
VISUALIZATION OF  
MAGNETOENCEPHALOGRAPHIC DATA 
IN SURGICAL TREATMENT PLANNING 

A Qualitative Study of Clinical End-User Needs 

 

 

 

Master Thesis Report 
 
Miriam Bottinga 
Master of Science Degree, 
Biomedical Physics 

 

 

Physics of Medical Imaging, 
Department of Physics,  
Royal Institute of Technology  
Stockholm, Sweden 
 
Business Area Neuroscience 
Elekta Instrument AB 
Stockholm, Sweden 

 

 
TRITA-FYS 2014:69 
ISSN 0280-316X 
ISRN KTH/FYS/--14:69—SE  

Courtesy: Elekta Instrument AB 



2 
 

  



3 
 

“In the current situation, one can draw 
a parallel between a neurosurgeon and 
an airline pilot. It is not the pilot who 
decides and plans where to fly, but he is 
the one who is flying and can avoid 
mountains and other risky zones”. 

Neurosurgeon, Site G 

 

 

EXECUTIVE SUMMARY 

 

Problem: The role of magnetoencephalography (MEG) as a clinical tool is increasing 

throughout the world. This study provides deeper understanding of clinical user needs with 

respect to MEG data visualization in surgical treatment planning of epilepsy patients. The 

study further aims to investigate the feasibility of satisfying needs with available software, 

specifically focusing on software provided by Elekta. 

Method: A qualitative study was performed, based on semi-structured interviews with 

clinical users with access to ten MEG sites at eight countries in North America, Europe and 

Asia. Contact was made during congresses, study visits and telephone meetings. The 

research period was May-September 2014. 

Conclusion: With this study, a model has been created which describes the usage of MEG 

data in presurgical evaluation of epilepsy. The needs with respect to MEG data visualization 

have been described for different steps in the model. This study has shown that the clinical 

end-user needs with respect to MEG data visualization differ between two steps; 1) deciding 

what brain tissue to resect and 2) planning the surgical procedure of the resection. Based on 

the study findings, the currently available software has been analyzed regarding the 

feasibility of satisfying user needs with respect to MEG data visualization. The study shows 

that the needs can be satisfied during the planning of the surgical procedure. Suggestions 

have been provided of how to further enhance the usability of visualizing the MEG data in 

treatment planning software. Regarding the decision making of what tissue to resect, certain 

modifications are necessary to satisfy clinical end-user needs. Potential solutions are 

suggested to satisfy user needs. Finally, this study has provided evidence that MEG data is 

compatible to import to treatment planning software. 

Key Words: Magnetoencephalography, MEG, Magnetic Source Imaging, Surgical Treatment 

Planning, Neurosurgery, User Needs, Data Visualization, Presurgical Evaluation, Epilepsy, 

Epileptogenic Zone, Functional Mapping  
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DOCUMENT OVERVIEW AND CONVENTIONS 

This section provides reading recommendations and lists terms and abbreviations used in the thesis. 

Readership 

This report is divided into five sections; Introduction, Background, Materials and Methods, 

Results, and Discussion and Conclusion.  The Introduction initiates the reader to the purpose 

and scope of this study. The Background section aims to orientate the reader to the field of 

study, describing the clinical environment of presurgical evaluation of epilepsy, MEG data 

acquisition and analysis, and the usage of treatment planning software. The working process 

of is described in Materials and Methods, including how this study was set up and 

performed, and how the results were documented, validated and analyzed. The study 

findings are listed in Results and analyzed in Discussion and Conclusion which ends with 

answers to the study questions. 

The report is written for an audience familiar with biomedical imaging modalities. The 

reader is referred to the abbreviations and the glossary below for a description of terms 

used in the thesis. Finally, the reader is referred to e-mail miriamb@kth.se for commentary 

on the report. 

 

Abbreviations 

Abbreviation Definition 

CT Computed Tomography 

DBS Deep Brain Stimulation 

DICOM Digital Imaging and Communications in Medicine 

DTI Diffusion Tensor Imaging 

ECD Equivalent Current Dipole 

ECG Electrocardiography 

EEG Electroencephalography 

EMG Electromyography 

EOG Electrooculography 

fMRI Functional Magnetic Resonance Imaging 

GOF Goodness of Fit 

IEDs Ictal Epileptic Discharges 

iEEG Invasive Electroencephalography 

MEG Magnetoencephalography 

MNE Minimum-Norm Estimate 

MRI Magnetic Resonance Imaging 

MSI Magnetic Source Imaging 

nTMS Navigated Transcranial Magnetic Stimulation 

PET Positron Emission Tomography 

rgb Red, Green, Blue 

SEEG Stereotactic Electroencephalography 

SNR Signal-to-Noise Ratio 

SPECT Single-Photon Emission Computed Tomography 

TMS Transcranial Magnetic Stimulation 
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Glossary 

The glossary aims to clarify how the author has chosen to use the following terms. 

Term Description 

Antiepileptic Drug Medication which aims to reduce seizures 

Angiography An imaging modality based on X-ray where contrast agents are injected to the 
blood stream 

Biopsy Removal of a sample of tissue or cells for a diagnostic examination 

Brain Lesion A region of the brain with anatomically abnormal tissue 

CT A structural neuroimaging modality which measures attenuation of x-ray beams 
in the tissue from multiple cross-sections of the target 

DBS Electrical stimulation of intracranial tissue for therapeutic purposes 

DICOM A file format especially developed for medical data 

Disconnection Isolation of a region of brain cortex, by surgical cutting of neuronal connections 

DTI An MRI-based imaging modality which provides structural information about 
fibril tracks in the brain 

ECG Measures waveforms of electrical potentials generated by heart activity 

EEG A functional neuroimaging modality which measures waveforms of electrical 
potentials generated by synchronized neuronal activity. Can be invasive or 
noninvasive 

Eloquent Cortex The region of brain cortex which is crucial for human functioning like vision, 
motor etc 

EMG Measures waveforms of electrical potentials generated by muscle activity 

EOG Measures waveforms of electrical potentials generated by potential changes 
over the eye 

Epilepsy  A neurological disease with at least one unprovoked epileptic seizure. For a 
complete definition: (Fisher & Acevado, 2014) 

Epileptogenic Lesion A brain lesion that is visible with structural neuroimaging modalities and 
responsible for generating seizures 

Epileptogenic Zone The minimum part of the brain which, by its removal, results in seizure freedom 

Evoked Fields Magnetic fields generated from eloquent cortex 

Fiducial Anatomical landmark supporting co-registration between images 

fMRI A functional neuroimaging modality which measures neuronal activity 
indirectly based on the coupling with changes in oxygen levels of the blood 

Focal Activity Activity that is limited to a strict region of the brain 

GOF A confidence indicator representing how well an equivalent dipole model fits to 
recorded MEG data 

Gyrus The outer cortical regions where the cortical folding forms a ridge 

Ictal Activity Epileptic neuronal activity that occurs during seizures 

Intracranial Within the region of the human head which is enclosed by the cranium 

Interictal Activity Epileptic neuronal activity that occurs between seizures 

Invasive Involving introduction of instruments into the body for direct contact with 
deeper tissue 

Irritative Zone The region of brain cortex from where interictal activity originates 

MEG A noninvasive functional neuroimaging modality which measures waveforms of 
magnetic fields generated by synchronized neuronal activity 

MEG Site A laboratory in which acquisition and analysis of MEG data is performed 

MEG Director A person who is in charge of the overall MEG activities at a MEG site 
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MNE A current-distribution source model of recorded MEG data 

MRI A noninvasive structural neuroimaging modality which measures proton spin 
properties in the tissue 

MSI A functional and structural neuroimaging modality combining data from MEG 
and MRI 

MSR A room that provides shielding to isolate the MEG device from external 
magnetic noise 

Neuroimaging Modality A tool which provides information about biomedical properties of living brain 
tissue 

Neurologist A medical doctor specialized in the nervous system and its disorders 

Neuron A cell category in the nervous system responsible for long distance electrical 
signaling 

Neurophysiologist A medical doctor specialized in the physiology of the nervous system 

nTMS Navigation performed by image guidance of TMS pulses 

Pediatrics Medical care of children 

PET A functional neuroimaging modality which measures metabolism by injecting a 
substance to the bloodstream marked with a proton emitting radionuclide 

Resection Surgical removal of a part of tissue e.g. a region of brain cortex 

Seizure A transient occurrence of signs or symptoms due to abnormal excessive or 
synchronous neuronal activity in the brain 

Seizure Onset Zone The region of brain cortex from where ictal activity originates 

Semiology The study of signs 

SPECT A functional neuroimaging modality which measures metabolism by injecting a 
substance to the bloodstream marked with gamma emitting radionuclide 

Sulcus The outer cortical regions where the cortical folding forms a groove 

Symptomatogenic Zone The region of brain cortex which generates epilepsy symptoms during a seizure 

TMS A functional neuroimaging technique which can be used to locate the eloquent 
cortex by studying direct effects from magnetic stimulation of brain regions 

Treatment The administration of or part of a prescribed procedure for therapeutic purpose 

Treatment Plan A specification of a treatment on the form of a treatment data file or a treatment 
protocol for printout 
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1. INTRODUCTION 

The introduction aims to orientate the reader to the motivation, problem and scope of the study. 

1.1. Study Motivation 

Since the first magnetoencephalographic (MEG) recordings were performed over 40 years 

ago (Cohen, 1968) (Cohen, 1972), MEG usage has been focusing mostly on research. MEG 

has been a clinical tool for more than two decades, but it is not until recently that the MEG 

usage in clinical practice has considerably increased (Zamrini, o.a., 2011, s. 3). Due to its 

excellent spatial and temporal resolution, MEG has been shown highly useful for noninvasive 

localization of neuronal activity in epilepsy patients (Zamrini, o.a., 2011). Product providers 

now witness how MEG is becoming an established diagnostic tool at more and more epilepsy 

centers around the world. 

In the current document, presurgical evaluation is defined as the procedure between 

identifying a surgical candidate and performing surgery. Clinical user is defined as a physician 

who is directly using MEG data for decision making in presurgical evaluation. The usage is 

divided into MEG data acquisition, MEG data analysis and treatment planning, Figure 1. 

Clinical end-users are defined as clinical users during treatment planning. 

Recent guidelines of MEG usage in clinical practice provide comprehensive knowledge of 

users’ needs in acquisition and analysis steps (Bagic, Knowlton, Rose, & Ebersole, 2011) 

(Burgess, Funke, Bowyer, Lewine, Kirsch, & Bagíc, 2011) (Bagíc, Barkley, Rose, & Ebersole, 

2011). The user needs for MEG data in treatment planning are less documented. Neither has 

the compatibility of MEG images in treatment planning software been officially announced. 

The various information of a patient’s neuronal activity that MEG may provide opens up for 

countless of possibilities of visualizing MEG data. A study was hence motivated to provide 

deeper knowledge of clinical end-user needs. 

 

 
Figure 1. Schematic view of MEG usage steps in presurgical evaluation. The study is motivated to better understand the 
clinical end-user needs for MEG data, illustrated by the arrow. Courtesy: Elekta 

Elekta is a global market leader of MEG products and solutions (Elekta Neuromag®). Key 

functions such as research and development, quality and regulations, service, marketing and 

Presurgical Evaluation 
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product management are based at Elekta Oy Helsinki, Finland. The current study is a M.Sc. 

degree thesis at the Swedish Royal Institute of Technology in Physics Engineering, track 

Biomedical Physics. The initiative to the study came from the Business Line Management in 

Neurosurgery at Elekta Headquarters in Stockholm, Sweden. 

1.2. Problem Definition 

The purpose of the study is to provide deeper knowledge of the clinical usage of MEG data in 
surgical treatment planning. The study aims to answer the following main question; 

- What are the clinical end-user needs for MEG data in presurgical evaluation of 
epilepsy? 

The main question is further divided into the following partial questions: 
A. What MEG data is relevant for clinical end-users? 
B. How do clinical end-users prefer MEG data to be visualized? 

The study further investigates the feasibility of satisfying clinical end-user needs with 
available software on the market, focusing on software provided by Elekta. 

1.3. Delimitations 

The study is delimited to cover only MEG usage for presurgical evaluation of epilepsy. The 
study considers needs of clinical end-users, defined as physicians who are directly using MEG 
data for decision making during treatment planning. Consequently, the study does not take 
into account user needs in acquisition and analysis steps or post-surgical follow-up. Neither 
are needs of patients and relatives considered. Finally, for the discussion on feasibility to 
satisfy needs, software details will only be based on software provided by Elekta for 
stereotactic treatment planning.  

The resources for the study allowed for a five month research period. The resources 
further allowed direct contacts with clinical end-users to the extent of telephone meetings, 
and travels within Europe. 

1.4. Study Approach 

With respect to the problem definition and delimitations described above, a qualitative 
approach was considered suitable for the study. First, since clinical end-users, as defined in 
the study, form a relatively narrow target group, there were small possibilities for random 
selection of subjects. Instead, the limitations in terms of time and traveling compelled the 
study to be based on chance selection i.e. the selected subjects being within reach and being 
able to participate during the research period. Hence, results from the current study are not 
guaranteed to be representative for the whole target group population. Second, a first 
approach of investigating needs in a relatively unknown target group environment like in the 
current study requires an open minded approach. A qualitative study with semi-structured 
interviews was therefore motivated in order not to miss important aspects.  

By clarifying the target group environment and basic needs with respect to MEG data 
visualization, the current study is hoped to form a basis for future studies with more 
quantitative approach. 
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2. BACKGROUND 

The background section aims to present the theoretical frame-work from which the study originates. 

First, the field of presurgical evaluation of epilepsy is described, followed by a description of routines 

of MEG data acquisition and analysis of epilepsy patients. Finally, a brief introduction is given to the 

user environment of treatment planning software. 

2.1. Presurgical Evaluation of Epilepsy 

As described in the previous section, the target group of the current study is physicians who 

are direct users of MEG data for decision making in surgical treatment planning of epilepsy. 

For a better understanding of the target group environment, this section describes the 

objectives and common terms in presurgical evaluation of epilepsy. 

2.1.1. Objectives in Presurgical Evaluation of Epilepsy 

Epilepsy 

Epilepsy is a brain disease where abnormal neuronal activity causes unprovoked seizures. 

The definition of epilepsy was recently revised by the International League Against Epilepsy 

(ILEA) to better concord to common use (Fisher & Acevado, 2014, s. 477). The citation below 

is from the ILEA official report; A Practical Clinical Definition of Epilepsy. 

 

“Epilepsy is a disease of the brain defined by any of the following conditions. 
1. At least two unprovoked (or reflex) seizures occurring >24 h 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 
Epilepsy is considered to be resolved for individuals who had an age-dependent epilepsy 
syndrome but are now past the applicable age or those who have remained seizure-free for 
the last 10 years, with no seizure medicines for the last 5 years.” (Fisher & Acevado, 2014) 

Surgical Treatment of Epilepsy 

Surgery is an option for surgically suitable patients who do not become seizure free from 

antiepileptic drugs (Rosenow & Lüders, 2004, s. v). The objective with the surgical procedure 

is either curative to provide seizure freedom, or palliative to reduce the frequency of 

seizures (Campos, Pomata, Vanegas, & Sakamoto, 2008, s. 1537). Curative surgical 

treatments are usually performed by resection of brain tissue that, by its removal, leads to 

seizure freedom (Campos, Pomata, Vanegas, & Sakamoto, 2008, s. 1537). This region is 

called the epileptogenic zone (Rosenow & Lüders, 2001). It is not always possible to resect 

the epileptogenic zone completely. This might be due to a large or diffuse epileptogenic zone 

or overlap with sensitive brain regions (Rosenow & Lüders, 2004, s. 5). 

The current study interprets the over-all objective of surgical treatment of epilepsy to be 

curative i.e. to resect the epileptogenic zone. 
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Presurgical Evaluation of Epilepsy 

The presurgical evaluation of epilepsy is a procedure in which the surgical treatment is 

evaluated and planned in order to achieve seizure freedom with minimal postsurgical 

complications (Iwasaki, Enatsu, & Matsumoto, 2010, s. 292). The brain region that is crucial 

for human functioning such as auditory, vision, language, somatosensory or motor cortex is 

called eloquent cortex. The decision making in presurgical evaluation of epilepsy is hence a 

balance of resecting the epileptogenic zone and meanwhile preserving the eloquent cortex 

(Rosenow & Lüders, 2001). 

2.1.2. Cortical Zones in Presurgical Evaluation of Epilepsy 

2.1.2.1. Eloquent Cortex 

Definition 

Localization of the eloquent cortex aims to define what cortex is needed to be preserved to 

avoid postsurgical functional deficits (Rosenow & Lüders, 2001). The location and extent of 

the eloquent cortex can be difficult to define, basically for two reasons. First, the brain 

anatomy varies among individuals. To identify general anatomical landmarks in individuals 

could hence be difficult, especially for patients with brain lesions that are distorting normal 

tissue. Second, the general anatomical definition of eloquent cortex may not coincide with 

the actual tissue that is crucial for the functions. In these cases, the functional definition of 

eloquent cortex is valuable to consider. One example is patients with brain lesions close to 

the primary motor cortex where the anatomical definition of the hand area (i.e. the 

precentral gyrus hand knob) cannot be reliably correlated to the actual hand motor function 

(Bourguignon, Jousmäki, Marty, & Wens, 2013, s. 512). Another example is the language 

cortex which can relocate to the other hemisphere in the presence of a brain lesion (Maestú, 

Ortiz, & Fernandez, 2002). Consequently, functional information is valuable to locate the 

eloquent cortex, especially if there is a high possibility of plasticity or distortion of brain 

tissue (Niranjan, Laing, Laghari, Richardson, & Lunsford, 2013). 

