
VU Research Portal

Improving the presurgical evaluation of patients with epilepsy using MEG

Nissen, I.A.

2018

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Nissen, I. A. (2018). Improving the presurgical evaluation of patients with epilepsy using MEG. [, Vrije
Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 23. May. 2023

https://research.vu.nl/en/publications/2e01b7d1-010c-4382-9812-9f7b8ebeb0b1


2
PREOPERATIVE EVALUATION USING MAGNETO-
ENCEPHALOGRAPHY: EXPERIENCE IN 382 EPILEPSY 
PATIENTS

Ida A. Nissen1, Cornelis J. Stam1, Judith Citroen1,a, Jaap C. 
Reijneveld2, Arjan Hillebrand1

1Department of Clinical Neurophysiology and MEG Center, VU 
University Medical Center, Amsterdam, the Netherlands
2Department of Neurology, VU University Medical Center, 
Amsterdam, the Netherlands
aPresent address: Department of Neurology, Sint Lucas Andreas 
Hospital, Amsterdam, the Netherlands

Epilepsy Research 2016; 124:23-33



16

Chapter 2

ABSTRACT
OBJECTIVE
Identifying epilepsy patients for whom clinical MEG is likely to be beneficial avoids or 
optimizes burdensome ancillary investigations. We determined whether it could be 
predicted upfront if MEG would be able to generate an hypothesis about the location of 
the epileptogenic zone (EZ), and in which patients MEG fails to do so.

METHODS
MEG recordings of 382 epilepsy patients with inconclusive findings regarding EZ 
localization prior to MEG were acquired for preoperative evaluation. MEG reports were 
categorized for several demographic, clinical and MEG variables. First, demographic and 
clinical variables were associated with MEG localization ability for upfront prediction. 
Second, all variables were compared between patients with and without MEG location in 
order to characterize patients without MEG location.

RESULTS
Our patient group had often complex etiology and did not contain the (by other means) 
straightforward and well-localized cases, such as those with concordant tumor and EEG 
location. For our highly-selected patient group, MEG localization ability cannot be 
predicted upfront, although the odds of a recording with MEG location were significantly 
higher in the absence of a tumor and in the presence of widespread MRI abnormalities. 
Compared to the patients with MEG location, patients without MEG location more often 
had a tumor, widespread EEG abnormalities, non-lateralizing MEG abnormalities, non-
concordant MEG/EEG abnormalities and less often widespread MRI abnormalities or 
epileptiform MEG activity. In a subgroup of 48 patients with known surgery outcome, 
more patients with concordant MEG and resection area were seizure-free than patients 
with discordant results.

CONCLUSION
MEG potentially adds information about the location of the EZ even in patients with a 
complex etiology, and the clinical advice is to not withhold MEG in epilepsy surgery 
candidates. Providing an hypothesis about the location of the EZ using MEG is difficult in 
patients with inconclusive EEG and MRI findings, and in the absence of specific 
epileptiform activity. More refined methods are needed for patients where MEG currently 
does not contribute to the hypothesis about the location of the EZ.
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INTRODUCTION
Epilepsy is one of the most common neurological disorders (Hirtz et al., 2007; 
Siniatchkin and Koepp, 2009), affecting both children and adults. Currently, 65 million 
people throughout the world carry the diagnosis epilepsy (Thurman et al., 2011). The 
majority of patients is treated successfully with anti-epileptic drugs (AED), but 
approximately one third continues having seizures (Kwan and Brodie, 2000; Sander, 
2003). A patient is considered pharmacoresistant (having refractory epilepsy) when two 
or more adequate trials of appropriately chosen and tolerated anti-epileptic drugs fail to 
achieve sustained seizure freedom (Kwan et al., 2010). In that case, the patient is a 
potential candidate for epilepsy surgery. For successful epilepsy surgery it is essential to 
accurately identify the epileptogenic zone (EZ) and delineate it from eloquent brain 
areas.

