostat resulting liquid nitrogen leakage. 

Consequently, preparation of the ethical permit application involved extensive technical and 

medical safety evaluation of the device. The sensor system had been used in several cognitive 

neuroscience experiments in healthy participants prior to this study. Only highly trained and 

skilled personnel were involved in the recording. The participant also underwent convMEG with 

minimal to no risks involved. A clinical MRI with no risk of incidental findings was utilized. 
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4 RESULTS AND DISCUSSION 

As the thesis contains to main themes – part 1) development of IEDs with special focus on low-

frequency oscillations, and part 2) on-scalp MEG instrumentation for improved detection and 

source estimations of IEDs – presentation of results and discussion of these is also subdivided 

into two parts.  

 

4.1 PART 1: DEVELOPMENT OF IEDS WITH SPECIAL FOCUS ON 

LOW-FREQUENCY OSCILLATION 

4.1.1 Results Part 1 

Study I 

Onset of low-frequency neurostimulation significantly changed the content of the background 

activity. Neurostimulation entailed a lowering of spectral power for all frequencies 4-40 Hz, 

especially in the SOZ. Furthermore, functional connectivity quantified by coherence increased 

within the seizure onset zone during neurostimulation. Analyzing the spike rate demonstrated that 

number of IEDs per minute was significantly reduced during neurostimulation. During baseline, 

the patients exhibited on average 4.8 IEDs per minute. This number decreased to 1.5 IEDs/minute 

during stimulation. Interestingly, the stimulation also modified the IED appearance at the SOZ, 

but not in regions surrounding the SOZ. IED amplitude was significantly reduced (p < 0.01). A 

reduction in IED duration was noted, but these changes were not statistically significant. There 

was a significant correlation between the reduction in spike rate and background spectral powers. 

However, any potential causality between these factors cannot be inferred based upon this study. 

Thus, in conclusion, the study clearly demonstrates that low-frequency neurostimulation both 

reduce and modify IED rate and appearance in the SOZ.  
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Figure 12 

Results from Study I 

a) Change in IED rate (number of IEDs per minute) from pre-stimulation to stimulation at the 

seizure onset zone (SOZ) from 4.8 IEDs/minute during baseline to 0.05 IEDs/minute during 

stimulation. 

b) Demonstration of the change in average IED appearance before and during stimulation. 

Stimulation significantly reduces IED amplitude. IED duration was slightly shorter during 

stimulation compared to baseline, but these changes were not significant. 

c) Correlation between the change in background spectral power (4-40 Hz) and change in 

number of IEDs per minute.  
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Study II  

This study investigated naturally occurring low-frequency activity prior to IED onset. Analyzing 

the occurrence of low-frequency oscillations using beamformer DICS demonstrates that pre-IED 

epochs exhibit increased synchronization within delta (1-4 Hz) and theta (4-8 Hz) frequency 

bands compared to control epochs. Furthermore, these changes were seen only at the irritative 

zone. No significant differences were seen between pre-IED and control epochs around the 

irritative zone, or at the contralateral hemisphere. Analyzing ERD-ERS maps, we also showed 

that the significant increase in irritative zone low-frequency oscillations was time-locked to IED 

onset.  Finally, we found evidence indicating the amplitude of these oscillations grew gradually 

throughout the pre-IED epoch, reaching a maximum at IED onset. In conclusion, the study 

demonstrated a gradual up-regulation of low-frequency oscillations prior to IED-onset at the 

irritative zone, but not at other sites on the cortex.  
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Figure 13  

Results from Study II 

a) Increase in low-frequency (1-8 Hz) spectral power during the pre-IED epoch (T0 occurs at 

IED onset) 

b) Event-related desynchronization/synchronization (ERD-ERS) maps of control and pre-IED 

epochs demonstrating a significant pre-IED increase in low-frequency (1-8 Hz) oscillations (T0 

occurs at IED onset).   

 

 

4.1.2 Discussion Part 1 

Combining the results from Study I and Study II point to a role of low-frequency activity in IED 

development. In conjunction with Study I, Lundstrom et al have shown that this CSCS 

neurostimulation paradigm also reduce seizure frequency (Lundstrom et al., 2016)⁠. Interestingly, 

Study I also demonstrated that the neurostimulation especially modified the seizure onset zone, 

and the stimulation did not only modify spike rate, but the background activity as well. 