Diagnostic Tools 

The functional definition of the eloquent cortex can be provided by functional neuroimaging 

techniques such as MEG, electroencephalography (EEG) and functional magnetic resonance 

imaging (fMRI) (Rosenow & Lüders, 2001, s. 1687) (Bourguignon, Jousmäki, Marty, & Wens, 

2013) (Maestú, Ortiz, & Fernandez, 2002, s. 1579).  

fMRI is equally sensitive to superficial and deeper brain structures (Rosenow & Lüders, 

2004). A limitation with fMRI however, is that the assumed correlation between neuronal 

activity and blood flow changes has been shown less reliable for patients with brain lesions, 

especially vascular lesions (AAN, 2013). 

The stimulation-induced aura zone (SIAZ) is the region of the cortex that, when 

electrically stimulated, generates a functional output e.g. movement or sensation, which can 

relate brain regions to the eloquent cortex (Rosenow & Lüders, 2004). One tool to define the 

SIAZ is transcranial magnetic stimulation (TMS). By studying the direct effects from 
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magnetically stimulating specific brain regions, TMS can identify the crucial parts for 

functioning. TMS is especially efficient for localization of primary motor cortex and language 

where the effects can be identified by an observer. The effects of stimulating auditory, visual 

or somatosensory cortex however, need to be based on interpretation by the patient 

(Mäkelä, 2014). 

2.1.2.2. Seizure Onset Zone and Irritative Zone 

Definition 

There are two types of epileptic activity in the brain. First, the activity that occurs during 

seizures is called ictal activity. Second, the activity that occurs in the time period between 

seizures is called interictal activity. The region of brain cortex from where the epileptic 

activity originates is called the seizure onset zone for ictal activity, and the irritative zone for 

interictal activity. The location of these regions in the brain varies among individual patients. 

The zones may be overlapping but may also be entirely separate in the brain. There might 

also be several regions that the activity originates from and hence several onset zones 

(Rosenow & Lüders, 2001, s. 1685). Either the activity can originate from several zones 

simultaneously, or the location of the origin can vary from seizure to seizure (Rosenow & 

Lüders, 2001, s. 1691) 

Diagnostic Tools 

The seizure onset zone and irritative zone can be localized with neurophysiologic 

techniques by measuring the synchronized epileptic activity during or between seizures, 

respectively. Among these neurophysiologic techniques are EEG and MEG. The seizure onset 

zone can also be localized with ictal SPECT while the irritative zone can be localized by fMRI 

(Rosenow & Lüders, 2001, s. 1684). 

MEG has been shown to have a particularly high value in extra temporal lobe epilepsy i.e. 

when the epileptogenic zone is located in regions outside the temporal lobe (De Tiège, o.a., 

2012). Clusterectomy has shown to increase the possibility of seizure-freedom, especially in 

extra temporal lobe epilepsy (Vadera, o.a., 2013). Clusterectomy is the name of the 

procedure when resecting a cluster of MEG single equivalent current dipoles for different 

time instants of epileptic activity (dipole modeling is described in Section 2.2.2.3). 

Both non-invasive and invasive EEG recordings can be performed to localize the seizure 

onset and irritative zones. In non-invasive EEG recordings, the signal depends on resistive 

properties of the skull and scalp, which highly varies among individuals (Rosenow & Lüders, 

2004). To overcome the conductivity problem, invasive EEG (iEEG) is an established method 

where electrodes are planted intracranially. iEEG recordings can be performed by either 

subdural electrodes or depth electrodes. In subdural electrode recordings, a region of the 

cranium is removed so that a grid of electrodes can be placed in direct contact with the brain 

surface. In depth electrode recordings, long individual electrodes are instead planted into 

the brain to come in direct contact with deeper brain tissue. The latter can be performed by 

means of a stereotactic frame which is fixated to the patient’s skull. The main drawback with 

iEEG however is the obvious risks of invasiveness, strictly limiting the number of electrodes, 
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and hence the spatial resolution. Consequently, the performance of iEEG requires a clear 

hypothesis supporting where to plant the electrodes (Rosenow & Lüders, 2004, s. 1692). 

2.1.2.3. Symptomatogenic Zone 

Definition 

The region of brain cortex that generates seizure symptoms is called the symptomatogenic 

zone. There may be several symptomatogenic zones for example if the symptoms change 

during a seizure. For these cases the ictal activity is probably propagating from one 

symptomatogenic zone to another in the brain during the seizure. This spreading ictal 

activity is called ictal epileptic discharges (IEDs). (Rosenow & Lüders, 2004). 

Diagnostic Tools 

The symptomatogenic zone can be investigated by studying the seizure symptoms on ictal 

video recordings. It can also be investigated by studying the seizure history of the patient i.e. 

the symptomatology of the patient. 

The localization of the symptomatogenic zone can also be supported by studying the SIAZ 

zone to relate cortex to seizure symptoms (Rosenow & Lüders, 2004). 

2.1.2.4. Epileptogenic Lesion 

Definition 

Epilepsy might evolve from brain lesions such as tumors, mesial temporal sclerosis, vascular 

malformation, inflammatory lesions or hypothalamic hemartoma. The lesion that is 

responsible for generating seizures, and that is visible with structural neuroimaging 

modalities, is called the epileptogenic lesion (Rosenow & Lüders, 2004, s. 5). For example, 

complete resection of well-delineated brain lesions like tumors1 are known to correlate to 

good post-surgical outcome (Rosenow & Lüders, 2004, s. 5). In other cases however, the 

resection of the epileptogenic lesion i.e. lesionectomy, does not necessary lead to seizure 

freedom. The possible reasons are described below.  

First of all, in structural neuroimaging modalities only clearly pathologic tissue can be 

detected. Less pathologic regions of the brain lesion can hence be invisible on the MRI 

(Rosenow & Lüders, 2004, s. 5). One example of an epilepsy etiology where only a small part 

of the lesion is visible on MRI is cortical dysplasia. Due to the problem with MRI, there is a 

high frequency of surgical failure among these patients (Rosenow & Lüders, 2004, s. 5). A 

second reason is that brain lesions might not be directly generating seizures but might 

contribute by causing reactions to the surrounding tissue (Rosenow & Lüders, 2004, s. 5). 

Epilepsy without a clear connection to anatomical structures is usually called non-lesional 

epilepsy. 

                                                           
1
 Common brain tumors that cause epilepsy are fibrillary astrocytomas, oligodendrogliomas, 

oligoastrocytomas, gangliogliomas and dysembryoplastic neuroepithelial tumors (Rosenow 
& Lüders, 2004, s. 383) 
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Diagnostic Tools 

The epileptogenic lesion can be studied with structural neuroimaging tools such as magnetic 

resonance imaging (MRI) (Rosenow & Lüders, 2004). In half of patient cases in presurgical 

evaluation of epilepsy however, the MRI does not have a visible brain lesion (Jung, o.a., 

2013, s. 3177). This is in clinical terms described as the MRI being negative. 

In cases of multiple lesions, neurophysiologic imaging modalities such as EEG, or seizure 

semiology can be used to detect which lesion that generates seizures. Moreover, if the 

lesions are situated spatially close to each other, iEEG is the gold standard to indicate which 

one is the epileptogenic lesion (Rosenow & Lüders, 2004, s. 5). 

2.1.2.5. Epileptogenic Zone 

Definition 

Investigations of the above mentioned epilepsy regions of the cortex give supportive 

information when formulating a hypothesis of the location and extent of the epileptogenic 

zone, which is a theoretical region defined as the minimum part of the brain cortex which, by 

its resection, results in seizure freedom (Rosenow & Lüders, 2004, s. 6). 

Diagnostic Tools 

The location of the epileptogenic zone can only be hypothesized since there is no method in 

the time of writing to define it directly (Rosenow & Lüders, 2004). Hence, the presurgical 

evaluation of epilepsy, including the investigation of all epileptic cortical zones, is an 

important procedure for achieving seizure freedom for epilepsy patients (Siegel 2001, 

Burgess 2014). 
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2.2. MEG Data Acquisition and Analysis on Epilepsy Patients 

In the current study, MEG usage in presurgical evaluation is viewed upon as a three step 

process: MEG data acquisition, MEG data analysis and treatment planning. As described in 

Section 1.1, the usage of MEG data in the first two steps is well-documented. This section 

aims to give a brief introduction to usage routines and MEG data visualization during 

acquisition and analysis of MEG data on epilepsy patients. 

MEG data acquisition and analysis are performed in MEG laboratories usually connected 

to a hospital and/or university. According to guidelines provided by the American Clinical 

MEG Society, each MEG laboratory has a defined director who is in charge of the overall 

operations and routines (Bagíc, Barkley, Rose, & Ebersole, 2011). In the current document, 

the laboratories where acquisition and analysis of MEG data are performed for clinical 

practice will be called MEG sites and the directors will be referred to as MEG directors. 

2.2.1. MEG Data Acquisition 

2.2.1.1. User Environment and Objectives in MEG Data Acquisition 

In acquisition of MEG data, neuromagnetic fields are recorded from outside the patient’s 

skull. Figure 2 shows the patient in sitting position in the MEG. The head is placed in the 

MEG helmet which contains a sensor array with magnetometers and gradiometers for 

measuring the magnetic field, as well as the magnetic field gradients over the 2D surface of 

the skull (Ahonen, o.a., 1993). The latest version contains 102 elements with one 

magnetometer and two gradiometers which sums up to totally 306 independently sampled 

sensors or channels (source: Elekta). The recording is performed by a technologist with 

specialization in MEG and EEG (Bagic, Knowlton, Rose, & Ebersole, 2011, s. 2).  

The MEG device is situated in a magnetic shielded room (MSR) in order to isolate the 

sensor array from external magnetic noise. (Bagic, Knowlton, Rose, & Ebersole, 2011) The 

MSR can perform either active or passive shielding, depending on the level of magnetic 

activities in the environment (Hämäläinen, Hari, Ilmoniemi, Knuutila, & Lounasmaa, 1993, s. 

444). The raw MEG signal (magnetic waveforms over time) 

is monitored in real-time outside the MSR for validation of 

the recording quality. The recording is stopped manually 

when it is concluded that enough data has been collected. 

The technologist communicates with the patient in the MSR 

over video or microphones for instructions and to inspect 

the state of the patient. The latter is valuable since it can 

change the recorded waveforms of activity (Bagic, 

Knowlton, Rose, & Ebersole, 2011, s. 2). 

The objective with the acquisition is to provide the 

recorded data to clinical users for MEG data analysis. 
Figure 2., MEG Data Acquisition with a Neuromag TRIUX, Source: Elekta 
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2.2.1.2. Recording 

MEG recordings are performed by measuring either spontaneous epileptic activity (ictal 

and/or interictal), or evoked fields generated from the eloquent cortex during active 

performance of a task. The value to perform repeated MEG recordings has recently been 

shown (Alkawadri, Burgess, Isitan, Wang, Kakisaka, & Alexopoulos, 2013). 

Spontaneous Epileptic Activity Recordings 

Spontaneous epileptic activity is recorded when the patient is in resting state, preferably 

asleep. In order to measure ictal activity, the patient obviously needs to have a seizure 

during the recording. Both ictal and interictal activity can be enhanced by letting the patient 

sleep, either naturally or by sedation. To facilitate for the patient to sleep naturally in the 

MEG, the patient is recommended to reduce the sleeping hours the night before (Bagic, 

Knowlton, Rose, & Ebersole, 2011, s. 4). Sedation can also be used for uncooperative 

patients such as young or developmentally delayed children to increase the quality of the 

recorded data (Bagic, Knowlton, Rose, & Ebersole, 2011, s. 3). 

Evoked Field Recordings 

The recorded activity generated from eloquent cortex during active performance is called 

evoked fields for MEG recordings and evoked potentials for EEG recordings (Burgess, Funke, 

Bowyer, Lewine, Kirsch, & Bagíc, 2011, s. 355). Different evoked fields can be recorded 

depending on what part of the eloquent cortex that is relevant to map for the patient case. 

Evoked fields that can be recorded are somatosensory, motor, auditory, visual and language 

evoked fields. The patient hence performs tasks such as finger tapping and talking, or 

response to electrical and mechanical stimulus. The MSR can also contain equipment such as 

TV screens or loudspeakers for visual, auditory and language evoked field recordings 

(Burgess, Funke, Bowyer, Lewine, Kirsch, & Bagíc, 2011). The ability of MEG to measure the 

whole brain simultaneously makes it possible to study interactions between brain regions in 

complex functions (Maestú, Ortiz, & Fernandez, 2002). 

Simultaneous Bioelectrical Recordings 

Simultaneous recordings with noninvasive EEG is recommended in several papers (Iwasaki, 

Pestana, Burgess, Lüders, Shamoto, & Nakasato, 2005) (Ahlfors, Han, Belliveau, & 

Hämäläinen, 2010), and guidelines (Bagic, Knowlton, Rose, & Ebersole, 2011, s. 3). The 

reason is that MEG and EEG provide complementary information due to sensitivity 

differences, which makes EEG data suitable to include in the MEG data analysis. MEG has 

been shown to be mainly sensitive to current directions that are more tangential to the head 

surface whereas EEG has been shown to be more sensitive to sources that are radial to the 

head surface (Ahlfors, Han, Belliveau, & Hämäläinen, 2010). 

Other bioelectrical waveforms can be recorded such as electrocardiography (ECG), 

electromyography (EMG) and electrooculography (EOG) for supporting the validation of the 

collected MEG data. For example, the magnetic fields generated by the heart or skeletal 

muscles are several times higher in magnitude than the magnetic fields generated by 
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neuronal activity, and are consequently important sources of errors (Hämäläinen, Hari, 

Ilmoniemi, Knuutila, & Lounasmaa, 1993, ss. 420-421). 

2.2.1.3. Head Localization 

In order to enhance the interpretation of the recorded magnetic fields, it is crucial to know 

the exact head position relative to the MEG helmet (Bagic, Knowlton, Rose, & Ebersole, 

2011, s. 1). The head localization is important for two reasons; first to reduce errors caused 

by head movements during the recording, and second to correctly visualize the assumed 

sources of recorded activity in the 3D brain (Bagic, Knowlton, Rose, & Ebersole, 2011).  

There are a number of methods for head localization during data acquisition. One 

common example is to use head position indicator coils and external fiducials (Bagic, 

Knowlton, Rose, & Ebersole, 2011). The head indicator coils are placed on the patient head 

before the recording. The positions are then detected by the MEG thanks to generation of 

magnetic fields from the coils. The position of the head indicator coils are also defined with 

respect to the position of fiducials. These fiducials are anatomical landmarks with common 

positions between the eyes and above left and right ear respectively2. Based on 1) the 

position of the fiducials with respect to the head indicator coils and 2) the position of the 

head indicator coils with respect to the MEG helmet; the positions of the fiducials with 

respect to the MEG helmet can be provided. Based on this knowledge, a coordinate system 

can be created for the MEG image so that it can be co-registered with for example MRI 

(Bagic, Knowlton, Rose, & Ebersole, 2011, s. 1). 

2.2.2. MEG Data Analysis 

2.2.2.1. User Environment and Objectives in MEG Data Analysis 

During the MEG data analysis, the collected data from the 

acquisition is analyzed by a neurophysiologist with a 

specialization in MEG, see Figure 3. By means of specific MEG 

data analysis software, the objective is to present the results 

from the MEG recording to clinical end-users. The MEG data 

analysis can be divided into signal space analysis and source 

space analysis which are described below. 

Figure 3. Usage in MEG data analysis software, Source: Elekta 

2.2.2.2. Signal Space Analysis 

The signal space analysis is performed by visual inspection of the time series of the recorded 

data, see Figure 4. Artifacts in the recorded signal are identified by comparing the MEG data 

to simultaneously recorded bioelectrical data. The signal can be filtered and averaged over 

time in order to reduce both internal noise such as bioelectric activity in the body, and 

external noise such as magnetic background activity around the MEG device (Taulu, Simola, 

                                                           
2
 Anatomically correct description of fiducial placement is on nasion, left preauricular point and right 

preauricular point. 
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& Kajola, 2005). Specific MEG channels with low quality recordings can also be discriminated 

from further analysis (Tanaka & Stufflebeam, 2014, s. 3). 

Spontaneous Epileptic Activity Analysis 

Epileptic activity is detected as spikes (increase in gamma-band power ~40Hz) in the MEG 

signal. The MEG analyzer aims to identify the spikes and to validate if they are really due to 

epileptic activity. When the activity of interest has been identified, assumptions on the 

epilepsy sources are made based on the temporal and spatial behavior of the activity. 

Evoked Field Analysis 

In localization of the eloquent cortex, the aim is to define the location of the active volume 

during performance of a task. The recorded evoked fields can be averaged over a number of 

repetitions of a task (Bourguignon, o.a., 2011). 