The EZ is defined as the area that needs to be resected to ensure seizure freedom 
(Lüders et al., 2006; Rosenow and Lüders, 2001) and can only be confirmed 
postoperatively. Preoperative evaluation aims to develop a hypothesis about both the 
location of the EZ (Rosenow and Lüders, 2001) and whether resection of that area will 
cause functional impairment. Magnetoencephalography (MEG) is useful for both 
purposes (Ochi and Otsubo, 2008; Pataraia et al., 2004; Paulini et al., 2007; 
RamachandranNair et al., 2007; Seo et al., 2011; Tovar-Spinoza et al., 2008). Several 
studies have demonstrated that MEG has better temporal resolution than functional 
magnetic resonance imaging (MRI) (Dale et al., 2000; Zotev et al., 2008) and better 
spatial resolution than electroencephalography (EEG) (Ebersole and Ebersole, 2010). 
Structural lesions are detectable using MRI, but many epilepsy patients are MRI-negative 
(Berg et al., 2003; Semah et al., 1998) and the EZ may not always coincide with the 
structural lesion (Aubert et al., 2009; Cohen-Gadol et al., 2004; Otsubo et al., 2001; 
Paulini et al., 2007). MEG may therefore achieve localization of the EZ in cases where 
EEG (Pataraia et al., 2004; Paulini et al., 2007; Stefan et al., 2003) or MRI (Jung et al., 
2013; Paulini et al., 2007; RamachandranNair et al., 2007; Wilenius et al., 2013) do not 
succeed. As a result, MEG increases the number of eligible patients for epilepsy surgery 
(Stefan et al., 2011a). An emerging additional clinical application of MEG is to aid in the 
planning of invasive recordings with grids and / or depth electrodes (Knowlton et al., 
2009; Stefan et al., 2011a). In some cases non-invasive techniques fail to derive a clear 
hypothesis about the location of the EZ, and in these cases invasive recordings are 
needed for epilepsy surgery planning (Bulacio et al., 2012; Kim et al., 2010; Taimouri et 
al., 2014). However, intracranial electrodes have limited spatial coverage and MEG might 
enable placement near the hypothesized location of the EZ and thus improve the yield of 
this invasive procedure (Blount et al., 2008; Knowlton et al., 2009; Stefan et al., 2011a).
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Successful application of MEG in preoperative evaluation of epilepsy patients has 
been described in several studies, where agreement of MEG localization with the resected 
area correlated with postoperative seizure freedom (Bast et al., 2004; Fujiwara et al., 2012; 
Genow et al., 2004; RamachandranNair et al., 2007). It is not yet clear which patients 
benefit most from MEG recordings in clinical practice and which factors determine 
success or failure to provide an hypothesis about the location of the EZ using MEG. 
Identifying the patients for whom MEG is likely to be able to localize abnormal activity 
(epileptiform or non-epileptiform) avoids or improves the planning of other burdensome 
investigations and reduces risks and costs for these patients. For those patients for whom 
MEG is unable to localize abnormal activity we want to understand why this is the case, 
and what could be improved in current methodologies. 

In this paper we report on a clinical database of 382 epilepsy patients, who underwent 
a clinical MEG recording. The key first question to be answered is whether it can be 
predicted upfront, on the basis of patient characteristics, medical history and ancillary 
investigations (e.g. MRI and EEG findings), whether MEG will be able to localize 
abnormal activity (epileptiform or non-epileptiform), i.e. provide a hypothesis about the 
location of the EZ. The second key question is what the clinical characteristics are of 
patients in whom MEG is unable to localize abnormal activity. The answer to the first 
question allows to optimize referrals for clinical MEG, whereas the answer to the second 
question gives ground for new research into optimizing recording and analysis strategies.

MATERIAL AND METHODS
Pa ents
382 patients with epilepsy had a clinical MEG recording between January 1st 2010 and 
December 31st 2013 at the VU University Medical Center, Amsterdam, The Netherlands, 
as part of their preoperative evaluation. The VU University Medical Center is a tertiary 
referral center for epilepsy surgery. Patients were referred for clinical MEG by the three 
largest epilepsy centers in the Netherlands (Stichting Epilepsie Instellingen Nederland / 
VU University Medical Center; University Medical Center Utrecht; Kempenhaege / 
Maastricht University Medical Center). Of note, most patients were referred for MEG 
because previous workup through EEG and MRI was insufficient to generate a reliable 
hypothesis about the location of the EZ. The straightforward and well-localized cases, 
such as those with concordant tumor and EEG location, underwent surgery without 
getting a clinical MEG during their preoperative evaluation. Patients were not subjected to 
procedures and were not required to follow rules of behavior other than routine clinical 
care, hence approval for this study by the institutional review board and informed consent 
was not required according to the Dutch health law of February 26, 1998 (amended March 
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1, 2006), i.e. Wet Medisch-Wetenschappelijk Onderzoek met mensen (WMO; Medical 
Research Involving Human Subjects Act), division 1, section 1.2.