Mechanisms underlying the effect of neurostimulation still remains largely unknown (Starnes et 

al., 2019; Torres Diaz et al., 2021)⁠. The study of neurostimulation dynamics is also further 

complicated by the fact that there exists a large range of stimulation paradigms, targeting different 

sites. However, most stimulation paradigms target subcortical structures, why it is reasonable to 

assume that these techniques mainly target seizure propagation pathways. Several of these also 

utilize high-frequency stimulation. On the contrary, this neurostimulation paradigm directly 

targets the cortical areas. Thus, it is possible that CSCS directly influences the local cortical 

network that itself generates the seizure activity. It can be speculated that the direct stimulation 

of the SOZ itself modulates local epileptic network activity, thereby reducing the cortical 

propensity to generate epileptic activities comprising both IEDs and seizures. The 2 Hz 

stimulation could affect dendritic input to the pyramidal cells, possibly hyperpolarizing these cells 

and reducing IED spiking. An inhibitory role for low-frequency stimulation has been 

corroborated by other authors. For instance, low-frequency TMS has been proven to induce 

several seconds inhibition, resulting in decreased seizure burden. (Kile et al., 2010)⁠.. Furthermore, 

the study showed a correlation between reduction in spectral power and decrease in spike rate at 

the SOZ. Although any causality cannot be inferred from this study, it is possible that these 

changes in overall spectral content reflect local network processes that influence development of 

epileptic activities. The hypothesis that such factors influence IED generation was further 

explored in Study II. This paper clearly demonstrates that the development of IEDs do not occur 
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momentously, but rather out of mesoscopic interactions in the irritative zone. This is further 

supported by other studies using different neuroimaging modalities. For instance, functional MRI 

(fMRI) studies have indicated that metabolic changes develop slowly before the IED occurs. 

(Hawco et al., 2007; Jacobs et al., 2009). ⁠As mentioned above, low-frequency mediate inhibition 

in both cognitive neuroscience and epilepsy (Herring et al., 2019; Schevon et al., 2012b; 

Trevelyan and Schevon, 2013)⁠⁠. We speculate that the low-frequency oscillations seen here reflect 

local inhibition that eventually is overcome by the hypersynchronization and hyperexcitation 

associated with the actual IED. Such a role is well described in seizure dynamics. Here, slow 

activity has been coupled to an ictal inhibitory penumbra which is eventually overcome by a 

stronger excitation to allow for seizure propagation (Eissa et al., 2016)⁠.  Furthermore, cellular 

recordings as well as local field potential recordings have demonstrated that both individual 

neurons and smaller groups of neurons exhibit inhibition during several seconds prior to eliciting 

paroxysmal depolarizing shift (Schevon et al., 2012; Trevelyan and Schevon, 2013).  

 In summary, Study I and Study II together indicate a role for low-frequency activity 

as a conveyor of inhibition in epilepsy.  
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4.2 PART 2: DEVELOPMENT OF ON-SCALP MEG INSTRUMENTATION 

WITH SPECIAL FOCUS ON IED DETECTION AND SOURCE 

ESTIMATIONS 

4.2.1 Results Part 2 

Study III 

First of all, the study demonstrated that it was feasible to record IEDs with an osMEG system. At 

the time, this was the first-ever recording from an epilepsy patient. Especially, we could verify 

recordings of IEDs in the on-scalp MEG data using simultaneous EEG recordings, stressing the 

importance of utilizing one well-known modality to verify any findings. Furthermore, we found 

an additional potential 31 IEDs that were visible only in the osMEG data, and not in the EEG 

data. These were found using the machine learning-based IED detection algorithm that was 

developed to extract such potential IED activity. The algorithm extracted 14 statistical features 

from the EEG-positive IEDs found in the on-scalp MEG data. Hereafter, waveforms in the 

osMEG data that resembled these EEG-positive IEDs were identified. These potential IEDs were 

inspected by an experienced clinician in order to determine whether these resembled epileptic 

activities. The algorithm was also tested on convMEG. Here, 20 out of 24 IEDs were correctly 

identified, and no additional false positive events were localized. The amplitude of these events 

was slightly lower than the amplitude of the EEG-positive IEDs. Thus, in conclusion, the study 

both demonstrates a feasible benchmarking protocol for detecting epileptic activity using on-scalp 

MEG sensors, and for the first time ever, that osMEG probably detect more epileptic activities 

than convMEG. 
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Figure 14 

Htc-SQUID OsMEG raw sensor data 

Illustration of raw sensor data (filtered 1-40 Hz) with a visually identifiable “high-amplitude 

event” that do correspond to any EEG-positive IED. Thus, only conventional, clinical ocular 

inspection of the data was not sufficient to identify htc-SQUID osMEG IEDs.  
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Figure 15 

Results from Study III 

Top: Average of interictal epileptiform discharges (IEDs) seen both in htc-SQUID osMEG, and 

in the co-registered EEG. 