Sensor Array Maps  

Sensor array maps are commonly used to provide a two-dimensional (2D) overview of the 

MEG channel positions in the helmet during the signal space analysis. Figure 5 shows such a 

sensor array map, representing each recorded magnetic waveforms at each channel in the 

MEG helmet during a selected time interval (Niranjan, Laing, Laghari, Richardson, & 

Lunsford, 2013). 

Topographic Field Maps 

The recorded magnetic field can be visualized as topographic fields on a 3D model of the 

sensor array, see Figure 6. Following the classical right-hand rule in electronics, the 

topographic field map represents the density of magnetic flux through the head surface 

while the arrow represents the direction of the detected current source component 

(Hämäläinen & Ilmoniemi, 1994, s. 36). However, it is important to note that the measured 

magnetic fields are results of synchronized neuronal activity. Hence the direction of activity 

represents the net direction after super positioning of individual neuronal currents. 
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Figure 4. Recorded  waveforms of interictal activity in each channel from MEG, EEG and EMG over time. Image Source: 
Ritva Paetau, BioMag Laboratory in Helsinki, Finland 

 
 

   
 
Figure 6. 
Topographic field maps of 
interictal activity at two 
time instants during a MEG 
recording. Image Source: 
Ritva Paetau, BioMag 
Laboratory Helsinki 
Finland.  

Figure 5. Sensor array map representing recorded MEG 
waveforms at each channel for a short time period, Image 
source: Niranjan, Laing, Laghari, Richardson, & Lunsford, 
2013 
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2.2.2.3. Source Space Analysis 

When the epileptic activity has been identified, the next question to answer is from where 

the activity is generated in the 3D brain. In other words, the activity of interest is localized in 

the source space. However, there is no unique solution to this problem. The recorded 

magnetic field distribution at the head surface can be generated by an infinite number and 

combination of sources in the brain (Hämäläinen & Ilmoniemi, 1994), (Hämäläinen, Hari, 

Ilmoniemi, Knuutila, & Lounasmaa, 1993, s. 430). Commonly used source models to solve 

this problem are described below. In source space analysis for clinical practice, the head is 

usually represented as a single sphere, which volume has been derived from MR images of 

the patient head (Bagic, Knowlton, Rose, & Ebersole, 2011). 

Current Dipole Modeling 

Current Dipole Modeling is widely used for the MEG data analysis in source space (Mosher, 

Lewis, & Leahy, 1992). The model represents the maximum-likelihood estimation of the 

source that is responsible for the recorded magnetic fields. The solution is called equivalent 

current dipole (ECD) and is represented in terms of magnitude, position and direction in the 

3D head model (Hämäläinen, Hari, Ilmoniemi, Knuutila, & Lounasmaa, 1993, s. 434). The 

magnitude represents the current dipole moment. The direction represents to where the 

current source is heading in a specific time instant. The direction is usually called “dipole 

orientation” and is visualized as a line from the dipole indicating the direction to where it is 

heading in that specific time instant. Both the magnitude and dipole orientation can be used 

for validating the chosen dipole model (Tanaka & Stufflebeam, 2014, s. 1). Examples of 

equivalent dipole models are shown in Figure 7. When creating the MEG images shown in 

the figure, the neurophysiologist has used MEG data analysis software to represent the type 

of activity with color- and shape-coding. Blue dipoles represent functional activity generated 

from the primary sensory cortex (triangle) and from the primary motor cortex (circle), while 

red dipoles represent the sources of epileptic activity. 

Based on the assumptions on the neuronal activity that were made in the signal space 

analysis, the neurophysiologist can apply specific current dipole models to better fit the 

data. For example, several simultaneous sources can be assumed to be spatiotemporally 

correlated (multidipole models), or to be temporally independent from each other (single 

equivalent current dipole models) (Hämäläinen, Hari, Ilmoniemi, Knuutila, & Lounasmaa, 

1993, s. 436).  

A)   B)  
Figure 7. Dipoles integrated on MRI, image source: Ritva Paetau, BioMag Laboratory Helsinki Finland 
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Confidence Indicators for Current Dipole Models 

Various reliability statistics can be used to validate how well the source solutions provided 

by the model concord to the recorded MEG data. Examples are confidence volume, 

correlation coefficient and goodness of fit (GOF). The confidence indicators can be used for 

defining confidence thresholds for acceptable source models. However, these indicators 

depend on the selection of MEG data onto which the model is applied. Furthermore, since 

the MEG signal increases when activity is spread or propagates, the time instant with best 

signal-to-noise ratio (SNR) might not always be the most relevant to model in clinical 

practice (Tanaka & Stufflebeam, 2014, s. 2). 

Other Source Models 

Also other source models than current dipole models exist for analysis of MEG data. It is 

stated in clinical guidelines however, that other models are not widely accepted for clinical 

practice and should always be accompanied by current dipole models (Bagic, Knowlton, 

Rose, & Ebersole, 2011, s. 5). Among other source models are mentioned current source 

density distribution models and beamformer models (Bagic, Knowlton, Rose, & Ebersole, 

2011, s. 5). 

 Current distribution modeling is not based on the same assumptions on the activity 

behavior that are required in current dipole modeling (Tanaka & Stufflebeam, 2014, s. 2). 

One way of modeling the source current-distribution is by minimum-norm-estimation (MNE) 

(Tanaka & Stufflebeam, 2014, s. 3). An example visualization of MEG data with current-

distribution modeling is shown in Figure 8. The scientific paper from where the figure is 

taken uses a head model representing the cortical surface which has been derived from the 

patient’s MRI. 

Beamformer is a technique of spatial filtering (Van Veen, Van Drongelen, Yuchtman, & 

Suzuki, 1997) (Brookes, o.a., 2008). Beamformer is based on the sum of weighted signals 

from each sensor in the sensor array of the MEG. Hence, the accuracy of the technique 

depends directly on the accuracy of the weighting factor that is used (Brookes, o.a., 2008, s. 

1788). Another way to describe the beamformer technique is that data from the signal is 

filtered based on predetermined spatial characteristics (Brookes, o.a., 2008, s. 1788). The 

technique has been used in several recent studies (Miao, o.a., 2014) (Bourguignon, 

Jousmäki, Marty, & Wens, 2013) (Bouet, o.a., 2012). 

Lateralization Analysis 

The recorded activity can be analyzed in order to determine what side of the brain the 

activity is located to. For this purpose, a laterality index can be calculated based on the 

differences in number of activity sources for each hemisphere of the brain (Maestú, Ortiz, & 

Fernandez, 2002, s. 1581). 

Connectivity Analysis 

Epilepsy is a network’s disease related to increased excitability and hyperconnectivity 

between brain regions (Burgess, 2011). By connectivity is here meant functional and 

effective connectivity. Functional connectivity is the statistical correlation of activity across 
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brain regions (Burgess, 2011). Effective connectivity is the influence of one brain region on 

another (Burgess, 2011). Anatomical connectivity refers to for example diffusion tensor 

imaging (DTI) which is based on MRI (Burgess, 2011).  

Time-Frequency Analysis 

Oscillations of activity in the brain can be studied based on time-frequency transformation of 

the recorded MEG data (Alkawadri, Krishnan, Kakisaka, & Nair, 2013). For frequency analysis 

of non-stationary signals such as the neuromagnetic activity measured by MEG, the Morlet 

Wavelet transformation is suitable due to its advantages in time resolution. Frequency based 

analysis of MEG data has shown to have a value in localization of the seizure onset zone 

(Miao, o.a., 2014). The ordinary spike analysis is in a range of <80 Hz. With analysis in the 

frequency space, the magnetic waveforms can be studied on several frequency levels for 

example high-frequency oscillations (80-500 Hz). The MEG can hence be studied in signal 

space analysis in time-frequency diagrams, but also in the source space analysis (Miao, o.a., 

2014). However, further studies are required to validate the method further for usage in 

clinical practice (Alkawadri, Krishnan, Kakisaka, & Nair, 2013). High- and low frequency 

oscillation analysis is also mentioned in guidelines of MEG usage in clinical practice as “being 

currently investigated”. If proven valuable, it is stated that the method may become 

standard in future clinical practice (Bagic, Knowlton, Rose, & Ebersole, 2011, s. 351). 

Magnetic Source Imaging 

When the activity is localized in the 3D head model, it is integrated with structural images of 

the patient’s brain anatomy, normally MRI. The head localization indicators which were 

captured during the acquisition (see Section 4.2.1) are here used to provide anatomical 

guidance for the co-registration. The combination of MEG and MRI is called Magnetic Source 

Imaging (MSI) which hence provides both functional and structural information of the brain 

(Petite Jr & Song, 2008, s. 2). The MEG data analysis software is currently only compatible for 

MRI, EEG and MEG data. 

For a clearer understanding of the MEG data analysis, examples of clinical MEG reports 

are presented in APPENDIX. 

 

 
Figure 8. Current-distribution model with MNE for a 20ms time interval of a spike until the peak. The color-coding scale 
represents the source strength, Image source: “Clinical application of spatiotemporal distributed source analysis in 
presurgical evaluation of epilepsy”, Tanaka & Stufflebeam, 2014, Figure 4, page 4 
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2.3. Treatment Planning Software 

As described in Section 1.1, this study aims to provide deeper knowledge of MEG data usage 

in treatment planning. The compatibility of MEG images in treatment planning software has 

not been officially announced. For that reason, this section contains an introduction to the 

general user environment of treatment planning software. Furthermore, at the prospect of 

investigating feasibility to satisfy clinical end-user needs with respect to MEG data 

visualization, a brief overview is given of the framework of Elekta’s stereotactic surgical 

planning software. 

2.3.1.1. User Environment and Objectives for Treatment Planning Software 

The user objective for treatment planning software is to create a plan for a prospective 

surgical procedure, see Figure 9. The plan can include coordinate specifications of a target 

and the pathway to reach the target. The software output is a data file or a protocol for 

print-out. The plan can hence be used directly in the operation room by either physicians or 

by intra-operative systems such as radiosurgery systems. 

There is a wide range of commercial software on the market. Some are specifically 

developed for stereotactic surgery and others for resective surgery. In stereotactic surgery, 

the instruments are initiated from a stereotactic frame which is fixed to the patient’s skull. 

The frame can be used for diagnostic purposes such as depth electrode EEG recordings and 

biopsies, or for therapeutic purposes such as deep brain stimulation (DBS) or gamma-knife 

radiosurgery. 

2.3.1.2. Software Framework 

Framework of Data Import 

In Elekta’s stereotactic planning software, translation to a stereotactic coordinate system is 

crucial for planning the exact angles and positions in the frame. Since it is possible in 

modalities like MRI and CT to examine the patient with the stereotactic frame already 

attached to the skull, the images can be directly presented in the stereotactic coordinate 

system. Images provided without the stereotactic frame however, need to be transformed. 

The transformation can be performed by co-registration with a 

frame based image. Co-registration is also possible between two 

frame-less images if they have the same frame of reference. 

The stereotactic software is compatible for import of CT, MRI, 

PET and X-ray films such as AI (Angiography). The software can 

only support DICOM files. Moreover, rgb files are not supported. 

Consequently, only DICOM files with pixel intensities in a black-

white scale can be imported. In addition to image import, the 

software can read text files with comments, which are gathered 

together in a comment field. 
Figure 9. Usage of treatment planning software, Source: Elekta 
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Framework of Usability after Import 

Images from non-structural imaging modalities which do not provide anatomical information 

need to be merged with anatomical images before they are imported to the stereotactic 

planning software. Consequently, it does not need to be MRI, but is theoretically possible 

with CT or any other structural image with defined fiducials for co-registration. 

At the prospect of MEG data visualization, four types of functions are here described that 

are provided by the current software. First, by means of a mixing function, the user can 

manually set the mixing between two images, see Figure 10. The mixing is only for 

visualization i.e. the function does not create a third image from the two mixed images. 

Second, the software provides functions to draw regions of interests on imported images. 

This creates 3D objects from the marked regions. The contour function allows marking of the 

intensities of interest in the gray-scale of the image to be included in the created object. The 

object can further be visualized in four ways; as wire, mesh, solid or lucid, see Figure 11. 

Third, functions are provided to modify the contrast of imported images. Finally, functions 

are available to draw resection regions, either manually or by semi-automatic segmentation. 

 

 

  

Figure 10. Screenshot from Elekta’s SurgiPlan to modify mixing between two fused images, Source: Elekta 

Figure 11. Options in Elekta’s SurgiPlan to visualize contour objects, 
Top left: wire, Top right: mesh, Bottom left: lucid, Bottom right: solid 
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3. MATERIALS AND METHODS 

The following section aims to present the working process and the resources used for the study. 

3.1. Study Set-Up 

The working process of the study was divided into; problem analysis, environment 

orientation and interviews, specification and validation, and feasibility analysis. The work 

flow is graphically presented in Figure 12. 

First, the problem analysis aimed to analyze how the main question of the study was to 

be answered. Second, environment orientation and interviews aimed to collect sufficient 

knowledge for being able to answer the main question. Third, by specifying and validating 

collected knowledge, the main question could finally be answered. A fourth step was also 

performed to investigate how the answer may be used. 

In the following sections, the execution of the study is described step-by-step, in terms of 

materials and methods that were used. 

 

1. Problem Analysis 2. Environment 
Orientation  

and Interviews 

3. Specification  
and Validation 

4. Feasibility 
Analysis 

 

 
   

 
   

 
 

 

 

 

   

Figure 12. Schematic view of the study set-up. Note from the author: The work flow during the study was not as step-
wise as is shown in the schematic view. 
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3.2. Problem Analysis 

3.2.1. Formulating Partial Questions 

The broad main question was divided into more specific partial questions. In this way, the 

study could be executed in a structured manner investigating first, what MEG data is 

clinically relevant for end-users and second, how this data is preferred to be visualized. 

3.2.2. Identifying Sources 

After formulating the partial questions, the sources of information were identified in regard 

to what the study scope allowed. First, literature sources such as peer-reviewed articles and 

books were identified. The selection was based on relevance i.e. number of references in 

other articles. Furthermore, MEG sites with high experience were identified based on 

installation year of the first MEG device and the already established contact with Elekta. 

Relevant clinical congresses were also defined as valuable sources of information. Finally, 

company documents and eCourses were detected for further background orientation. 

3.2.3. Literature Review 

A comprehensive literature review was performed in order to understand the study context. 

The literature review included the clinical value, limitations and future potentials of MEG in 

presurgical evaluation of epilepsy. Recent scientific papers were reviewed containing 

evaluations of new potential methods of MEG data modeling. Furthermore, documentation 

from the MEG R&D at Elekta Oy in Helsinki was reviewed for an overview of the technical 

background of MEG (Hämäläinen, Hari, Ilmoniemi, Knuutila, & Lounasmaa, 1993) (Petite Jr & 

Song, 2008). For the same purpose, scientific papers comparing different imaging modalities 

were reviewed.  

Key-words for selecting scientific papers were “Magnetoencephalography”, “Presurgical 

Evaluation”, “Presurgical Assessment”, “Epilepsy Surgery”, “Epileptic Foci”, “Seizure Onset” 

and “Functional Mapping”. Only literature written in English was accepted. The electronic 

library of the Royal Institute of Technology was used for searching papers 

(http://www.kth.se/en/kthb). For a deeper understanding of the field of surgical evaluation 

of epilepsy, relevant text books were reviewed, selected in professional guidance at the 

Karolinska Institute Library, Solna (Rosenow & Lüders, 2004). 

3.2.4. Planning the Approach 

In order to plan the study approach, various methodological articles and interviewing 

guidelines were reviewed (Pope, Ziebland, & Mays, 2000) (Höstgaard, Bertelsen, & Nöhr, 

2011) (Liberatore & Nydick, 2008) (Gottesdinner, 2005). Moreover, supportive meetings 

were held at Royal Institute of Technology to discuss methodology in interviewing 

techniques and requirements engineering, and to receive valuable tips for further reading. A 

visit to Elekta Oy in Helsinki Finland during the problem analysis step gave valuable 

opportunities to discuss the problem. 

  

http://www.kth.se/en/kthb
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3.3. Environment Orientation and Target Group Interviews 

3.3.1. Sample Selection 

At the prospect of answering the study main question, knowledge was collected through 

contacts with 17 subjects related to ten MEG sites in eight countries. The research period 

lasted from May 2014 until September 2014.  

Subjects were defined as end-users who, during the time of the study had access to a 

MEG site for presurgical evaluation. Interviewing templates are presented in Appendix. 

Selected clinical sites are listed in Table 1. The author had the opportunity of face-to-face 

communication with clinical users within presurgical evaluation of epilepsy during the events 

listed in Table 2. Meetings were also performed over telephone, see Table 3. Additionally to 

the MEG sites that were recommended by Elekta, random selection of general sites was 

based on whom the author established contact with during the congresses. Due to time 

limitations for the current study however, only contacts that were willing and available to 

participate are included in the study, which restricts the sample selection to chance 

selection, described in Section 1.4. The following sections describe the methods to 

understand the user environment, and to perform interviews with end-users. 