MEG recordings
MEG recordings were acquired using a 306-channel whole-head MEG system (Elekta 
Neuromag Oy, Helsinki, Finland), containing 102 magnetometers and 204 gradiometers. 
The patients were in supine position inside a magnetically shielded room 
(Vacuumschmelze GmbH, Hanau, Germany). Recordings typically involved paradigms for 
the localization of eloquent cortex, such as voluntary movements and somatosensory 
stimulation (see (Hillebrand et al., 2013)), as well as eyes-closed resting state recordings for 
the identification and localization of interictal epileptiform activity. Typically, three 
spontaneous datasets of 15 minutes each were recorded. The data were sampled at 1250 
Hz, and filtered online with a 410 Hz anti-aliasing filter and a 0.1 Hz high-pass filter. 

The head position relative to the MEG sensors was recorded continuously using 
signals from 4 or 5 head-localization coils. The head-localization coil positions and the 
outline of the scalp (roughly 500 points) were digitized with a 3D digitizer (3Space 
FastTrack, Polhemus, Colchester, VT, USA). The points on the scalp surface were used for 
co-registration with the anatomical MRI of the patient through surface-matching.

MEG analysis
The raw data were spatially filtered offline to remove artifacts using the temporal extension 
of Signal Space Separation (tSSS) (Taulu and Hari, 2009; Taulu and Simola, 2006) using 
MaxFilter software (Elekta Neuromag, Oy). A detailed description and parameter settings 
can be found in (Hillebrand et al., 2013). Instances of epileptiform activity were marked 
manually by trained MEG/EEG technicians. The sources of selected events were found 
by applying dipole fitting or beamformer analysis to the spatially filtered (tSSS) data. The 
outcome was visualized on the co-registered MRI of the patient. 

A single equivalent current dipole model was fitted to each selected event with 
abnormal (usually epileptiform) activity. The dipole parameters were optimized according 
to the least-square error criterion, which minimizes the difference between the measured 
field and the field computed from the dipole model. A spherical head model based on the 
scalp surface obtained from the anatomical MRI was used as volume conductor. Typically, 
dipoles exceeding a goodness-of-fit of 70% were included. Sources of slow activity (delta 
waves) were found using beamformer analysis. The beamformer (Elekta Neuromag Oy, 
beamformer) reconstructs an index of neuronal activity for each voxel (5x5x5mm) in a 
predefined grid covering the entire brain (see (Hillebrand et al., 2012) for details). All 
clinical MEG recordings were discussed in multidisciplinary meetings involving MEG 
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technicians, MEG physicists and clinical neurophysiologists, to evaluate the reliability and 
clinical significance of the findings and to decide upon further analyses (if needed).

Scoring of the database
The clinical MEG reports of all patients were reviewed and scored for various variables. 
The variables concerned demographics (gender, age), medical history (presence of tumor, 
use of AED), ancillary investigations (EEG findings, MRI findings, EEG/MRI 
concordance regarding location of abnormalities), and the MEG recording (normal/
abnormal MEG activity, type of abnormality, site of abnormality (temporal versus extra-
temporal), MEG localization ability, lateralization (on a hemisphere level), ictal/interictal 
recording, MEG/EEG concordance regarding location of abnormalities). The variables 
were split into pre-MEG variables (demographics, medical history, and ancillary 
investigations (EEG and MRI)) to answer the first key question and MEG variables 
(normal/abnormal MEG activity, type, site and lateralization of MEG abnormality, ictal/
interictal recording, MEG/EEG concordance) to answer the second key question. Each 
variable contained 2-4 categories, as depicted in Table 1. 

For EEG and MRI findings, epileptiform or structural abnormalities were categorized 
as being absent or as being present in either, or both, temporal and extra-temporal areas. 
Epileptiform abnormalities were classified as spikes, sharp waves, spike trains, or spike-
wave complexes. Structural abnormalities, such as tumor, sclerosis, cortical dysplasia, 
infarct, hemorrhage, cavernoma, malformation, gliosis, cerebral atrophy, brain abscess, 
marks / cavity from previous brain surgery, contusion, porencephalic cyst, cystic 
encephalomalacia, or lesion not otherwise specified, were scored when visible on the MRI 
scan. The following tumor subtypes were noted in the clinical reports and scored as tumor: 
ganglioglioma, oligodendroglioma, astrocytoma, meningioma, dysembryoplastic 
neuroepithelial tumor, ependymoma, hemangioma, and optic glioma. Concordance 
between modalities was scored positive when the findings (no, temporal, extra-temporal, 
or both temporal and extra-temporal abnormalities) of both modalities were in agreement. 