Below: Average of IEDs seen only in the htc-SQUID osMEG data found using the IED-detection 

algorithm developed within the study.  

 

 

 

 



44 

 

Study IV  

The modeling study compared detection and source estimations of IEDs as well as epileptic 

seizure activity of the three non-invasive modalities convMEG, osMEG, hdEEG and sbdEEG.  

 Analyzing how the modalities localized IEDs in the polar frontal region, the lateral 

frontal region, the mesial temporal region, the lateral temporal region, the central region, insula, 

the parietal lobe and the occipital lobe demonstrated, as suspected, that sbdEEG was superior to 

all other modalities. SbdEEG could accurately localize IEDs originating from regions as small as 

approximately 3 cm². However, for foci sizes between 3 and 23 cm², osMEG ECD dipoles were 

significantly closer to the source of the epileptogenic foci than the other non-invasive modalities.  

 Investigating how the four modalities localized a simulated SOZ demonstrated that 

only sbdEEG and osMEG could localize mesial temporal lobe onset to the correct lobe, while 

both convMEG and hdEEG localized the SOZ to other lobes. However, in localization of a dorsal 

frontal lobe seizure, all modalities performed relatively equal.  

 Finally, using RSA, we compared the performance of osMEG and sbdEEG for 

localization of IEDs originating from over 4000 sites across the entire cortical mantle. This study 

showed that osMEG source estimations were never more than 4.4 cm away from the source 

estimation derived from the sbdEEG data. In addition, this comparison gave us a tool to analyze 

how IED source estimation depended on source depth and source orientation. Very interestingly, 

osMEG source estimation accuracy did not depend on source orientation. Source depth, however, 

did reduce the accuracy of osMEG source estimations.  
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Previous page:  

Figure 16 

Preliminary results from Study IV 

Comparison of equivalent current dipoles (ECDs) determined for on scalp MEG (osMEG), high 

density EEG (hdEEG), conventional MEG (convMEG) and subdural EEG (sbdEEG) computed 

for gradually growing epileptic foci at eight different sites across the cortical mantle.   

 

 

4.2.2 Discussion Part 2 

Both studies clearly demonstrate that osMEG potentially has an important role to play in epilepsy 

evaluations. Study III experimentally showed that osMEG might detect more epileptic activity 

than convMEG and clinical EEG (21 electrodes). Of course, we cannot be certain that these events 

are true IEDs.  However, both modeling studies as well as other experimental studies 

demonstrated that osMEG detect cortical activity with higher amplitude than convMEG 

(Andersen et al., 2017; Xie et al., 2017)⁠. It is reasonable to assume that osMEG thus picks up 

activity of lower amplitude than convMEG. As amplitude directly corresponds to the size of the 

cortical area activated, it implies that osMEG should capture IEDs originating from smaller 

patches of the irritative zone than do convMEG. Correspondingly, the amplitude of the potential 

IEDs detected only by osMEG did have a smaller amplitude than those detected by convMEG, 

indicating that they could indeed be IEDs originating from smaller patches not identifiable on 

convMEG, or EEG. Of course, definitive verification whether this is the case would require 

simultaneous intracranial registrations. This is true not only for Study III, but rather to all future 

studies of osMEG in epilepsy evaluations. Comparison of iEEG and scalp EEG reveals that iEEG 

picks up much more small amplitude spikes from separate regions of the irritative zone, that 

cannot be seen on scalp EEG. (Ray et al., 2007; Tao et al., 2007)⁠. It is probable, that osMEG will 

pick up at least some of these. However, no other non-invasive functional neuroimaging modality 

can be used to verify these findings. Any characterization of how well osMEG detects, localizes 

and separates epileptogenic foci, will require simultaneous intracranial EEG. Nonetheless, both 