Contacting 

In order to keep track of all the contacts that were established or recommended by others to 

be established, a table was created with Microsoft Office Excel. The table was used by the 

interviewer as an overview of up to 50 contacts in terms of country, MEG site, role, name, 

contact source and status. By contact source is meant the person who recommended the 

contact or the event that brought the interviewee to meet the contact. The state of the 

contact was continuously updated from “ok to be contacted” to “contacted”, ”scheduling” 

and “interviewed”. Except for the contacts that the author had already met during 

congresses, supervisors at Elekta first questioned potential subjects if they were willing to 

participate in the study. 

Table 1. The sites included in the study are here presented by their location and year of installation of the MEG device. 
The year of installation is based on the very first installation of any version of a MEG device. Source: Elekta 

Site Continent Country Installation Year 

A Asia Japan 1987 

B North America USA 2002 

C North America USA 2006 

D North America USA 2008 

E Europe Spain 2000 

F Europe Belgium 2007 

G Europe Finland 1992 

H Europe UK 1999 

I Europe Germany 2010 

J Europe Sweden 2014 
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 Table 2. Events providing face-to-face contacts with target group 

 

Table 3. Date, type and duration for direct contacting with subjects during the research period 

Site Role Date Contact Type Duration 

K MEG Director May 20 Face-to-face 1h 

G Neurophysiologist June 2 Face-to-face 4h 

G Neurologist June 2 Face-to-face 2h 

G MEG Director June 2 Face-to-face 2h 

G Neurosurgeon (1) June 4 Face-to-face 1h 

D MEG Director and Neurophysiologist June 30 Face-to-face 2h 

I Neurologist July 1 Face-to-face 1h 

A MEG Director and Neurophysiologist July 1 Face-to-face 0,5h 

I Neurologist July 2 Face-to-face 0,5h 

A MEG Director and Neurophysiologist July 2 Face-to-face 0,5h 

H Neurosurgeon July 4 Face-to-face 0,5h 

A Neurosurgeon July 4 Face-to-face 0,5h 

C MEG Director and Neurophysiologist July 11 Telephone 1h 

H Neurosurgeon July 17 Telephone 1h 

B MEG Director and Neurologist July 22 Telephone 1h 

F MEG Director and PET Physiologist July 24 Telephone 2h 

E MEG Director July 29 Telephone 1h 

G Neurosurgeon (1) Aug 19 Face-to-face 0,25h 

G Neurosurgeon (2) Aug 19 Face-to-face 1h 

G MEG Director Aug 20 Face-to-face 0,5h 

G Neurologist Aug 21 Face-to-face 2h 

K Neurosurgeon Aug 27 Face-to-face 3h 

K Neurologist Aug 27 Face-to-face 3h 

F MEG Director and PET Physiologist Sept 16 Face-to-face 1h 

F Neurophysiologist Sept 16 Face-to-face 2h 

  

Time Period Event Location 
 

June 1-4 Study Visit Site G 

June 30-July 3 11th European Congress of Epilepsy Älvsjömässan, Sweden 

July 4-5 Pediatric Epilepsy Surgery Meeting Gothenburg, Sweden 

August 20-22 Study Visit Site G 

August 27 Study Visit Site K 

September 16 Study Visit Site F 
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3.3.2. Environment Orientation 

Meetings 

In order to provide an orientation to the target group environment, meetings were held with 

MEG directors to discuss the role of MEG locally at the site. The clinical work flow in 

presurgical evaluation of epilepsy was further investigated during discussions with MEG 

directors, neurophysiologists, neurologists and neurosurgeons. 

Congresses 

Two clinical epilepsy congresses were attended. First, the 11th European Congress of Epilepsy 

was an excellent opportunity to receive a general orientation on epilepsy treatment. Despite 

the name, clinicians attended from all over the world, which led to established contacts with 

MEG directors, neurophysiologists and neurologist in Asia, North America and Europe. The 

second congress; the Pediatric Epilepsy Surgery Meeting in Gothenburg provided a more 

specific orientation within the field of surgical treatment of epilepsy. With the majorities of 

the attendees being pediatric epilepsy neurosurgeons, first contacts could be established 

directly with this target group. Additional orientation was gained during seminars where 

specific highlights or problems were presented by the neurosurgeons. The terminology and 

chosen way to present the information to each other provided a first glimpse of the end-user 

needs for information in surgical treatment planning of epilepsy. 

Study Visits 

Study visits were performed at sites F,G,J. The visits gave the opportunity to observe the 

work flow of the acquisition and analysis step (site G), a multidisciplinary meeting for 

presurgical evaluation (site J) as well as the user environment of software for analysis and 

planning (site F). The visited sites were selected for a broad variation of MEG experience in 

order to investigate how the clinical routines and needs vary among different sites. The 

selection of sites for study visits were however restricted by the resources for the study, 

limiting the traveling to be within Europe. 

3.3.3. Interviews 

Semi-structured interviews were performed with clinical end-users listed in Table 3. In order 

not to miss any important insights, the interviews where based on broad, open questions. 

The interviews covered the values and drawbacks of MEG in clinical practice. This provided a 

broad overview of what type of MEG data is clinically relevant and how it is preferably 

visualized. 

For supporting the communication about visualization, various MEG images were 

collected from the literature study and added to the interviewing material. The method was 

found to be valuable in finding a common denominator between interviewer and 

interviewee. Yet another way to enhance the communication was found to be by means of 

pen and paper. The interviewee was asked to draw illustrations to clarify what was said 

during the discussion. The drawings also helped the interviewer to better remember the 

meetings afterwards.  
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Since neurosurgeons were defined as the users of treatment planning software, the 

values of quality attributes for visualized data were discussed specifically during interviews 

with these subjects. For feeding the discussion further, the subject was asked to express his 

thoughts while distributing money on quality attributes presented as pizza slices, Figure 13. 

The interviewer had recent experience from this method from a project during a course in 

requirement’s engineering at the Royal Institute of Technology. The method can form the 

basis for prioritizing of user requirements. For example, requirements that are related to 

quality attributes with high value among users can be given high priority. In the current 

study however, it was early realized that knowledge would not be gained enough to permit 

realistic prioritization of requirements. Instead, the method aimed to provide better 

understanding of how user requirements can be gathered efficiently in future studies. In 

order to avoid interpretation errors, a rough description of the attributes was presented to 

all interviewees. The subject’s comments during the performance of the task were noted.  

 
Figure 13. Extraction from interview template illustrating the task to define the value of quality attributes  
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3.4. Specification and Validation 

3.4.1. Specifying User Needs 

Documenting Interview Results 

The results from interviews were documented in three levels of details, described below. 

First, the raw manuscripts from each interview were documented. In order to avoid 

interviewer bias, only the subject’s own words were documented in this version, based on 

the taken notes or audio recordings during the interviews. The intent was to document the 

manuscripts as soon as possible after the interview. An advantage with the storage of raw 

interview material was that the interviewee could interpret the interviews in a different way 

several weeks later when more knowledge had been gained within the study field.  

Second, the manuscripts were rewritten and structured after topics. In this version, the 

interviewer allowed herself to reformulate the rough manuscripts to more describing texts 

to make the interview result more understandable for other readers, e.g. supervisors. 

Finally, a single document was created to provide an overview of all interview results. The 

level of detail in this document was low; only a few sentences per interviewee for each topic. 

Among all the interview results, the document was used as guidance when writing the 

report to remember who said what and to know in what documents to find more details. 

Analyzing Results 

When the interview results had been documented in multiple detail levels, the next task was 

to evaluate the results to see if any patterns of user needs could be found among roles, MEG 

sites and countries. The user needs were then divided into general needs and varying needs. 

By general needs is meant common needs among users, while by varying needs is meant 

needs that differ among patient cases, MEG sites and countries. 

Modeling 

Established modeling tools were used to create work flow descriptions (Gottesdinner, 2005). 

Due to time limitations, the work flow was chosen to only represent one site (site G). The 

purpose of the model is to present an example to support the reader to easier understand 

the study context. The model is approved by the neurologist at the site. 

3.4.2. Defining Sources of Errors 

Meanwhile specifying and validating user needs, the potential sources of errors were 

analyzed. The analysis resulted in continuous refinement of the interviewing technique in 

order to increase the validity of the interview results. Despite the short time schedule, one 

revisit could be performed for validation of previous results based on the gained knowledge 

and refined interviewing technique. The revisit was made to the site were the very first 

interviews had been performed. 
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3.5. Feasibility Analysis 

3.5.1. Defining Software Framework 

The feasibility analysis aimed to investigate how Elekta can satisfy general end-user needs in 

treatment planning with respect to MEG data visualization. First of all, Elekta’s eCourses for 

customers were taken to understand the software functions and features. Additional 

discussions were held with e-learning managers and product managers for Elekta’s 

treatment planning software for neurosurgery. Furthermore, for understanding the potential 

of export from Elekta’s MEG data analysis software, meetings were held with software 

managers from Elekta Oy, and with clinical users of the software. 

3.5.2. Collecting Snapshots of MEG Import 

The feasibility of satisfying clinical end-user needs with current treatment planning software 

was first analyzed on a general level. For this purpose, screenshots were collected from 

software via providers of other treatment planning software, and via clinical users. By 

studying the screenshots, the potential of treatment planning software to import MEG data 

could be investigated. 

3.5.3. Identifying Solutions to Satisfy Needs 

The feasibility of satisfying clinical end-user needs with Elekta’s treatment planning software 

was thereafter analyzed on a more detailed level. Based on the defined framework of 

Elekta’s software, brainstorming was performed to identify solutions to satisfy clinical end-

user needs with respect to MEG data visualization. With support from product managers, 

tests were performed to evaluate the identified solutions. 
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4. RESULTS 

The following section presents the found needs of clinical end-users with respect to MEG data 

visualization. Sources to the results are presented with parenthesized references. The MEG sites are 

identified with the letters presented in Table 1, Section 3.3. For example (X,Y) after a statement 

means that the statement has been confirmed by one or more subjects belonging to site X and one or 

more subjects belonging to site Y, with respect to what is fact locally at the site. 

4.1. Specification of User Needs 

4.1.1. Refined View of MEG Usage 

The usage of neurophysiologic data in presurgical evaluation was found to follow a four step 

process rather than three; data acquisition, data analysis, decision making and planning. The 

study findings are specified in Table 4 regarding the general user roles, objectives and 

questions in MEG usage. Based on the specific objectives, clinical end-users clearly expressed 

different needs for neurophysiologic data for the decision making and planning in presurgical 

evaluation of epilepsy (F,G,H,J).3 

 

 

 
 
 

 
 
 
 

   

Main Role Technologist Neurophysiologist Surgical Team Neurosurgeon 
 

Objective Perform Recording Provide Results to 
Clinical End-users 

Hypothesize Epileptogenic 
Zone 
Define Eloquent Cortex 

Create Surgery Plan 

Question Signal Errors? 
Enough Data? 
Patient Status? 
 

Reliable? 
Interesting? 
Conclusions? 

Operate or not? 
Where to operate?  
Where to investigate more? 

How to reach target? 
What resources for the 
surgery? 
 

Table 4. General specification of user roles, objectives and questions for MEG usage in presurgical evaluation of epilepsy 

4.1.1.1. Objectives of MEG Usage 

As described previously, the acquisition of MEG data aims to perform the recording. In the 

MEG data analysis, the recorded magnetic waveforms are analyzed in order to provide the 

results to clinical end-users. The MEG data analysis is performed close to where the 

acquisition of the MEG data is performed (D,F,G,J). The two following steps however, can be 

performed at another hospital. The reason is that several hospitals in a country can use the 

same MEG device (F,G,H). Patients can also be sent from other countries (F,G). The usage 

illustrated in Table 4 is based on user objectives rather than time. The reality might not be as 

step-wise which can be seen in the clinical work flow description for site G in Appendix. The 

study findings of objectives in the decision making and planning are described below. 

                                                           
3
 The reason for the general term neurophysiologic data instead of MEG data is that one site (J) has not yet 

used MEG in the presurgical evaluation. The results for this site represent the general procedure for using 
neurophysiologic data such as EEG in presurgical evaluation of epilepsy. 

MEG Data 
Acquisition 

  MEG Data 
Analysis 

Decision  
Making  

Making 

   Planning 

Presurgical Evaluation 
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User Objectives in Decision Making 

The decision making aims to evaluate what region of the brain to resect. Data from 

diagnostic tools are collected and compared in order to 1) formulate a hypothesis of the 

location of the epileptogenic zone and 2) evaluate the risks of post-surgical complications. 

MEG is used to localize the seizure onset zone and irritative zone to support the hypothesis 

of the epileptogenic zone (A,B,C,D,E,F,G,H,I). MEG is also used to localize the eloquent cortex 

to evaluate post-surgical functional deficits (C,D,E,F,G).  

The decision making of what tissue to resect is never based on results from one diagnostic 

tool only (B). The comparison between functional, structural and metabolic neurophysiologic 

data is necessary to define the different cortical zones that are involved in presurgical 

evaluation of epilepsy (F,G,I). Diagnostic tools that were mentioned to be currently used in 

the decision making are MRI (A,B,C,D,E,F,G,H,I,J), MSI (A,B,C,D,E,F,G,H,I), scalp EEG and iEEG 

(A,B,C,D,E,F,G,H,I,J), fMRI (E,F,G), PET (B,F,G,H), SPECT (B,G,H), DTI (J), and nTMS (G). Due to 

financial and operational factors that are limiting the MEG usage in clinical practice, MEG is 

currently most used when results from other diagnostic tools are diffuse and additional 

information is needed (D,E,F,G,H). For example, MEG is not ordered if the EEG shows 

concordant results to the structural imaging modalities in the epileptogenic lesion (D,G). 

MEG has a high clinical value in nonlesional epilepsy. The highest clinical value of MEG 

was found to be in focal cortical dysplasia, especially type 1 (A,B,C,D,E,F,G,H,I). The reason is 

that the MRI results are usually diffuse and difficult to interpret in these cases 

(A,B,C,D,E,F,G,H,I). MEG is considered to have a clinical value to locate the seizure onset and 

irritative zones and thereby, to guide the radiologist when studying results from the MRI (B).  

At sites where invasive EEG recording is the golden standard, the objective of MEG usage 

is to locate the brain regions one should continue to investigate with iEEG (G,H). MEG can 

hence contribute to reduce the number of invasive electrodes (D,G,H). One example where 

MEG guidance is valuable is the frontal lobe which was described as the “pacific ocean” due 

to its large area (H). 

User Objectives in Planning 

The planning aims to set the details of the surgical procedure e.g. how to reach the target 

and what resources to use. By resources are meant instruments and tools that will be used 

during the surgical procedure (A). The created treatment plan can be used as guidance in the 

operation room (H,G). If indirect or less sensitive tools are used in the evaluation however, 

the surgeon cannot decide precisely what will be the procedure and will need intra-

operative tools or awake surgery (F). 
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4.1.1.2. Roles of MEG Usage 

General roles in the usage of MEG data are technologist for data acquisition, 

neurophysiologist for data analysis, surgical team for decision making and neurosurgeon for 

planning (A,B,C,D,E,F,G,H,J)4. The latter are described below. 

User Roles in Decision Making 

After the analysis step, the neurophysiologist summarizes the results in a clinical MEG report 

which is presented to the surgical team (B,E,F,G). The report can be created by general tools 

such as Microsoft Power-Point (G) or Microsoft Word (F). The report contains exported 

images from the MEG data analysis software together with written analysis and conclusions 

(F,G). The surgical team includes neurologists, neurosurgeons, neurophysiologist and 

radiologists (G,J,F). Additional members such as neuropsychologists may be included (G,J). A 

consensus in the surgical team is always made before surgery (B,F,G,J). Based on these 

results, all members of the surgical team are interpreted as clinical end-users in the decision 

making step. 

The involvement of surgical team members in the direct usage of MEG was found to vary 

between sites. Some sites have a clearly defined member of the surgical team who is in 

charge of the decision making step i.e. directing surgical team meetings and ordering data to 

be collected. At some sites, this member is the neurologist (G,J) and at others it is the 

neurosurgeon (A,F). 

User Roles in Planning 

The planning is performed by the neurosurgeon that is responsible for the surgical 

procedure (A,B,C,D,E,F,G,H,J). The treatment plan is then presented to the surgical team for 

validation. Depending on the surgical procedure that will be performed, the plan is validated 

by all members of the surgical team during multidisciplinary meetings (F,G) or by the 

neurologist in the operation room just before surgery (G). 

The role of the neurosurgeon was found to vary depending on the clinical profile of the 

site. Some sites had specialized neurosurgeons within epilepsy (A,D,F,H,J). Other sites had 

general neurosurgeons performing surgical treatment in several indications (G).  

The communication between the neurosurgeon and the rest of the surgical team was also 

found to vary. The data analysis and planning are at some sites performed in the same 

computer hall, which enables direct contact between neurosurgeons and neurophysiologists 

(F). At sites where the neurologist is in charge of the decision making however, there is less 

communication between the neurophysiologist and neurosurgeon (G). The neurosurgeon 

can be working close to neurologist with several years of experience together (J).  