The term ‘MEG localization ability’ refers to the generation of a clear hypothesis about 
the location of the EZ on basis of the information that MEG provided. The MEG 
recording was assumed to be ‘able to localize’ and ‘with MEG location’ if the hypothetical 
EZ could be localized (temporal versus extra-temporal) or lateralized (hemisphere level) or 
both. This information was available for 382 patients. The term ‘success of MEG’ refers to 
surgery outcome. The MEG was assumed to be ‘successful’ when the location on basis of 
the information that MEG provided overlapped with the surgical resection in patients with 
sustained seizure freedom. For 48 patients this information was available in terms of 
known surgery outcome based on the Engel classification (Engel Jr et al., 1993) at least one 
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Table 1: Frequencies of pre-MEG and MEG variables.
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year after surgery. A favorable surgery outcome was defined as Engel class 1 and a poor 
outcome as Engel class 2-4. Concordance of MEG location and resection area was measured 
on a lobar level.

Sta s cs
All statistical analyses were performed using IBM SPSS Statistics 20.0 (SPSS Inc., Chicago, 
USA). To answer the first key question, a chi-square test for association was conducted 
between the variable ‘MEG localization ability’ and all pre-MEG variables (part II). An MEG 
recording was rated as ‘able to localize’ and ‘with MEG location’ if the EZ could be lateralized 
or localized based on the MEG recording, otherwise the recording was rated as ‘unable to 
localize’ and ‘without MEG location’. Results were considered significant for p < 0.05. In case 
of significant associations between polytomous variables (with contingency tables larger than 2 
by 2), the association was decomposed into adjusted standardized residuals to find the 
relation(s) that contributed to the overall association. The adjusted standardized residuals (z-
scores) were considered significant at p < 0.05 if they exceeded ±1.96.

To answer the second key question, a chi-square goodness-of-fit test was applied to all 
variables to test the patient group without MEG location against the group with MEG 
location (part III). 

For the subset of patients with known surgery outcome (N = 48), a chi-square test for 
association was applied between surgery outcome (favorable or poor) and concordance of 
MEG location and resection area (concordant or discordant). Concordance was measured on 
a lobar level. Cases with equivocal overlap were classified as concordant, when the MEG 
location was more extensive or less extensive than the resection area but overlapped with it, or 
when one of two MEG foci coincided with the resection area. 

For the patients with a favorable surgery outcome (Engel class I), the observed frequency 
distribution of ‘MEG localization ability’ was tested against an expected random frequency 
distribution using a binomial test.

RESULTS
The results are divided into three parts. In part I the MEG database is presented through 
description of demographics, medical history, and ancillary investigations (pre-MEG 
variables). In part II the pre-MEG variables are associated with MEG localization ability, to 
answer the question whether MEG localization ability can be predicted on the basis of 
variables that are known before the MEG recording takes place. Part III compares all scored 
variables of the group with MEG location to the group without MEG location in order to 
characterize the patients for whom MEG currently does not provide an hypothesis of the 
location of the EZ.
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Table 2: MEG location and resection area with surgery outcome (Engel classification >1 year after 
surgery) of the 48 patients with known outcome.
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Part I – Pa ent characteris cs
Table 1 provides an overview of the pre-MEG and MEG variables for the patients. 
Missing values resulted in a lower number of patients for some variables. Roughly half of 
the patients were men (51%). One quarter of the patients were children (<18y). Brain 
tumors were present in 17% of the patients. All except 3 patients (1%) used AED. In 261 
patients (68%) MEG was unable to localize abnormal activity. 

Table 2 describes the 48 patients with surgery outcome (Engel classification) known at 
least one year after surgery. Table 3 shows surgery outcome for patients with and without 
MEG location. The majority of operated patients (N = 34, 71%) had a favorable surgery 
outcome (Engel class I), of which MEG was able to localize abnormal activity in 

Figure 1: Example of two cases. Results for two adult males (patient 41 (A) and 35 (B)) with MEG 
location, who were seizure-free one year after surgery. Left panel: spikes are visible on the right (A) or left 
(B) temporal MEG sensors. Right panel: 20 spikes (A) or 25 spikes (B) were localized using dipole fitting 
(pink, only those with a goodness-of-fit above 70% (A) or 90% (B) are visualized). Dipoles are overlaid 
onto the MRI of the patient. Note that the diples localized within and next to the resection area (green) in 
the temporal lobe.
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significantly more patients (N = 25, 74%) than expected at random (binomial test, p = 
0.009 (2-sided)). In cases with concordant MEG location and resection area, 20 out of 24 
patients (83%) were seizure-free after surgery, whereas in cases with discordant MEG 
location and resection area fewer patients (5 out of 10 patients (50%)) were seizure-free, 
but the difference did not reach significance ( 2 (1) = 4.030, p = 0.09).