Study III and Study IV indicates a clear role for osMEG within epilepsy evaluations.  It is probable 

that osMEG will be better at capturing epileptic activity from sites that are quite inaccessible to 

other non-invasive techniques. The technique might drastically improve non-invasive surgery 

evaluations with better sEEG planning potentials. However, equally interesting, osMEG will 

entail a first-ever possibility to characterize whole-head epileptic networks. Today, such a 

characterization falls in between the seats of highly detailed, but limited, intracranial recordings, 



47 

 

and less detailed whole head non-invasive techniques. Study IV also investigated how sensitive 

osMEG source estimations are to both source depth, and source orientation. We found that 

osMEG, as well as convMEG, is less sensitive to deep sources than shallow one. This is in 

accordance with other studies. However, we demonstrated that osMEG was equally sensitive to 

source orientation than subdural EEG. Similar findings have been reported before with osMEG 

detecting more radial components of evoked potentials than do conventional MEG (Andersen et 

al., 2017)⁠. This is probably due to these sources not being truly radial, so that the shift in 

orientation of the sensors results in detection additional signal components.  

  

 In conclusion, osMEG do not only open up for improved ictal MEG recordings, but 

also to for radical improvement of both clinical evaluations as well as epileptic network research.  
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5. LIMITATIONS  

Study I 

The study only included a very small patient population which, of course, is a major limitation. 

There are also some methodological limitations to the study. The raw sbdEEG data contains a 

strong 2 Hz stimulation artifact. Only visual inspection of the data was performed to determine 

the temporal extent of stimulation artifact data contamination. No additional quantification of the 

spectral content was performed to investigate any frequency leakage into the analyzed time series. 

As the coherence between all pairs of electrodes increased during stimulation, investigation of 

whether these findings resulted from stimulation artifacts should have been performed. Similarly, 

the study reports that stimulation onset changed the spectral power for all frequencies 4-40 Hz. 

Such findings could also be influenced by stimulation frequency leakage. The discussion section 

point out a correlation between background power and IED rate, and speculates that the 

background might influence SOZ microcircuit propensity to develop IEDs. Inclusion of any 

causality analysis, for instance Granger causality, could have been included to better support such 

assumptions. Although it is well known that sbdEEG electrodes exhibit less field spread than non-

invasive modalities, approximation of electrode field spread should have been included as 

adjacent electrode time series are compared. An easily accessible field spread metric could have 

been achieve by comparing the number of contacts delivering stimulation, with the number of 

electrodes that pick up the stimulation artifacts.   

Study II 

Similarly to Study I, a relatively small patient population was analyzed. The study aimed to 

analyze pre-IED changes both within and outside of the irritative zone. The majority of sites 

outside of the irritative zone were chosen only based upon the distance from this region. As 

epilepsy is a network disorder, distant areas might exhibit both structural and functional 

abnormalities. Thus, the choice of extrafocal sites constitute a study limitation. A better approach 

would have been to first characterize epileptic networks of the patient’s, possibly using 

investigation of global functional connectivity changes associated with IED onset. Hereafter, both 

nodes within and outside the epileptic network could have been analyzed to better characterize 

pre-IED changes.  

 The study demonstrates that the patients exhibit changes within either the delta (1-

4 Hz) or theta (4-8 Hz) bands, or both. These bands are collectively referred to as low-frequency 
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oscillations. It is not discussed whether up-regulations in one of the frequency bands in one 

patient, can be compared to up-regulations in the other frequency band in another patient. A more 

exhaustive evaluation of pre-IED changes should have included analyses of higher frequencies 

as well.  

 ERD-ERS maps utilize sensor data. In the study, the sensors that covered the 

irritative zone were chosen for analysis of pre-IED changes. This is unfortunate, since this sensor 

data might contain data from sources outside of the irritative zone as well.  

 As a concluding remark, it can note that the analysis of gradual development using 

Hilbert transformation is based upon a linear fit of peak amplitude of the signal envelope. 

However, the linear fit might exhibit a positive correlation coefficient, even though the amplitude 

of the original time series drops right before IED onset. Thus, the methodological might not be 

suitable for evaluation of temporal evolution.  

Study III 

OsMEG recordings of epileptic activities is the art of detecting patient-specific brain signals 

potentially not seen by any other non-invasive neuroimaging modality. Indeed, understanding the 

sensor output would require simultaneous iEEG recordings. This constitutes the major limitation 

to Study III. Only seven osMEG sensors were used here. This makes interpretation of any 

potential IED findings difficult. A larger number of sensors could have revealed whether the 

findings are localized to the irritative zone or not. Furthermore, source imaging could have been 

performed further supporting the results.  