                                                           
4
 Roles in presurgical evaluation were not mentioned during contact with site I 
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4.1.2. General User Needs 

Clinical end-user needs with respect to MEG data visualization were found to differ between 

the steps of MEG usage in presurgical evaluation of epilepsy (F,G,H,J). This section specifies 

the study findings of clinical end-user needs with respect to MEG data visualization. Based 

on the partial questions of the study, the needs are divided into clinical relevance and 

visualization preferences. An overview of clinical end-users’ general needs is presented in 

Table 5, which is an extension from the table in the previous section. 

 

 

 
 
 

 
 
 
 

   

Main User Technologist Neurophysiologist Surgical Team Neurosurgeon 
 

Objective Perform 
Recording 

Provide results to 
clinical end-users 
 

Hypothesize location of EZ 
Define EC 

Create Surgery Plan 

Question Enough Data? Reliable? 
Interesting? 

Where to operate?  
Where to investigate more? 

How to reach target? 
What resources? 
 

Relevant Data   Location of Activity Origin 
Activity Type 
Activity Direction 
Confidence Indicators 
Propagation 
Functional Connectivity 
Signal  Waveforms 
 

Location of Activity Origin 

Visualization 
Preference 

  Comparable 
Understandable 
3D Source Space 

Spatially Correct 
Simple 
Not hiding tissue 
 

Table 5. Extension of Table 5 specifying clinical end-users’ general needs for MEG data in terms of clinical relevance and 
visualization preferences. 

4.1.2.1. General User Needs in the Decision Making 

The complexity of deciding what brain region to resect in surgical treatment of epilepsy 

has been described in Section 2.1. The types of MEG data that end-users consider clinically 

relevant in the decision making are listed in Table 6. Worth to clarify, however, is that there 

is no situation in brain surgery where clinical end-users have too much information (B). 

Clinical end-users want to have all information available since when brain tissue has been 

resected, there is no turning back. The needs for each data type are described in the 

following sections. 

Relevant Data Type  Description 

Location of Activity Origin The spatial coordinates of a localized source of activity in the anatomy for an early time instant 

Lateralization The indication to what hemisphere the source of activity is detected 

Activity Type Information if the localized activity is ictal, interictal or generated from the eloquent cortex 

Activity Direction An indication of the direction of the synchronized currents generating the measured magnetic 
field e.g. dipole directions 

Confidence Indicators Confidence volumes, goodness of fit, signal-to-noise ratio etc. for applied models and filters 

Propagation The spatial coordinates of a localized activity source in the anatomy over a time period 

Presurgical Evaluation 

MEG Data 
Acquisition 

   MEG Data 
Analysis 

   Planning Decision 
Making 
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Functional Connectivity Statistical correlation of activity across brain regions 

Signal waveforms Filtered magnetic waveforms for each MEG channel over time 

Table 6. Relevant data for clinical end-users in the decision making step 

Location of Activity Origin 

Clinical Relevance 

The main value of MEG is considered to be the ability to directly localize the origin of 

epileptic activity i.e. the seizure onset and irritative zones (A,C,D,F,G,H). The location of the 

activity for time instants where the epileptic spikes begin is hence the most clinically 

relevant data from the MEG in the decision making step (A). Also localization of the motor 

cortex was considered valuable in epilepsy (E,F). Especially in the presence of slowly evolving 

tumors can the area of the primary motor cortex be extended due to plasticity processes (F). 

Visualization Preferences  

For localization of epileptic activity, the equivalent dipole modeling was found to be routine 

at most sites (A,B,C,D,F,G,H). Arguments for equivalent dipole modeling are that it is reliable 

and that everyone accepts it (B). The dipole models should always be available, desirably 

together with a number of additional methods (B).  

The visualization provided by analysis software for equivalent current dipoles and 

orientations is stated to be very good (A). The clinical MEG report should show very simple 

dipole displays (B). To enhance the 3D visualization, additional suggestions were that the 

dipoles might be better visualized as 3D objects (B). However, no further details were given 

on how to perform this.  

At one site, single ECD models are used sometimes but if the results are similar to 

Beamformer or MNE, these models are used instead (E). The main reason is that clinical end-

users prefer images that look more “real”, and also images that are more similar to fMRI (E).  

Other neurophysiologists state that it would be interesting to compare dipole models to 

MNE, but would not rely on beamformer (F). At one site, dipoles are considered valuable for 

localization, but it is preferable to know the real distribution of the epileptogenic zone (A). 

The study found that the value of current dipole models is highest when the activity is 

focal (A,F,G,H). If the activity is wide spread, single ECD models are considered to have less 

value (D). GMFT is an example of a model that is used when the activity is spread (A).  

Clusterectomy, described in Section 2.1.3, was considered difficult to apply as clinical 

routine since the definition of dipole cluster varies in different studies (D). Therefore, 

clusterectomy might be misleading due to the vague definition of the term (D). Hence, sites 

are currently working to define their own definition (D). At other sites, dipole clusters are 

only used for less complicated patient cases (A). The reason for this is the underlying 

difficulties with SNR (A). Also frequency analysis methods would be interesting to visualize 

the activity origin in the future (G,I).  

For localization of the eloquent cortex, corticokinematic coherence is used to calculate 

the peak in activity power during recording of evoked fields (F). 



42 
 

Lateralization 

Clinical Relevance 

Sometimes, the relevant information of the spatial location of activity is lateralization i.e. in 

what hemisphere the activity is detected (C,D,E,F). For example, MEG has a value to 

lateralize the language regions in order to confirm that they have not changed hemisphere 

(C,E). 

Visualization Preferences 

An example of how the lateralization was envisioned to be visualized was similar to a clock 

where the arrow begins at twelve, and then turns to point at quarter past for right dominant 

or quarter to for left dominant, or stays at twelve if the lateralization could not be 

determined (C). Some sites have developed a mathematical way for visualizing the 

lateralization. One site uses an index of lateralization which represents the degree of activity 

in each hemisphere (E).  

Activity Type 

Clinical Relevance 

At sites where MEG reports contain both ictal and interictal activity, as well as activity from 

the eloquent cortex, then information of activity type is relevant in order to distinguish 

between the results (B,C,F,G). 

Visualization Preferences 

An example of how activity type can be visualized is shown in Figure 7, section 2.2.2.3. Color- 

and shape coding is used routinely (F,G). Since the seizure onset and irritative zones are 

usually close to each other, they were preferred to be visualized in the same image, rather 

than in two separate images (B). This would be suitable in equivalent dipole models merged 

on MRI, but in distributive models it might be too colorful to have both in one image (B). 

Activity Direction 

Clinical Relevance 

The basics behind the direction of activity have been described in section 2.2.2.2. It was 

found that dipole orientation is clinically relevant to support the interpretation of the 

reliability of the MEG results from the analysis step (G,B). Dipole orientations are also used 

when dipoles are located at a sulcus in order to evaluate what side of the sulcus the dipole 

belongs to (A). 

Visualization Preferences 

Since dipole orientations are not always relevant to see, it was considered valuable with a 

switch on/off function for the visualization (A). 
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Confidence Indicators 

Clinical Relevance 

Confidence indicators are relevant for validation of the MEG data that is presented from the 

analysis step and hence for supporting the comparison to results from other diagnostic tools 

(A,B,D,G). However, the study found an uncertainty among neurosurgeons how to use 

confidence indicators due to the complexity underlying the MEG data (A,D,G). For example, 

when the activity spreads it is easier detected by the MEG simply due to the increased 

number of neurons generating synchronized activity (A). Since the SNR depends on the 

signal amplitude, the measured data would hence be shown as “less reliable” for the onset 

of activity compared to later time instants (A).  

Some neurophysiologists however, have chosen not to present confidence indicators in 

the clinical MEG reports (F). Clinical end-users are not considered to have enough 

background knowledge to be supported by the statistics (F). 

Visualization Preferences 

An example of how confidence indicators (the GOF) is presented to clinical end-users in the 

decision making step is given in the clinical MEG report from site G, see APPENDIX. 

In dipole modeling, the size of the dipole can be modified to represent the reliability. For 

example at one site, the dipole diameter is set to 30 mm for more reliable results and to 15 

mm for more diffuse results (A). However, modifying sizes might be psychologically 

problematic with a risk of misinterpretation by clinical end-users (D). The modification of 

dipole sizes to represent the reliability is by some neurophysiologists considered as similar to 

visualizing a dipole cluster (F). Dipole clusters however might be an advantage since they 

include more information than visualizing one big dipole (F). 

Propagation 

Clinical Relevance 

The time and spatial resolution, in combination with the ability to scan the whole brain 

simultaneously are important properties of MEG to enable studies of how the epileptic 

activity is propagated in the brain (A,B,C,F). Below are described three cases when 

propagation is valuable to study. 

First, if the MEG data shows simultaneous activity in several brain regions it might be an 

indication of several onset zones (A,G). Studying the propagation of activity is hence 

important to evaluate if the activity really has several origins or if there is one common 

origin (A,D). 

Second, propagation can be studied to validate the MEG data (C,D). Due to the low SNR of 

signals from early activity, the activity is sometimes not detected by the MEG data before it 

spreads (A,D). Consequently, if the MEG shows unique results compared to other diagnostic 

tools, propagation is studied to evaluate if the source models of the MEG data really show 

the activity origin (D). 
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Finally, the neuronal pathway through which activity has propagated is currently assumed 

from comparing the location of MEG dipoles between time instants of the recording (G). 

Since the speed of neuronal activity varies between different brain regions (for example, the 

spread is relatively quick over motor cortex), the difference in time between the instants can 

be used to assume what neuronal pathway the activity has propagated through (D,G). It was 

found that it would be valuable for clinical end-users to visualize the propagation between 

the time instants to confirm the assumptions (D,G). This knowledge can be supportive for 

decision making when considering disconnection (J). The purpose of the disconnection can 

be to avoid the spread of epileptic activity (A) or the generation of epileptic oscillations in 

the brain (J). 

Visualization Preferences 

In discussions about visualization preferences for propagation, the importance of usability 

was stressed. Having a film to visualize propagation over time was considered problematic 

because of the needs to pause at specific time instants (D). A time cursor was considered a 

more user friendly solution (A,D,G). Otherwise, the activity locations were suggested to be 

visualized in one common image with color-coding indicating the time dimension (B). 

Functional Connectivity 

Clinical Relevance 

Epilepsy is a network disease (E). At one site, the end-users are currently taught how to 

interpret functional connectivity maps in the source space. The interest for these maps is 

increasing among clinical end-users (E). This provides better understanding of the epilepsy 

network (E). At other sites however, connectivity would be relevant to use in the future, but 

needs more research to use in clinical practice (D). 

Visualization Preferences 

The visualization of connectivity is currently based on interconnecting lines between brain 

regions, indicating a correlation of neuronal activity (E). For example, if the epileptic activity 

is localized to the frontal lobe, it would be valuable to be able to choose a region of interest 

and see how it is connected with the rest of the brain (E). 

Signal Waveforms 

Clinical Relevance 

In addition to source space, signal space visualization of MEG data was considered relevant 

for clinical end-users (A,E,F,G). This need is however stated to be bigger for users with 

expertise within epilepsy, due to the experience of studying EEG data in signal space (E). In 

order to trust the information, users expressed a need to be presented the background of 

the source space models (A). 

Visualization Preferences 

Difficulties were mentioned of presenting waveforms to clinical end-users. Due to 

differences in neurogenesis behind the two techniques (see Section 2.2.1.2) the MEG spikes 
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do not look the same as EEG spikes (E,F). Consequently, for the presentation of waveforms 

to clinical end-users, a need was expressed to define a MEG spike profile, and to inform how 

this differs from the established EEG spike profile (E,F). 

In addition to magnetic waveforms over time, the sensor array map is also presented to 

clinical end-users (F,G). However, neurophysiologists expressed a need to be able to zoom-in 

at regions of interest in the sensor array map (F). High image quality was a preference to 

enable presentation to clinical end-users during disciplinary meetings (F). Due to time 

limitations, sensor array maps with a zoom-in on regions of interest are currently only 

visualized in scientific papers. Figure 14 shows how this is presented in a scientific paper. 
 

 

 

Figure 14. Envisions from a neurophysiologist (site F) to zoom-in on sensor-array maps 
while presenting signal waveforms to clinical end-users in the decision making step, Image 
Source: “Functional motor-cortex mapping using corticokinematic coherence”, 
Bourguignon, o.a., 2011, Figure 2, page 1478 

 

Quality Attributes of MEG usage in Decision Making 

Understandability 

The information presented to clinical end-users in the decision making step should be easy 

to understand (G). Regarding the presentation of MEG results, it was emphasized that 

neurophysiologists should have the ability to modify the results for each patient case e.g. 

models, color settings, dipole sizes and more advanced features (C,D,G). Suggestions for 

enhanced understandability were to visualize the MEG data in a way that clinical end-users 

are experienced with (E). Due to the complexity underlying dipole modeling, there is a risk of 

misinterpretation by clinical end-users (G). For this reason, distributed source models are 

considered helpful (G). It was however unclear if distributed source models reflect reliability 

better than current dipole models (B).  

It is important to note that the visualization in published papers might differ from the 

routine visualization methods in clinical reports (E,G), where more fancy-looking 

visualization software might be used in publications (E). The technical progression in clinical 

practice needs to be slow (A). In other words, it is important to first confirm that one thing 

works before proceeding with other models (A). 

Comparability 

Users of MEG data in the decision making stressed a need of having all abnormal findings 

presented from the data analysis (G). However, the presented MEG images have to be 

adapted to support comparison to other diagnostic images (G). Minimum requirements on 

the MEG data visualization were first the merging with MRI, second the DICOM format and 

thirdly the 3D localization of activity (B,D,E). In addition to these requirements, it would be 

desirable if the MEG could be merged with images from other modalities such as fMRI, PET, 
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ictal SPECT, EEG and DTI (B,F). DTI is based on MRI and provides structural information about 

fibril tracks in the brain (F). The technique is for example valuable to avoid the visual 

neuronal pathways during surgery (J).  

For MEG data visualization, equivalent dipole models of MEG data would be interesting to 

be able to compare with other source models that are less dependent on the analyzer’s 

assumptions (F). 

Flexibility 

Experienced MEG data analyzers described that they have been trying different software, 

but has returned to the most flexible software in the end (D,F). However, too much flexibility 

to visualize the MEG data might lead to confusion (D). Hence, in addition to the multiple 

options to visualize MEG data, a standard visualization was considered to be valuable 

(A,B,C,D,E,G). Mentioned motivations towards a standard visualization was that the 

presented MEG data would become less user dependent and hence, it would be easier to 

compare different clinical MEG results (B,E). Other arguments are that standardization 

would enhance the usability, especially for new MEG users (D,F).  Standardization was 

further considered valuable to improve the time efficiency during analysis of MEG data 

which would be supportive in general (B,C), but also in extreme emergency cases when MEG 

data is needed as fast as possible (B). An example of such a rare case is a patient with severe, 

almost non-stoppable seizures (B). Due to differences in needs for epileptic localization and 

eloquent cortex localization, specific visualization standards for these situations were 

suggested (C). 

Efficiency 

A citation from the neurosurgeon at site H is: “MEG is potentially very useful and if we had 

better access to it, we'd for sure use it more”. The study finds operational factors to affect 

the usage of MEG, and thereby also the needs for MEG data visualization. The time shortage 

was found to be an important limiting factor. Both for the ability to record ictal activity 

(A,B,C,D,E), but also the ability to do repeated MEG recordings as part of the surgery 

evaluation process (A,D,E). The MEG is often occupied with a queue of patients and 

researchers (A). It has been stressed that the working time when preparing the presentation 

of MEG data to clinical end-users is an important issue to increase the time efficiency 

(B,C,D,F). Hence, by means of work flow guidance and templates (B), standard modes 

(A,B,C,D,E), automatic functions (C) and better information (G,A), the working time can be 

decreased, which may lead to important user cost reductions (D) and increase the efficiency 

in MEG usage steps. 

Another factor to limit the efficiency of MEG usage is political issues. An example is the 

politically reduced access to use MEG devices across different regions within the UK (H). 
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4.1.3. General User Needs in the Planning 

The type of MEG data that is found to be clinically relevant in the surgical planning is 

presented in the Table 7. 

Relevant Data Type Description 

Location of Activity Origin The spatial coordinates of a localized source of activity in the anatomy for an early 
time instant 

Table 7. Relevant data for clinical end-users in the decision making step 

Location of Activity Origin 

Clinical Relevance 

The study findings show that the major clinically relevant type of MEG data in the surgical 

planning step is the location from which the activity originates (F,G,H). The neurosurgeon 

presumes that reliability has already been taken into consideration in previous processes 

(F,G). The type of activity is less relevant since the data has already been compared to other 

diagnostic tools in the decision making step (F,G). Neither is activity direction relevant in the 

planning, since it has been considered already in previous steps (F,G,H). Conclusively, the 

clinically relevant information for users in the planning step is considered to be in terms of 

“this is it!” (F,G). 

Visualization Preferences 

For the planning step, clinical end-users emphasized that the MEG data should hide as little 

of the anatomy as possible (A,G). The MEG data is preferably visualized as “dots” in the brain 

such as dipoles provided from equivalent dipole modeling (G). The size of the “dots” shall be 

as small as possible (G). They are also preferred to be white so that they are easily detected 

on the MRI (G).  