Two examples of patients (A: 41 year old adult male and B: 47 year old adult male) 
with MEG location are shown in figure 1. The MEG recordings contained many spikes in 
the right temporal sensors (patient A) or left frontotemporal sensors (patient B). The 
spikes were fitted onto the MRI of the patient using dipole fitting and localized within and 
next to the resection area. Both patients were seizure-free (Engel class IA) at least one year 
after surgery, which means that the EZ was removed successfully.

Part II – Key ques on 1: Can pre-MEG variables predict whether the MEG will be able to 
localize abnormal ac vity?
Table 4 shows the chi-square associations between ‘MEG localization ability’ and the pre-
MEG variables (i.e. demographics, medical history, and ancillary investigations). No 
association test was run for the ‘use of AED’ variable, as almost all patients used AED and 
the variable did not meet the assumptions of the association test. All other variables met 
these assumptions. The tumor variable and MRI findings variable were significantly 
associated with ‘MEG localization ability’, 2 (1) = 4.724, p = 0.040 and 2 (3) = 8.001, p = 

Table 3: MEG localization ability of patients with known surgery outcome. Concordance between MEG 
location and resection area was measured on a lobar level.

Table 4: Chi-square tests for association of pre-MEG variables with MEG localization ability. Statistically 
significant findings are in bold.
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0.045, respectively. Figure 2 displays the frequencies of the absence and presence of a 
tumor and ‘MEG localization ability’. The absence of a tumor was associated with 
recordings with MEG location, as the odds of recordings with MEG location were 1.826 
(95% CI: 1.056 – 3.158, p = 0.03) times higher if no tumor was present than when a tumor 
was present. Decomposing the significant association with MRI findings and ‘MEG 
localization ability’: temporal as well as extra-temporal MRI abnormalities were predictors 
of recordings with MEG location (z-score = 2.5, p < 0.05). The widespread MRI 
abnormalities were either (1) one abnormality extending over the temporal and extra-
temporal lobes (i.e. cystic encephalomalacia, tumor, gliosis, cortical dysplasia), (2) covering 
the entire hemisphere (i.e. atrophy), (3) two or more abnormalities in the temporal and 
extra-temporal lobes (i.e. temporal: hippocampal sclerosis / atrophy / malrotation / 
abnormality, MTS, atrophy, tumor resection cavity; extra-temporal: lesion after bleeding / 
stroke, tumor, cyst, atrophy, gliosis, cortical dysplasia, operative closing of 
meningoencephalocele; both: cystic encephalomalacia, hemorrhage, contusion), or (4) 
multiple abnormalities temporal and extra-temporal (i.e. multiple cavernomas, tuberous 
sclerosis).

Figure 2: MEG localiza on ability associated with presence / absence of tumor. MEG is more likely to 
be able to localize epileptiform activity in case of no tumor, as shown by the significant chi-square 
association test between MEG localization ability and presence of tumor, 2 (1) = 4.724, p = 0.04. 
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Part III – Key ques on 2: In which pa ents does MEG fail to localize abnormal ac vity?
Table 1 shows the frequencies of the variables extracted from the MEG recordings. In 
total, 121 (32%) of all patients had MEG recordings that did not provide an MEG 
location. Out of these, 47 patients did not have any abnormality in the MEG recording, 
and 74 (22% of the 335 patients with abnormal MEG activity) had abnormalities that did 
not result in localization on a lobar (temporal – extra-temporal) nor on a hemisphere level.