 There are also several limitations to the IED detection algorithm developed. Of 

course, the data sample size from which EEG-positive osMEG IED statistical features were 

extracted was too small. Furthermore, parameter exploration should have been performed in order 

to determine statistically which features that best captured the characteristics of EEG-positive 

osMEG IEDs. Finally, the detection algorithm probably suffers from severe overfitting problems. 

A large number of synthetic IEDs were created using a genetic algorithm. These were used to 

train a SVM to classify the same osMEG data from which the original statistical features were 

extracted. Obviously, this is not an optimal approach, but a result of having only one recording to 

analyze.  
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Study IV 

This manuscript should be considered as an unfinished study requiring much additional revisions. 

There are several limitations in the methodology. The major limitation concerns simulation of so-

called brain noise in the osMEG recordings. That is, all other cortical activities, except epileptic 

activities. The current manuscript utilizes a very low and maybe too optimistic OPM sensor noise 

level, and no modeling of additional sources except for the epileptic activity. These limitations 

might render the results to be unrealistically in favor of osMEG sensors. A more realistic 

background activity simulation might potentially obscure the epileptic activity more in the 

osMEG data than in convMEG. Epilepsy patients often exhibit pathological slow, high amplitude 

activity. Such activity will also have higher signal amplitude in osMEG than in convMEG. It 

might be that epileptic activities might be more difficult to identify in osMEG data, than in 

convMEG data. It is theoretically possible that detection of such pathological epilepsy-associated 

activity made visual inspection the htc-SQUID recordings of Study III unfeasible.  
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6. CONCLUSION 

The overall aim of the thesis is to improve the characterization of epileptic activity, and increase 

the understanding of how it arises from synchronized brain activity. The thesis tries to provide an 

insight into these complex questions through a dual approach. The first part of the study is 

concerned with neurophysiological studies of IED development. Study I utilized a 

neurostimulation paradigm was analyzed to investigate the effect of SOZ low-frequency (2 Hz) 

stimulation on IED dynamics and behavior. It is concluded that this stimulation not only reduces 

IED rate, but lower IED amplitude and changes the background activity. Study II explores the 

natural occurrence of low-frequency (1-8 Hz) oscillations prior to IED onset. It is demonstrated 

that the irritative zone is characterized by a gradual up-regulation of low-frequency amplitude, 

reaching a maximum at IED onset. We propose that this might result from a local cortical 

inhibition that is overcome at IED onset. Taken together, this first part of the thesis indicates that 

low-frequency activity might play an important role in epilepsy as a reflection of cortical 

mesoscopic inhibitory processes. 

 The second part of the thesis deals the utilization of osMEG within epilepsy 

evaluations. Study III constitutes the first ever osMEG recording of an epilepsy patient. The 

results demonstrates that osMEG can detect at least as many IEDs as scalp EEG, and probably 

many more. Thus, the study is a clear indication that osMEG might play an important role in 

epilepsy evaluations and can improve non-invasive epileptic activity source imaging. However, 

the study also demonstrates some of the difficulties that come with novel neuroimaging 

techniques. Understanding the detected, potentially epileptic, activity requires simultaneous iEEG 

recordings to clarify the nature of spiky activity seen only in osMEG, and no other non-invasive 

investigation. We also discovered that visual inspection of the osMEG, similar to clinical visual 

inspection of both EEG and convMEG was highly unfeasible. This might be due to internal sensor 

noise, but it might also be that the higher signal power of osMEG results in amplification of the 

background activity as well. Thus, it might be that osMEG brain noise obscures the epileptic 

activity. The, at the time of writing, unfinished, Study IV compares epilepsy evaluations using 

convMEG, hdEEG, osMEG and sbdEEG. The current manuscript version simulates only IEDs, 

and no other cortical background activity. In this setting, osMEG outperforms other non-invasive 

modalities. However, it is possible that adding more realistic brain noise simulations will in fact 

demonstrate limitations to the system.   



52 

 

 As a conclusion, the thesis clearly demonstrates that understanding the cortical 

processes by which epileptic activity develops, and can be understood requires a combined 

understanding for both neurophysiology, and neuroimaging.  
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