At some sites, the neurosurgeon studies both the original MR image and the MR image 

that has been merged with MEG dipoles (D). To enhance the flexibility on/off functions are 

used for viewing the dipoles on the MRI (D). It was considered valuable however to enhance 

this further with a cursor function with varying dipole transparency from “dipoles visible” to 

“dipoles hidden” (D). 

Another preference was expressed to access the same images in the surgical planning 

step as in the operation room (H). For guidance during surgery, the spatial alignment is the 

most important factor for the visualization (H) i.e. the spatial coordinates shall be as correct 

as possible in the anatomical images. 
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Quality Attributes in the Planning 

Results from Quality Attribute Task 

At the prospect of investigating the value of quality attributes for users of treatment 

planning software in presurgical evaluation of epilepsy, users were asked to perform a task 

where the value was represented by coins distributed on the pizza slices of a circle 

representing quality attributes, see Section 3.3.3. The results from these tasks are presented 

in figure 15. The results are from interviews with three local clinical end-users in the 

planning step for sites A, D and G. The comments regarding the quality attributes are 

described below. 

Efficiency 

A neurosurgeon commented efficiency as an important need of users who perform the 

analysis of MEG data (A). At the contrary, neurosurgeons want only the result (A). Another 

neurosurgeon commented efficiency as; “the MEG data shall tell me what I want to know” 

(D). 

Reliability 

A neurosurgeon stated that general neurosurgeons need reliability (A). Another 

neurosurgeon asked why to do a MEG if it is not believed in (D). According to the third 

neurosurgeon however, neurosurgeons cannot evaluate reliability (G). For a better 

understanding of MEG, a preference was found by neurosurgeons to see examples of patient 

cases where MEG has played a role (A,G). 

Flexibility 

According to neurophysiologists, neurosurgeons today know all the modern facilities (B). 

Nevertheless, the neurosurgeons stated themselves that they prefer simplicity (D). At 

another site, there is a need to access all information from the MEG in order to trust the 

data (A). The high involvement in the presurgical evaluation has both the advantage that 

neurosurgeons have all information about a patient, but it is also time consuming which is 

considered a problem (A). The European neurosurgeon stated that flexibility is too obvious. 

Neurosurgeons are given adapted data that they need for each special case (G). 

Simplicity 

The need of simplicity was also emphasized by neurosurgeons in the planning (A,D,G,H). 

Most people do not like complexity (A).  “We are simple-minded people” (D). Furthermore, 

the visualization shall be simple in an anatomically relevant way (G). 

Availability 

The neurosurgeon is in charge during surgery. If the situation does not correspond to what 

was expected, he decides on the spot (F). Comments from the neurosurgeons were that 

simplicity is preferred over availability, since it might increase the complexity (D). 

Furthermore, neurosurgeons definitely need information available to get the work done (G). 
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Traceability 

Regarding the ability to trace where information comes from in the treatment planning 

software, it was found to be valuable but not the first priority (D). Another neurosurgeon 

stated that everyone knows each other (G). One can always ask directly the person who is 

the source of information (G). 

 

 

 

 
Figure 15. Results of distribution of coins representing the value of quality attributes for usage of treatment planning 
software in presurgical evaluation of epilepsy. For example, 0% means that no coins were distributed on the quality 
attribute. See Section 3.3.3 for a description of the task. Top: Japanese neurosurgeon at site A, middle: North American 
neurosurgeon at site D, bottom: European neurosurgeon at site G. 

  

Quality Attributes
Neurosurgeon, Site A Efficiency (0 %) Simplicity (26,7 %)

Reliability (63,3 %) Availability (10 %)

Flexibility (0 %) Traceability (0 %)

Quality Attributes
Neurosurgeon, Site D

Efficiency (66,7 %) Simplicity (13,3 %)

Reliability (10 %) Availability (3,3 %)

Flexibility (3,3 %) Traceability (3,3 %)

Quality Attributes
Neurosurgeon, Site G

Efficiency (16.7 %) Simplicity (10 %)

Reliability (33,3 %) Availability (20 %)

Flexibility (20 %) Traceability (0 %)



50 
 

4.1.4. Variations in User Needs 

The clinical MEG usage routines were found to vary among patient cases, sites and 

countries. By investigating the potentially underlying reasons for these variations, the clinical 

user needs can be better understood. The study found important factors that affect needs 

with respect to MEG data visualization. These factors are described below. 

4.1.4.1. Variations among Patient Cases 

Pediatric versus Adult Patients 

The roles and routines in the MEG usage steps were found to vary depending on the age of 

epilepsy patients being evaluated. Since many epilepsy patients are children (F), the 

difference between pediatric and adult epilepsy is an important factor to consider when 

discussing the routines around MEG. The involved roles in MEG usage can differ among 

patient cases. At one site for example, there are separate multidisciplinary meetings with 

different medical expertise for pediatric patients and for adult patients (J). The differences in 

terms of user needs for MEG in pediatrics and for adults that were mentioned by subjects 

are described below.  

First, PET and SPECT have better image quality in adults than in children (H). This, 

especially with SPECT, results in an increased value of MEG in pediatric epilepsy (H). Second, 

the plasticity is different in children compared to adults (G). The higher plasticity in 

pediatrics results in an increased probability of displacement of eloquent cortex. This might 

at first sight be considered to increase the value to define the location of the eloquent cortex 

in pediatrics, but the plasticity can also increase the capacity of postsurgical rehabilitation 

(F). Third, in order to minimize the impact from a brain lesion on the development on a 

young brain, it is desirable in many pediatric cases to perform surgery as soon as possible (F). 

Finally, in pediatrics there are additionally important issues in the choice of MEG devices due 

to stricter requirements on the clinical environment (H). In other words, the clinical 

environment is particularly important when it comes to pediatrics (H).  

Difficult versus Routine Patient Cases  

The roles could also vary depending on difficulty of the patient case. For difficult patient 

cases, the decision making step might involve more physicians and diagnostic tools than in 

routine patient cases (F,G). The duration of the analysis and decision making steps is usually 

longer for difficult patient cases than for more routine cases (F,G). However, the 

neurophysiologist stated that MEG data is presented to clinical end-users in the same way 

no matter difficulty (F). At one site, the decision making is usually so comprehensive that 

when it comes to the planning, the neurosurgeon already knows all data by heart (J). In 

these cases, the need for data from other diagnostic tools than the MRI in the treatment 

planning is infinitesimal (J). 

Local versus Remote Patients 

The current situation with MEG is unlike EEG because of the high number of EEG devices at 

each site (D). Remote patients are likely to be sent to MEG sites in the future as well (D). Due 
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to operational cost constraints, a patient is sent to other hospitals only if there is a definite 

belief that it will be valuable, as sending patients to other hospitals requires additional 

administrative work (J). 

The study found a variance how the MEG data is presented among local and remote 

clinical end-users. To local clinical end-users, the clinical MEG report is presented orally by 

the neurophysiologist (E,F,G). To remote clinical end-users however, the information from 

the acquisition and analysis is presented exclusively via the clinical MEG report (F,G). In 

these cases, there are higher demands on the report to have the MEG data interpreted 

correctly by clinical end-users (E,F). For example, the neurophysiologist might choose to 

reduce information in the reports that are sent to other hospitals (F). To avoid misleading 

clinical end-users, the report strives to include only information that is of interest and that 

the neurophysiologist is certain about (F). When presenting MEG data orally, the 

neurophysiologist has better possibilities to emphasize on what is important (F). At one MEG 

site, the neurophysiologist has recently begun to travel to remote clinical end-users to orally 

present the MEG data (E). This has shown to increase the interest among remote hospitals to 

use the MEG (E). 

4.1.4.2. Variations among Countries 

Among the European sites (E,F,G,H,I,J), the health systems are highly varying.  

In Germany, the insurance for iEEG is considered an obstacle for using more noninvasive 

methods in presurgical evaluation (I). The insurance provides a financial benefit to use 

invasive diagnostic tools over noninvasive, and hence there is a small interest to consider 

replacing iEEG with MEG (I). The insurance is based on iEEG per patient case, so it does not 

depend on the number of electrodes that are implanted (I).  

In Spain, each region has its own financial healthcare system (E). Hence, the MEG price 

has to be negotiated with remote clinical end-users for each hospital region (E). MEG is, in 

contrast to the common imaging modalities, not included in the health system which is an 

important reason to why MEG is limited mostly to complicated patient cases (E). There are 

at time of writing negotiations in Spain at the prospect of including MEG in the health 

system, which might enable the role of MEG to expand (E).  

The health care system is at some countries built up on reimbursement codes, 

representing money that the hospital gets for using different modalities. In Belgium, there 

are reimbursements for other imaging modalities than MEG. This might be a cause to why 

for example fMRI is used more than MEG in localization of eloquent cortex (F). For the 

localization of epileptic activity, however, MEG is considered so valuable that it is used 

despite the extra costs (F). 

Recent reforms in the American health care system, might lead to further reduced 

resources. Due to the extra costs generated from invasive surgical procedures, this effect 

might become a positive factor for the role of MEG as a complement to expensive 

intracranial recordings (D). The same may be the case in other countries with scarce 

resources for health care (D). An example is India where the health care system is loaded 

with more and more patients who can afford health care (D).  
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4.2. Results from MEG Import to Treatment Planning Software 

Based on the definition of magnetic source imaging which was described in Section 2.3.2.3, a 

MEG image that has been merged with a MR image is here called an MS image.  

Below are presented collected screenshots of MS images that are imported to treatment 

planning software, Figure 16-18. The imported MS image is a 3D MR DICOM image that has 

been merged with a 3D DICOM MEG image. The MEG image is currently a yes/no indication 

representing the dipole and fiducial coordinates in the 3D space. The dipole modeling 

technique has been briefly described in Section 2.2.2.3. 

 

   

Figure 16.Treatment planning software provided by Elekta, Left: SurgiPlan 10, Middle: GammaPlan 10, Right: Monaco 5.1  

   

Figure 17. Treatment planning software provided by Brainlab 

 

Figure 18. Treatment planning software provided by Medtronic 

  



54 
 

  



55 
 

5. DISCUSSION AND CONCLUSION 

The clinical end-user needs, specified in Section 4, are here analyzed and evaluated regarding 

potential errors and how dynamic the needs may be over time. The discussion further includes the 

feasibility to satisfy the clinical end-user needs with currently available software, followed by 

thoughts about possible future trends in surgical treatment planning of epilepsy. The section ends 

with a conclusion answering the study questions presented in Section 1.2. 

5.1. Discussion 

5.1.1. Potential Errors 

The work flow of the study has been described previously. The following section aims to 

discuss sources of errors that might have affected the results of the study. The results and 

conclusions are based on the knowledge gathered during environment orientation and 

interviews. As a reminder from Section 3, the work flow is illustrated in Figure 19. 

2. Environment 
Orientation  

and Interviews 

 

 

 

Figure 19. Schematic view of the study set-up for gathering the knowledge on which the study results are based 

5.1.1.1. Potential Errors during Sample Selection 

The study is based on a simplified view of MEG usage divided into roles and objectives. 

Preconceptions of the target group might have led to an unrepresentative selection of 

samples. Below, it is discussed if the subjects included in the study provide a reasonable 

representation of each site i.e. the internal validity. Moreover, it is discussed if the sites 

included in the study reasonably represent all sites i.e. the external validity. Suggestions are 

also provided to enhance the validity in future studies. 

Internal Validity 

Ambiguity of Terms in Problem Definition 

The sample selection was based on users in the acquisition and analysis steps and clinical 

end-users. The ambiguity of terms used when defining these groups often caused confusion 

when interpreting the interview results. Due to the lack of knowledge, the user roles of MEG 

data were not fully defined when formulating the problem of the study. The most obvious 

Interviews 

User Environment 
Orientation 

Select Sample 
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example is the term neurosurgeon which was defined as the direct user of treatment 

planning software for planning the surgical procedure. Conversely, the neurosurgeon was 

found to be a user of MEG data in both the decision making and in the planning of the 

surgical procedure. In order to avoid errors when interpreting the neurosurgeon’s needs, the 

term neurosurgeon was necessary to divide into neurosurgeon during the decision making 

and neurosurgeon during the planning. To avoid the ambiguity of user roles to affect the 

results of the study, the selected subjects were redefined directly when the error was 

identified. Hence, the conclusions drawn from the study have been focusing on results from 

interviews that were performed after the redefinition was made. 

The term MEG site was another cause of confusion during the study. For example, several 

hospitals were found to be partial owners of a MEG device. However for new MEG devices, 

there are partial owners that have not yet used the MEG, as is the case with site J. The 

author then interpreted the term to include all hospitals that are partial owners of a MEG 

device regardless of the actual MEG usage. What happens then with the term when a partial 

owner of a MEG device sends patients to another MEG site? The term was finally chosen to 

include only the location where the acquisition and analysis of MEG data are performed. 

Clinical end-users from other hospitals were chosen to be called remote clinical end-users of 

the MEG, contrary to local clinical end-users of the MEG. Thanks to documented manuscripts 

from interviews, the interviewee could review all results again after the redefinition of 

clinical end-users. In this way, results from performed interviews could be interpreted with 

new eyes when the interviewees had been redefined. 

Based on the above mentioned causes of confusion, the internal validity could have been 

increased if terms were more properly defined when formulating the problem of the study. 

Then, the sample selection could have been performed more appropriately to represent the 

usage of MEG data at each site. Since the needs with respect to MEG data visualization were 

found to differ among remote and local clinical end-users as well as among usage steps, it is 

suggested that these groups are distinguished when selecting samples for future studies. 

Thanks to the identification and consideration of the ambiguity of terms during the study 

execution, the source of error can be concluded to have small effects on the study results. 

Varying Selection of Subjects for Each Site 

The chance selection, described in Section 1.4, led to an overrepresentation of 

neurophysiologists among subjects. Before the study, Elekta had already close contact to 

users of the MEG data analysis software. Thus, it was easiest to establish contact with MEG 

directors and neurophysiologists. To increase the internal validity, it had been better to 

speak to more clinical end-users directly. Due to the time limitations of the study and the 

fact that the study was executed mostly during summer vacation time, it was imperative to 

select the sample as fast as possible to ensure to have material for the study. 

However, since it is the neurophysiologists who decide how to present MEG data to 

clinical end-users, a comprehensive view was gained of how MEG data is chosen to be 

visualized in surgical treatment planning as well as the underlying reasons.  
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External Validity 

Regarding the external validity of the study results, the ideal would have been to have the 

same number of subjects to represent the usage of each MEG device. This would have 

enhanced the interpretation of user roles at the “general MEG site”. Moreover, Elekta has in 

the time of writing 74 installed MEG devices around the world. Among these were ten 

included in this study. The six European sites included provide 25% of all MEG sites in 

Europe. Likewise, the American sites included are 15% of all MEG sites in North America, 

while the one and only site included from Asia is 3 % of all MEG sites in Asia. Accordingly, the 

external validity can be considered higher for European sites than for sites at other 

continents. The external validity of the study’s results for Asian MEG sites can be considered 

to be minimal. Based on this weakness with the current study, general claims e.g. about 

“Asian neurosurgeons” have been carefully avoided. 

Future studies allowing traveling to other continents would provide a more 

comprehensive view of differences among MEG sites in the world. Furthermore, it would 

perhaps have been more interesting to perform the quality attribute task on neurosurgeons 

from the same continent. Because the three neurosurgeons that performed the task are 

from different continents, there is a higher risk of errors when interpreting the results. The 

results of distributing coins might reflect culture differences more than differences in needs 

for MEG data visualization. Due to this potential source of errors, focus was made on the 

comments that the neurosurgeons made during the performance of the task. No conclusions 

have been drawn from the numbers of distributed coins presented in Figure 15. 

Consequently, the potential sources of errors can be stated not to affect the drawn 

conclusions. 

Regarding the high number of MEG sites included in this study, the sample can be 

considered to be sufficiently representative for all MEG sites. However, the considerably 

higher validity for European MEG sites should be kept in mind when interpreting the 

conclusions provided by this study.  

5.1.1.2. Potential Errors during User Environment Orientation 

Internal Validity 

The internal validity was increased considerably for the sites where the study paid physical 

visits. The ability to study the user environment in reality provided a more realistic view of 

the MEG usage. The results from sites F,G,J can hence be considered as having high internal 

validity. More comprehensive field observations would have been valuable to validate the 

interpretation gained from interviews with other sites.  

The internal validity could have been enhanced further with more revisits. Two 

neurosurgeons were interviewed at the revisit to site G in order to investigate if the results 

were similar between different subjects with the same user role at the site. In order to 

further avoid errors in terms of contradiction between user roles at the same site, it would 

have been valuable with focused workshops where the surgical team could discuss the MEG 

data usage at the site together.  
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The documentation of performed interviews is a potential source of errors which might 

have considerably affected the results for this study. To increase the internal validity, the 

interviewee quickly learned the value of documenting the manuscripts as soon as possible 

after each interview. The interviewer also learned during the research period to schedule a 

time slot directly after each interview for specification of interview results. Furthermore, the 

usage of audio recording was found to be valuable to ensure the internal validity. 

External Validity 

If more time would have been available, the general work flow of MEG usage in presurgical 

evaluation could have been defined for all sites included in the study. This may have 

increased the understanding of variations among sites with respect to usage of MEG data. 