Table 5 shows the results for the chi-square goodness-of-fit test that determines 
whether the group without MEG location differed from the group with MEG location. 
Significant group differences were seen for the following variables: tumor ( 2 (1) = 7.990, p 
= 0.006), EEG findings ( 2 (3) = 11.227, p = 0.012), MRI findings ( 2 (3) = 9.817, p = 
0.020), type of MEG abnormality ( 2 (2) = 121.965, p < 0.001), lateralization ( 2 (2) = 
95.520, p < 0.001), and MEG/EEG concordance ( 2 (1) = 36.992, p < 0.001). The 
variable normal/abnormal MEG activity was not tested, because all recordings with 
normal activity were non-localizable and hence were without MEG location. Table 6 
shows the frequencies of the variables that are significantly different between the two 
groups.

Tumor
Patients without MEG location more often had a tumor than patients with MEG location.
EEG findings
Patients without MEG location more often had EEG abnormalities extending over the 
temporal and extra-temporal lobes. The widespread EEG abnormalities were epileptiform 
(spikes, sharp waves, spike trains, or spike-wave complexes) and recorded interictally and / 
or ictally. Fronto-temporal localizations were the most common finding, but abnormalities 
extending over the temporal and extra-temporal lobes were also present. Additionally, 
multifocal abnormalities or different abnormalities in several locations were reported.

Table 5: Chi-square goodness-of-fit test for group difference between patients without MEG location and 
patients with MEG location. Significant differences are in bold.
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MRI findings
Contrary to EEG findings, patients without MEG location more often had structural 
lesions limited to one area.
Mesial temporal sclerosis (MTS) was seen in 37 patients, of whom 26 had a recording with 
MEG location. For the MTS subgroup, significantly more patients had recordings with 
MEG location than no location ( 2 (1) = 6.081, p = 0.020). In this subgroup, epileptiform 
activity was seen in 73% of the patients with MEG location but only in 9% of the patients 
without MEG location. 

Type of MEG abnormality
Patients without MEG location more often had non-epileptiform MEG abnormalities.

Lateraliza on
Patients without MEG location had more non-lateralizable MEG abnormalities.

MEG/EEG concordance
Patients without MEG location had more non-concordant MEG and EEG results.

Table 6: Frequencies of the significantly different variables for the patient groups with and without MEG 
location. 
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DISCUSSION 
We presented our database of 382 patients with a clinical MEG recording, of which 51% 
were male and 26% children (<18 years). The absence of a tumor increased the odds of 
the MEG being able to localize abnormal activity, i.e. providing a hypothesis about the 
location of the EZ. Combined temporal and extra-temporal MRI abnormalities also 
predicted recordings with MEG location. However, our findings are not sufficient to 
exclude individual patients as MEG potentially adds information about the location of the 
EZ even in difficult cases. Regarding the characteristics of patients without MEG location, 
we found that patients without MEG location differed from patients with MEG location 
in that they more often had a tumor, widespread EEG abnormalities, non-lateralizing 
MEG abnormalities, non-concordant MEG/EEG abnormalities and less often had 
widespread MRI abnormalities or epileptiform MEG activity. In the subgroup of 48 
patients with know surgery outcome, more patients with concordant MEG and resection 
area were seizure-free compared to patients with discordant results.

Part I – Pa ent characteris cs
Of the 3.4 million people with epilepsy in Europe, 0.9 million (26%) are children and 
adolescents and 2.5 million (74%) adults (Forsgren et al., 2005). The same age distribution 
is reflected in our database, where 26% of the patients are below 18 years. Slightly more 
males than females with epilepsy visited our medical center. Most European studies find a 
higher prevalence of epilepsy in males than in females (Banerjee et al., 2009), but the 
gender difference is rarely significant (Forsgren et al., 2005). Brain tumors were the likely 
cause of epilepsy in 17% of our cases, which is higher than the 4-7% reported in other 
studies (Herman, 2002; Olafsson et al., 1996; Olafsson et al., 2005). This might be 
explained by the fact that our center is a tertiary referral center for brain tumor patients. 
Only three patients (<1%) did not use AED at the time of the MEG recordings, which 
corresponds to other reports on AED use in patients with refractory epilepsy (Beyenburg 
et al., 2010; French et al., 2004).