Furthermore, if the study had been performed over a longer time, it might have been 

possible to study the effects on reimbursement introduction to MEG, or adaptation to MEG 

usage for new MEG sites. This would have provided better knowledge for analyzing the 

dynamics of clinical end-user needs. Still, regarding the resources provided for this study, the 

validity is considered to be sufficient for the drawn conclusions. 

Discussions of visualization often incorporate issues such as modeling and software. 

These issues were however found to be difficult to discuss with clinical end-users. It was 

found that visualization studies are best done by asking to see screenshots from the 

software and following the work flow during study visits. This was also being done which 

provided a sufficient the external validity. 

5.1.1.3. Potential Errors during Interviews 

An important error in qualitative studies is interviewer bias. Below are discussed potential 

sources of interviewer bias with respect to interviewing templates and materials. 

Potential Sources of Errors in Interviewing Templates 

The questions in the meetings were broad in order to avoid interviewer bias. A consequence 

to this was that different issues were discussed on different meetings. It would have been 

valuable to arise all topics with all sites included in the study. However, when planning the 

approach of the study, qualitative results were chosen to be prioritized over quantitative 

results. Consequently, this potential source of error was presumed even before the study 

was executed, which is clarified in Section 1.4. 

The term clinically relevant was an important key term for the interviews.  When 

formulating the problem of the study, irrelevant data was defined as data which, if 

presented to clinical end-users, is never used in the decision making in surgical treatment 

planning. However, this term needed to be redefined when interviewees stated that there 

are never situations in neurosurgery where there is too much information. Instead, the 

clinically relevant data was defined as data that is relevant to see directly on an image or 

computer display. The study results should therefore be interpreted as which data that is 

relevant for clinical end-users to see directly, and what information shall be possible to find 

elsewhere e.g. in a tool box. 
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The interviewing templates for the first interviews were comprehensive with a high 

number of detailed questions. The focus was mistakenly on finishing all questions in time 

and less on ensuring that the answers were understood properly. Consequently, the 

importance of only few prepared questions was learnt at an early state which increased the 

quality of the interview results. The interviewer also learnt to ask what was considered to be 

obvious questions, just to confirm presumptions and to avoid interviewer bias. Furthermore, 

asking the interviewee to define the terms used during the interview helped to avoid 

misinterpretations from the interviewer. 

In order to avoid potential errors from affecting the results from early performed 

interviews, a revisit to site G was performed at the end of the research period for validation. 

Furthermore, interviewees from early interviews were contacted over email for validation. 

Regarding the continuous refinement of interviewing techniques as well as the validation of 

early interviews, the potential errors due to interviewing templates can be considered to be 

sufficiently reduced. 

Potential Sources of Errors in Interviewing Material 

Especially in a study about visualization, the risk of misinterpretations is constantly present. 

Hence, already at an early step of the study, it was realized that for successful discussions 

about visualization is required real images to look and point at. The interview material with 

gathered MEG images were only collected from published papers. It was found however that 

the images that are used in clinical practice might differ from published papers. Different 

features are presented and the program used for the visualization might be different from 

programs used in clinical practice. To receive more concrete requirements from clinical end-

users in future studies, it might be suitable to collect clinical images from users for interview 

material. One example, which was also discussed with interviewees, was to collect clinical 

MEG reports and generate discussions among clinical end-users to prioritize between 

different visualization. This could perhaps be optimally done in focused workshops with 

providers of MEG data and users of MEG data for each MEG usage step. 

Regarding the interview material for discussing quality attributes, the results were found 

to be difficult to interpret since it was before the interviewees had explicitly stressed the 

differences between the decision making and planning. Since neurosurgeons were found to 

be involved in both these steps, but with different objectives, it would have been more 

interesting to ask the interviewee to first distribute the money with respect to needs in the 

decision making, and thereafter once again with respect to needs in the planning. The 

results, presented in Section 4.1.2.2 should hence be taken at a discount since it is not 

clarified from the interviewees in they meant the decision making or planning step. Another 

error is that, during interviews with neurosurgeons from site A and D, an extra coin had 

accidentally been added to the coins that were provided to interviewees to perform the 

task. This was not realized until later when specifying the interview results. Consequently, 

the subject from site G distributed 30 coins, while subjects from sites A and D distributed 31 

coins. However since the value of a single coin is 3,33 % among 30 coins and 3,23 % among 

31 coins, the error is considered to provide small effects on the results. 
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5.1.2. Feasibility and Future Potential of Satisfying User Needs 

The following section contains a discussion of how the knowledge provided by the study 

could be used. The first part considers the feasibility of satisfying clinical end-user needs 

with current software. Keeping in mind the dynamics of user needs discussed in the previous 

section, the second part considers potential software updates for satisfying clinical end-user 

needs in the future surgical treatment planning of epilepsy. 

5.1.2.1. Software Usage in MEG Usage Steps; the As-Is System 

The study results suggest software providers for the field of presurgical evaluation of 

epilepsy to distinguish between needs in decision making and in the planning. A schematic 

overview of the study findings of software interactions in MEG usage steps is shown in 

Figure 20.  

 
Figure 20. “As-is” system; schematic overview of software interactions with users in each MEG usage step. The narrow 
arrows represent interaction between users and software, while broader arrows represent data flow between software. 

Clinical end-users in the decision making and planning steps are provided exported data 

from the data analysis software. The data that is used in the decision making is in the form of 

images collected in a clinical MEG report with general programs like Microsoft PowerPoint or 

Microsoft Word. The data in the planning step is in the form of 3D DICOM images that are 

imported to treatment planning software. Data that represent conclusions from the decision 

making can also be imported. An example of data import from users in the decision making 

step to the treatment planning software is described in the Use Case Example, Appendix B. 

At this site, the radiologist feeds the treatment planning software with an MR image on 

which the resection region has been marked. Clinical end-users in the planning step create 

the surgical plan by means of treatment planning software. 

In the following sections, feasibility is discussed separately for the decision making and 

the planning, focusing on export from MEG data analysis software and import to treatment 

planning software at the prospect of satisfying clinical end-user needs. 
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5.1.2.2. Feasibility to Satisfy Needs in Decision Making 

Software Needs in Decision Making 

According to the study findings, MEG users in the decision making are provided exported 

data from the MEG analysis software, usually collected in a clinical MEG report. The study 

findings define the following user needs in the decision making.  

1. Ability to import multimodality data 

2. Ability to compare multimodality data 

3. Ability to distinguish data between tissue to resect and tissue to preserve 

4. Ability to draw resection regions on imported images 

 

Below is discussed the feasibility to satisfy these needs with current software. 

Feasibility to Import Multimodality Data 

The study finds demands on the multiple imaging modalities to include structural, functional 

and metabolic neuroimaging modalities. Diagnostic tools that were found to be currently 

used are MRI, MSI, fMRI, FDG-PET, ictal SPECT, DTI, EEG and nTMS. In regards to the current 

software framework, modifications would be necessary to support import from fMRI, ictal 

SPECT, DTI and nTMS. 

Regarding the specific needs to import MEG data to the decision making, the study found 

a need of users in the MEG data analysis step for specific tools to present MEG data to 

clinical end-users. Modification to the current MEG data analysis software is necessary to 

satisfy these needs. One example is to provide templates for creating clinical MEG reports. 

Another is to enhance the image quality of signal waveforms and sensor array maps to 

enable zoom-in on signals of interest. Furthermore, the study finds specific needs with 

respect to MEG data visualization in the decision making. The data that is found to be 

clinically relevant has been described in Section 4.1.2.1. The clinical MEG reports that are 

collected in APPENDIX provide evidence that the spatial location, type and direction of 

activity as well as confidence indicators and waveforms are feasible to export from MEG 

data analysis software. To some extent is propagation also feasible since it is possible to 

export images for different time instants of the recording and present in time order. In this 

way however, only a few time instants can be visualized. Modification of the software 

framework would be necessary to allow the preferred visualization of propagation. Also 

connectivity visualization would require modification of the software to realize. See Table 10 

for an overview of the feasibility of exporting clinically relevant data from Elekta’s MEG data 

analysis software. 

The study found that dipole modeling is the most preferred visualization of MEG data 

among sites, both for localization of eloquent cortex and for hypothesizing the location of 

the epileptogenic zone. This is feasible with the current software. Additional preferences of a 

few optional models such as distributed source models need modifications to satisfy. 
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Relevant Data Type Feasibility to Export from MEG data Analysis Software 

Location of Activity Origin Yes 

Activity Type Yes 

Activity Direction Yes 

Confidence Indicators Yes 

Propagation No 

Connectivity No 

Signal waveforms Yes 

Table 10. Feasibility of Elekta’s software to satisfy clinical end-user needs with respect to relevant data types in the 
decision making step 

Feasibility to Compare Multimodality Data 

In the as-is system, users in the decision making step compare images that have been 

exported from the analysis steps of each diagnostic tool. It is hence up to the users in the 

analysis steps to decide what images shall be used in the decision making. Consequently, in 

the as-is system there is no possibility for users in the decision making step to interact 

directly with software. 

During the decision making, the diagnostic modalities that provide information about the 

same cortical zones are compared. MEG can be used in the localization of the seizure onset 

and irritative zones. So for example, ictal MEG data can be compared to ictal EEG data and 

ictal SPECT data to define the location of the seizure onset zone, while interictal MEG data 

can be compared to interictal EEG data and PET data to define the location of the irritative 

zone. Consequently, the study found a need to distinguish data from different epilepsy 

cortical zones. The color- and shape-coding functions in the MEG data analysis software 

makes it feasible to indicate the type of activity in the exported images. The feasibility is 

evident by studying the clinical MEG reports collected in APPENDIX. 

The study findings further define a need of standardized export for the decision making to 

reduce the user-dependency and increase the comparability between MEG recordings. To 

provide options for standard export of MEG data to the decision making would require a 

modification of the current data analysis software. It was found a doubt among users 

however, that MEG sites would manage to agree on what standardization is best. Conversely 

the study findings of small variations among sites with respect to MEG data visualization for 

clinical end-users, give grounds for optimism. 

Since the orientation of activity is not always clinically relevant in the decision making 

step, it might be suitable to allow a function to switch visualization of dipole orientations 

between on and off. 

Feasibility to Distinguish between Tissue to Resect and Tissue to Preserve 

The color- and shape-coding in the MEG data analysis software enables the users to 

distinguish between tissue to resect (i.e. epileptic activity) and tissue to preserve (i.e. evoked 

fields generated from eloquent cortex). These images are however not feasible to import to 

treatment planning software. The reasons are described below. 

First, the treatment planning software cannot read rgb files. An option to make it feasible 

is to modify the exported files from MEG data analysis software with a color encoding that 
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the treatment planning software can interpret. An example is PET images which are feasible 

to visualize in the correct color scale thanks to the software ColorPETTM license. 

Second, regarding shape-coding, the treatment planning software treats all imported 

images as tomographic MR images. The shape of the MEG data will be slightly smoothened 

when transformed to the stereotactic reference frame. It would hence not to be granted 

that for example cubes can be distinguished from spheres when visualized in the treatment 

planning software. The ability to distinguish between shapes depends consequently on the 

resolution of the imported image. 

In the epilepsy indication, there is a user need to distinguish activity source types 

between 1) what to preserve/ resect and 2) ictal/interictal activity. This would require both 

shape-coding and color-coding to enable these distinctions in a user-friendly way. 

In the treatment planning software, AtlasSpace provides anatomic definitions of brain 

regions. However, due to distortion and plasticity in patients with brain lesions, it would 

enhance the usability to provide a separate user interface for studying the functional 

definitions of brain regions, for example by allowing import of evoked fields and potentials 

from MEG and EEG respectively, as well as from other functional neuroimaging modalities 

like TMS and fMRI. Furthermore, the found clinical relevance of visualizing neuronal 

pathways might suggest additional imaging modalities such as DTI to be available for 

studying the anatomical definition of for example visual pathways. 

Feasibility to Draw Resection Regions on Imported Images 

Since there is no two-way interaction with software in the decision making step, users in the 

decision making step utilize general modification programs to draw resection regions on the 

images. The current treatment planning software do provide functions for drawing resection 

regions. These functions would hence satisfy users’ needs in the decision making step. 
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5.1.2.3. Feasibility to Satisfy Needs in Treatment Planning 

Software Needs in Treatment Planning 

According to the study findings, MEG users in the planning are provided exported data from 

the MEG data analysis software and sometimes also additional information from the 

conclusions drawn in the decision making step. The study findings define the following user 

needs for software in the planning. 

 

1. Ability to import data from multiple imaging modalities 

2. Ability to see conclusions in terms of “this is it” from the decision making 

3. Ability to see anatomical structures 

Feasibility to Import Multimodality Data 

The study found that the location of the activity origin is the clinically relevant type of data 

for clinical end-users in the planning. Clinical end-users clearly expressed demands to be 

provided simple “this is the place” information in the planning. The study findings of clinical 

end-user needs with respect to MEG data visualization in the treatment planning can be 

satisfied today with the framework of export in MEG data analysis software, see Table 11. 

Evidence is provided by the examples of clinical MEG reports collected in APPENDIX. 

 
Relevant Data Type Feasibility to Export from MEG data Analysis 

Software 

Feasibility to Import to Treatment Planning 

Software 

Activity Origin Location Yes Yes 

Table 8. Feasibility of Elekta’s software to satisfy clinical end-user needs with respect to relevant data types in the 
planning 

Feasibility to see Conclusions in Terms of “This is it” from Decision Making 

The expressed visualization preferences of single-colored dipole models are shown to be 

feasible today based on the collected screenshots presented in Section 4.5. 

Feasibility to see Anatomical Structures 

The primary need of clinical end-users in the planning is to visualize the anatomical 

structures of the brain. Abilities to modify the transparency of the dipole visualization in MSI 

is found to be valuable for end-users in order not to hide too much of the anatomical 

structures of the original MR image. For clarification on the terms used in the current 

document, an example of an MS image and its original MR image and MEG image is shown in 

Figure 21.  
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Figure 21. Left: MR image, Middle: MS image, Right: MEG image, Source: Elekta   

 
The current treatment planning software has functions today that could be used to modify 

the transparency of the MEG data in MS images. Two possible options are described and 

evaluated below. 

1. By fusing a MS image with the original MR image, the mixing function (described in 

Section 2.3.1.2) would enable the user to set how visible the MEG data should be on the MR 

image, giving an impression for the user that the MEG dipoles are separate objects. By 

setting the mixing value, the user has the ability to go from visualizing the MR image alone 

to visualizing the MS image. Furthermore, the mixing function allows the dipole 

transparency to be set, so that for example the mixing ratio MR/MS : 50/50 makes the 

anatomical structures visible behind the MEG dipoles. An example is shown in Figure 22. 

The mixing function would not satisfy entirely the needs of clinical end-users in the 

planning. First, the MEG dipoles can only be visualized on the original structural image they 

were imported with. Hence, in order to use the mixing function for adjusting MEG 

transparency, the original MR image is needed to be imported together with the MS image. 

Consequently, if the user would like to see the MEG data on a PET image instead, to set the 

transparency with the mixing function would require two new images to be imported; the 

fused PET-MEG image, and the original PET image. 

2. In terms of flexibility, it would perhaps be more user-friendly to be able to work with 

the MEG dipoles as separate objects independent of the structural image the MEG was fused 

with when imported. There is a number of theoretically feasible ways in the current software 

to separate the MEG dipoles from the MS image after import. First, the MS image could be 

subtracted by the original MR image which would provide the MEG image. However, this 

would lead to a dead-end since the current software does not support more than one fusion 

to be performed. In other words, the separated MEG image would not be able to fuse with 

new images. A second way to separate the MEG image from the MS image is to use the 

contour function, described in Section 2.3.1.2. For MS images the user would be able to 

mark the contours of the MEG dipoles which would create separate objects for each dipole. 

The method would have the advantage that once the MEG objects have been created, they 

could be easily fused with any image in the surgical planning that have the same frame of 

reference. Furthermore, the treatment planning software provides the ability of choosing 
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the visualization of the created object. Hence, the preference of visualizing the current 

equivalent dipoles as 3D objects can be feasible by choosing the lucid or solid visualization, 

see Figure 11. Available functions for marking the intensities in the gray-scale of the image 

that defines the dipoles allow all similar intensities in the image to be included in the created 

object.  With this method, the functions could be easier detected by first setting an optimal 

contrast to the MS image. However, the function could be refined for the created objects to 

get the correct shape in 3D.  

To summarize, the current framework for treatment planning software would fulfill the 

found needs of end-users in the planning. However, existing methods could be refined 

further to provide more user-friendly handing of imported MEG data in treatment planning 

software. 

 

Figure 22. Schematic representation of how the mixing function could be used for MS images with dipoles models 
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5.1.2.4. Software in MEG Usage Steps; Potential To-Be Systems 

Dealing with the Software Gap in the Decision Making 

The study findings point to a gap in currently available software to satisfy clinical end-user 

needs in the decision making step. Three options on how to fill this gap are discussed below. 

1. One alternative would be to modify the treatment planning software to also satisfy the 

end-user needs in the decision making step, illustrated in Figure 23. However, one of the 

user objectives is to decide what surgical treatment shall be performed. Hence, it is not yet 

defined in the localization what software that is to be used in the planning. This would be 

problematic at sites where different treatment planning software is used depending on the 

chosen surgical treatment. An example is given in the use case example in APPENDIX where 

planning of focal cortical dysplasia resection and depth electrode recording is performed in 

different software and by different neurosurgeons. 

2. Another alternative would be to modify the MEG data analysis software to satisfy the 

users’ needs in the localization, illustrated in Figure 24. However, an important user 

objective in the localization is to be able to compare results from all used diagnostic tools in 

the presurgical evaluation. Hence, the software would need modification to support import 

from all diagnostic tools that clinical end-users find relevant in the presurgical evaluation. 

Moreover, MEG is currently only used in complicated patient cases. The “MEG analysis 

software” would thus be used mostly for non-MEG cases which would create a new main 

objective with the software. Especially since the acquisition and analysis for MEG might be 

performed in another hospital or country than the decision making and planning. 

3. If user needs in the decision making step now were to be satisfied with software, it would 

perhaps be most suitable to provide separate decision making software, see Figure 25. Since 

the users in the decision making were found to vary among sites, separate software for the 

decision making would make the presurgical evaluation more flexible to match routines and 

user roles at each site. 

 
Figure 23. Alternative 1: “to-be” system where treatment planning software is extended to satisfy users’ needs in the 
decision making 
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Figure 24. Alternative 2: ”to-be” system where MEG data analysis software is extended to usage in the decision making 

 

 

Figure 25. Alternative 3: ”to-be” system with a separate software for the decision making 
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5.1.2.5. Future Trends in Surgical Treatment Planning 

Based on the study results, future trends are here described in order to discuss what issues 

will be important for future software in surgical treatment planning for the field of 

presurgical evaluation of epilepsy. 

Multidisciplinary Users 

Requirements on multidisciplinary meetings at epilepsy centers provide new disparities in 

software usage in presurgical evaluation. The future of medical imaging in clinical practice 

will need to provide abilities for users to present clinical data to a group of people. This 

might lead to an increased need for iterative images that are easy to understand and 

interpret for clinicians from different disciplinary backgrounds. 

Moreover, clinical processes where several disciplines are involved will put higher 

demands on interacting systems to allow flow of data between usage steps. This is especially 

important in modern clinical practice where clinical end-users in the decision making step 

might collect data from acquisition and analysis steps performed at other hospitals and 

countries. 

Multimodality Imaging 

The access to diagnostic tools is continuously increasing. When it is possible to choose 

between several advanced diagnostic tools, technical details becomes relevant factors for 

clinical end-users that are in charge of ordering data to be collected. One example is 

differences in image quality between modalities depending on age of the patient. In this 

way, clinical end-users are approaching the technical doctrine in order to define the optimal 

combination of diagnostic tools for each specific patient case. Consequently, future clinical 

end-users tend to request more information about the technical background of diagnostic 

tools. It may be an advantage to focus the information on the comparison between 

diagnostic tools in terms of reliability, image quality, temporal and spatial resolution etc. 

Worth to mention though is that the technical interest was found to vary between clinical 

end-users. When informing about diagnostic tools it is suggested that the clinical end-users 

who are in charge of the decision making are targeted. Information to other clinical end-

users should be focused on how to interpret data. Worth to keep in mind is that clinical end-

users prefer to receive information in terms of examples from previous clinical cases. 

The increased access to multiple advanced diagnostic tools tends to have yet another 

effect. The study found that clinical end-users put less confidence on one diagnostic tool 

only. Decision making in modern treatment planning procedures is based on converging 

results from several diagnostic tools. The abilities to compare multimodality data is hence 

emphasized as an important issue for the future software in presurgical evaluation. 

Minimally Invasive Care 

The ability to travel and the ability to receive information over the Internet increase the 

patients’ abilities to choose among treatments and hospitals. Patients might request non-

invasive treatments to the favor of usage of radiosurgery and MEG. Hospital’s access to MEG 

might hence be an important factor in the patient’s choice.  
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5.2. Conclusion 

With this study, a model has been created which describes the usage of MEG data in 

presurgical evaluation of epilepsy. The needs with respect to MEG data visualization have 

been identified and described for different steps in the model. Underlying factors for the 

variations in needs among clinical end-users have also been presented.  

This study has shown that the clinical end-user needs with respect to MEG data 

visualization differ between two steps in surgical treatment planning of epilepsy; 1) deciding 

what brain tissue to resect and 2) planning the surgical procedure of the resection. The 

clinically relevant MEG data in the first step are the location of the origin, type, direction, 

confidence indicators, propagation and signal space data of the recorded neuronal activity. 

The MEG data visualization should be understandable and comparable to data from other 

diagnostic tools. The clinically relevant MEG data in the second step is the location of the 

origin of the recorded neuronal activity. The MEG data visualization should be simple, 

spatially correct and not hide tissue when merged with structural neuroimaging modalities. 

Based on these findings, the current software has been analyzed regarding the feasibility of 

satisfying user needs.  

The study shows that the needs with respect to MEG data visualization can be satisfied 

during the planning of the surgical procedure. Suggestions have been provided of how to 

further enhance the usability of visualizing the MEG data in treatment planning software.  

Regarding the decision making of what tissue to resect in the surgical treatment, certain 

modifications are necessary to satisfy clinical end-user needs. Existing functions in the 

software for the MEG data analysis and treatment planning have been identified to be 

valuable for clinical end-users in the decision making. From the performed evaluation of the 

as-is system of software usability in the decision making step, it can be concluded that a 

separate software for the decision making would satisfy clinical end-user needs.  

Finally, this study has provided evidence that MEG data is compatible to import to 

treatment planning software. 

 

Considering the resources for executing this study, the author has shown in the discussion of 

potential errors that the validity is sufficient for drawing these conclusions. Suggestions have 

also been provided to further enhance the validity in future studies.  
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APPENDIX 

 

APPENDIX A - Use Case Example Site G 

For a clearer understanding of the clinical procedure in presurgical evaluation of epilepsy, an 

example of the general work flow is here presented focusing on events where MEG data is 

used, see Figure a1.  

 
Figure a1. Schematic view of the general work flow in presurgical evaluation of epilepsy at site G. *The pathway is always 
performed after decision to operate; either alone or parallel to the sub-process of invasive EEG recording. 

The presurgical evaluation is triggered by the patient’s approval to begin. Data are then 

collected from the patient semiology and diagnostic tools. “Collect Data” in the presented 

work flow diagram involves hence both data acquisition and data analysis. The neurologist 

decides what data to collect. When it is decided that a consensus is needed about if and 

where to operate, the results are presented during a meeting with the surgical team. If MEG 

data has been collected, the neurophysiologist orally presents the clinical MEG report during 

the meeting. The MEG data is visualized in a power point presentation. The MEG report 

includes information such as;  

- What could be seen from the MEG recording? 

- How was the MEG data analyzed? 

- What is the conclusion about the recorded data? 

- How reliable are the results? 

The MEG results are compared to results from other diagnostic tools. Directed by the 

neurologist, the members of the surgical team discuss the patient case and provide insights 

from their medical area of expertise for the decision-makings. For example, the 

neurosurgeon provides operational issues such as surgical instruments, arteries near the 

target etc. The neurologist provides insights such as the extensions of the epileptic zones 
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and the eloquent cortex. Moreover, it is discussed what resection margins are suitable for 

the specific patient case. Finally a consensus in the team is achieved whether the patient can 

be operated, if more data is needed or if invasive recordings should be performed intra-

operatively.  

If there is a consensus to operate, the surgeon meets the patient and relatives to tell 

about the results from the surgical team meeting. The surgeon then uses specific software 

for creating the surgical treatment plan. During the planning, the surgeon has the results 

from the diagnostic tools available for memory refreshment of what has been presented 

during meetings, either over e-mail or printed. For epilepsy patients with focal cortical 

dysplasia, the surgeon imports an MR image where the radiologist has drawn the volume of 

brain tissue to resect, which was concluded during the surgical meeting. The surgeon can 

also call the surgical team members for questions. Finally in the operation room just before 

surgery, the neurosurgeon presents the plan to the neurologist for validation.  

If the surgical team concludes that intra-operative neurophysiological data is needed, the 

neurologist and neurophysiologist first create a list of targets for the electrodes guided by 

the results from MEG. The list is then presented to the surgeon, who creates a SEEG plan in 

specific software for stereotactic surgery. Here, the surgeon prefers to have the reports from 

the diagnostic tools printed at the desk. Images from the planning software are then 

exported and presented to the surgical team during the next meeting for validation. If 

instead grid electrodes are decided to be used before surgery, no software is used for the 

planning. The surgeon then presents his plan during the surgical meeting for validation. In 

the operation room, the invasive recording is analyzed directly by the neurophysiologist and 

the resective surgery is performed directly after removing the electrodes. 
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APPENDIX B - Interviewing Template 1 
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APPENDIX B - Interviewing Template 2 
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APPENDIX B - Interviewing Template 2 
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APPENDIX B - Interviewing Template 3 
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APPENDIX C - Interviewing Material  
  

  

EExxaammpplleess  ooff  MMEEGG  ddaattaa  VViissuuaalliizzaattiioonn  

--  IInntteerrvviieewwiinngg  MMaatteerriiaall    



86 
 

Raw MEG Signal Analysis 

 

a)  
b) 

 
 
Description:  

a) Measured ictal MEG waveforms with band-pass of 14–70 Hz. 
b) MEG modeling of epileptic spikes and SEEG localization of the seizure-onset zone in  patient with a 

lateralized spiking volume. The figure shows an example of one prototypical spike recorded with 
MEG for one single channel of the patient. 

 
 
Source: a) Miao 2014  b) Jung & Bouet 2013 
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Full View Map of a MEG Sensor Array 

a) b)  

 

Description:  

a) View of a whole 306 Sensor Helmet for patient with right parietal glioblastoma. Somatosensory 

evoked magnetic fields distributed in the left parietal region of the helmet. 

b) The full view map of the MEG sensor array shows a right temporal spike (same patient in all 
Tanaka & Stufflebeam 2014, in this document). 

 

Source:  a) Niranjan 2013 b) Tanaka & Stufflebeam 2014 
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Single Equivalent Dipole Analysis (ECD) 

a) b)   c)

 

Description: 

a) Patient with right parietal glioblastoma. The SEF (sensory evoked fields) source is projected onto 

an axial MRI. The peak SEF at 42 ms after stimulation localizes to this patient’s postcentral sulcus, 

anterior to the brain tumour. 

b) Patient with new-onset headache and lightheadedness for 3 weeks. Spetzler-Martin grade 2 AVM 

in the left posterior frontal region. Motor modality response based on movement of the right 

hand. Right motor cortex response illustrating bilateral representation. 

c) The equivalent current dipole (ECD) is projected on the patient’s MRI and is located in the right 

temporal lobe. 

 

Source:  a) Niranjan 2013, b) Bowden 2014 c) Tanaka 2014 
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ECD Distribution Map (Equivalent Dipole Cluster) 
 

 

 

Description: ECDs obtained from different spikes are collected and mapped on the MRI, providing 

ECD distribution maps. 

 

Source: Tanaka & Stufflebeam 2014 
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Spatiotemporal Distributive Analysis 

a) 

 

b) 

 

Description: a) Patient with developed refractory partial seizures involving his left face and arm 8 

years prior to SRS. MRI identified a right posterior frontal Spetzler-Martin grade 3 AVM. The figures 

show output report of MEG left-hand motor modality using distributive analysis, in sagittal, coronal 

and axial views. Arrow = AVM location. b)  Minimum norm estimate maps (MNE) obtained from a left 

temporal spike. MNE solution provides source distribution maps along with the time course of spike 

at different time points. The scale (right corner) demonstrates that the values above 3.0 x 1e-9 and 

4.0 x 1e-9 (nA m) are shown as red and yellow, respectively. 

Sources: a) Bowden 2014 b) Tanaka & Stufflebeam 2014  
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Topographic Field Map / Contour Map of Magnetic Fields 

a) b)

c)  

 

 

Description: 

a) Patient with right parietal glioblastoma. The magnetic field pattern of the helmet at the peak 

response is shown, with blue indicating the magnetic flux into the head, and red out of the head. 

The center of the arrow depicts the location of the ECD, the arrow’s direction indicates the 

current orientation, and the arrow size indicates the strength of the ECD. 

b) MEG modeling of epileptic spikes in a patient with a lateralized spiking volume. Topographic map 
of the magnetic field recorded for all MEG channels at the main peak of the prototypical spike.  

c) The contour map of magnetic fields at the peak demonstrates a dipole pattern in the right 
temporal area. 

 

Source: a) Niranjan 2013, b) Jung & Bouet 2013, c) Tanaka & Stufflebeam 2014 

 

  



92 
 

Polarity Spectrogram Analysis of High-Frequency 
Oscillations 

 

Description: The 50 Hz power-line noise in polarity spectrogram.  (C)–(F) from a patient show 

examples of polarity spectrograms. HFO duration was considerably shorter than that of spikes for 

each time window (400 ms) of the ictal period. In (C), all HFOs occurred within spikes. (D)–(F) show 

that HFOs co-occurred within spikes, as well as outside the spikes (white arrows). In the polarity 

spectrograms, the y-axis indicates frequency ranges, whereas the x-axis indicates the 400 ms time 

width with real-time information. The color bar shows the range of ictal spectral power, which is 

normalized for each patient. (Same patient as for the Raw MEG Signal Analysis a) 

Source: Miao 2014 
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Time-Frequency Analysis 

 

Description:  Time-frequency analysis of epileptic spikes in three illustrative patients. Top: examples 

of MEG signal for a single typical spike (extracted from the most representative channel), centered 

on the spike peak. Bottom: the maps plot the time-frequency transforms of MEG signals averaged 

across spikes for each of the selected channel. Time 0 ms is the peak of the spike. For each frequency 

component, the power of the signal is expressed as a multiple of the mean during the baseline period 

(-800 to -400 ms prespike). The frequency component above 20 Hz with a maximal spike-induced 

power increase is marked by a white dashed-line. 

 Source: Jung & Bouet 2012 
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Invasive Recording Planning 

  

 
Description:  MEG modelling of epileptic spikes and SEEG localization of the seizure-onset zone in a 
patient with a lateralized spiking volume. Left: The MEG spiking volume determined with VIES (red 
volume) is shown on representative MRI slices. On the same slices, the SEEG electrodes showing 
clear signal changes at seizure-onset are shown in blue, and electrodes without clear ictal activity are 
in white. Right: SEEG implantation scheme of the patient. The location of the penetrating points of 
intracranial electrodes is determined by co-registering the patient’s postimplantation MRI onto the 
cortical mesh extracted from the MRI. The MEG spiking volume projected onto the cortical surface is 
shown as a red area. SEEG electrodes showing clear signal changes at seizure-onset are shown in 
green and electrodes without ictal changes are shown in black. Notice that the spiking volume is 
lateralized but not focal and only partly co-extensive with the seizure-onset zone determined with 
SEEG (several lobes are included in the MEG spiking volume). Surgery was contraindicated for the 
patient as the seizure onset zone was considered as non-localized based on SEEG. 
 
Source: Jung & Bouet 2013  
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Statistical Quality Analysis  

a) b)

 

Description: a) MEG parameters of somatosensory localization. b) Graphs representing the quality 

measure of the dipoles reported for central and postcentral localizations. Peak latency and an initial 

analysis of the confidence volume showed no statistical difference. The goodness-of-fit parameter 

was statistically higher for postcentral sulcus localizations than central sulcus localizations, though 

both were well above a minimum 90% goodness-of-fit requirement. There were several outliers in 

the size of confidence volumes, so after correction for outliers, it is seen on the rightmost graph that 

the size of the confidence volume from the postcentral sulcus is significantly smaller than those 

generated from the central sulcus, indicating slightly but significantly more precise localizations for 

activities elicited in the postcentral sulcus. Source: a) Niranjan 2013, b) Niranjan 2013  
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Arrangement of Multiple Sources of Information 
 

 

Description: Ictal ICEEG recording showing ictal HFOs (A1) and symptomatogenic onset (high pass, 40 

Hz) (B1). Time frequency analysis (TFA) using short-time Fast Fourier Transform (STFT) revealed ictal 

HFOs (300–500 Hz) localized in anterior mesial frontal (AIH5) and superior-posterior (PIH2) with 

secondary spread to lateral direction (LAF31, LPF27) (A2, B2). Frequency domain analysis 

superimposed on the picture of 3D reconstructed interhemispheric strip and intraoperative photo 

with grid placement showing the propagation of HFOs (A3, B3). 3D reconstructed left hemisphere 

image showing the intracranial electrodes by coregistration of MRI and post–grid placement CT 

images (A4, B4). The red (A4) and orange (B4) circle indicate AIH5 and PHI2 electrodes, respectively, 

as the first electrodes of SOZ, and dark blue (A4) and light blue (B4) indicate LAF31 and LPF27, 

respectively, as the first electrodes of secondary spreading location. The each area defined by dotted 

line on A3 and B3 indicate the area of the SOZ and secondary spread area. The yellow lines in A3 and 

B3 indicate the resection margin. Post, posterior; Ant, anterior. 

Source: Fujiwara 2012 
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APPENDIX D - Clinical MEG Report Site G 
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APPENDIX D - Clinical MEG Report Site F 
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