Epilepsy surgery is an effective technique to treat epilepsy, as most patients that 
underwent surgery had a favorable outcome (71%, Engel class I), which is comparable to 
62.5% and 70% reported by other epilepsy surgery studies (Englot et al., 2015b; Jobst and 
Cascino, 2015). Also patients without MEG location underwent surgery with a favorable 
outcome, meaning that other modalities in the preoperative evaluation (e.g. depth EEG) 
were successful in determining the location of the EZ. However, our results (table 2) show 
that discordance of the MEG location and the planned resection area resulted in more 
patients with a poor surgery outcome. A recent study with 132 epilepsy surgery patients 
found that concordance of MEG location and resection area predicted seizure freedom 
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with an odds ratio of 5.11 (Englot et al., 2015b). A more detailed investigation of MEG’s 
ability to generate a correct hypothesis about the location of the EZ in relation to surgery 
outcome would require a comparison of the resection area to the MEG localization site in 
combination with the eventual surgery outcome (Engel score) (RamachandranNair et al., 
2007). This information was only available for a small subset of 48 patients, which was too 
small a sample size to redo the chi-square test for association and chi-square goodness-of-
fit test on the subgroup. Besides, such a study was outside the scope of the current study, 
which aimed to provide an overview of our MEG database with focus on the ability of 
MEG to generate a hypothesis about the location of the EZ. The accuracy of these 
hypotheses remains to be confirmed in future studies.

Part II – Key ques on 1: Can pre-MEG variables predict whether the MEG will be able to 
localize abnormal ac vity?
In epilepsy surgery, the presence of a tumor has been shown to be a prognostic factor for a 
positive outcome (Jeha et al., 2007; Tellez-Zenteno et al., 2005; Tonini et al., 2004; Wyllie 
et al., 1998). Therefore, the finding in our series that the presence of a tumor decreased the 
odds of recordings with MEG location may seem counterintuitive. First of all, however, it 
is known that the EZ does not necessarily correspond to the tumor location (van Breemen 
et al., 2007). A tumor can induce widespread changes in the brain (Gratton et al., 2012; van 
Dellen et al., 2013) and alter network connectivity in the affected as well as in the 
contralateral hemisphere (Bartolomei et al., 2006a, b; van Dellen et al., 2013). More 
importantly, in our cohort most tumor patients with a simple tumor-epilepsy relation had 
already been operated without MEG, and were thus not included in our database. 
Additionally, the patients with tumors had more non-epileptiform MEG abnormalities, 
which are difficult to localize, and this might therefore also explain why the presence of a 
tumor indicated recordings without MEG location.

Widespread MRI abnormalities (temporal and extra-temporal) in a patient were 
associated with recordings with MEG location, while more local MRI abnormalities 
(temporal or extra-temporal only) were not. This also seems counterintuitive, as several 
studies have shown that structural MRI abnormalities are a predictor of positive surgery 
outcome (Cossu et al., 2008; Spencer and Huh, 2008; Téllez-Zenteno et al., 2010; Tonini et 
al., 2004; Yun et al., 2006). However, again, the simple cases with conclusive EEG and 
MRI findings, where local MRI abnormalities might have aided hypothetical EZ 
localization using MEG, had already been operated without MEG and were therefore not 
included in this database. In the MEG recordings, 19 out of the 23 patients with 
widespread MRI abnormalities had epileptiform MEG abnormalities, which aided the 
generation of a hypothesis about the location of the EZ. This shows that it is important to 
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use functional alongside structural imaging to find the EZ. 
There is an ongoing discussion about the usefulness of MEG for epilepsy patients with 

MTS (Kaiboriboon et al., 2010; Wennberg et al., 2011). Our results suggest that MEG is 
helpful in MTS patients, as patients with MTS more often had recordings with MEG 
location than without MEG location. 

In conclusion, our study shows that in a highly-selected patient population in a tertiary 
referral center, patients without a brain tumor had higher odds of recordings with MEG 
location than patients with a brain tumor and that the presence of MRI abnormalities both 
temporally and extra-temporally was also associated with recordings with MEG location. 
However, our findings are not sufficient to exclude individual patients from being referred 
for an MEG, as these patients are difficult cases and the potential of adding information 
about the location of the EZ justifies the utilization of MEG.

Part III – Key ques on 2: In which pa ents does MEG fail to localize abnormal ac vity?
Patients without MEG location were more likely to have non-epileptiform abnormalities 
only. The most common non-epileptiform abnormality in our database was focal slow 
activity. Focal slow activity can be topographically related to the EZ (Ishibashi et al., 2002) 
and may arise from the same area as the epileptiform activity (Kaltenhäuser et al., 2007; 
Koutroumanidis et al., 2004; Vanrumste et al., 2005). It is not considered epileptiform, but 
localising slow activity can point to the location of the epileptogenic tissue. However, non-
epileptiform abnormalities guide mostly lateralization and to a lesser extent localization of 
the EZ (Dworetzky and Reinsberger, 2011) as they are not necessarily related to the 
underlying epileptic condition (Kaiboriboon et al., 2012). 

The patient groups with and without MEG location did not differ in the site of MEG 
abnormality. There was no difference in MEG localization ability between temporal and 
extra-temporal cases, similar to a study using MEG localization confirmed by surgery 
outcome (Englot et al., 2015b). Several studies report such differences, but they are not in 
agreement with each other. Localization of the EZ has been reported to be more difficult 
in patients with temporal lobe epilepsy (Oishi et al., 2002; Stefan et al., 2003; Wennberg 
and Cheyne, 2014), especially when deeper structures, such as the hippocampus, are 
involved (Huiskamp et al., 2010). However, another study states that MEG is less 
beneficial in extra-temporal lobe epilepsy than in temporal lobe epilepsy (Papanicolaou et 
al., 2005). We could not replicate the findings about differences in MEG localization 
ability, and conclude that MEG potentially is able to localize abnormal activity in both 
temporal and extra-temporal lobe epilepsy.

Patients without MEG location had more non-lateralizing MEG abnormalities, as they 
often included multifocal abnormalities in both hemispheres. However, frontal lobe 
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abnormalities can be difficult to lateralize but fairly easy to localize; for example, one 
patient with normal MRI had epileptiform MEG abnormalities (spikes, spike trains, and 
spike-wave complexes) that localized to the left and right frontal lobe. Further research is 
needed to develop new tools that provide information about directionality to aid 
lateralization of such bilateral (frontal lobe) sources.

Patients without MEG location had less often concordant EEG and MEG results than 
patients with MEG location. Previous studies report a varying degree of EEG/MEG 
concordance between 32-85%, depending on the definition of concordance (e.g. lobar or 
hemisphere level) (Kaiboriboon et al., 2010; Kirsch et al., 2007; Ochi et al., 2005; Pataraia 
et al., 2004). As either modality detects interictal epileptic discharges that sometimes 
remain undetected by the other modality (Iwasaki et al., 2005; Knake et al., 2006), a 
combination of MEG and EEG for EZ localization has been suggested to be optimal 
(Baumgartner and Pataraia, 2006; Iwasaki et al., 2005; Ochi et al., 2001; Park et al., 2004). 
Even though in our case EEG analysis did not involve any quantitative source 
reconstruction, concordance between EEG and MEG was characteristic for patients with 
MEG localization.

In conclusion, the patients at our MEG clinic are difficult cases with inconclusive or 
contradicting previous findings, in whom MEG generated a hypothesis about the location 
of the EZ in 68% of the cases. However, in patients with extensive EEG and local MRI 
abnormalities, MEG is unlikely to contribute to the hypothesis about the location of the 
EZ. The finding that patients without MEG location more often had non-epileptiform 
MEG abnormalities is interesting, as new tools can be developed with a focus on localizing 
non-epileptiform abnormalities (or even localizing the EZ without any visually detectable 
MEG abnormalities) with a high specificity. Future studies may aim to localize the EZ by 
constructing a brain network based on the MEG recording. Epilepsy patients have an 
abnormal brain network (Kramer and Cash, 2012; van Diessen et al., 2013a), which 
potentially carries information about the location of the EZ even in the absence of 
abnormal MEG activity (Douw et al., 2010a; Ponten et al., 2007; van Dellen et al., 2009). 
Previous studies have shown that local network characteristics are altered in the EZ 
compared to healthy brain tissue and can therefore be used to identify the EZ non-
invasively (Kramer and Cash, 2012; Ortega et al., 2008b; van Dellen et al., 2014; Varotto et 
al., 2012; Wilke et al., 2011). Additionally, some connectivity measures provide information 
about directionality (e.g. dPLI (Stam and van Straaten, 2012a)), potentially aiding 
lateralization in difficult cases such as with fronto-temporal activity. Such methods will 
enable enlargement of the group of patients with MEG location, such that they might 
ultimately benefit from epilepsy surgery.
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Limita ons
For this study information about surgery outcome was only available for a subset of 
patients. MEG localization ability instead of EZ location confirmed by surgery outcome 
(in terms of seizure freedom) was used as outcome measure in this study, hence 
comparison to other studies should be performed with caution. Surgery outcome is often 
used as gold standard, since seizure freedom indicates, by definition, that the EZ has been 
fully resected or disconnected (Lüders et al., 2006). The zone we localized is more correctly 
described as the irritative zone, whose coincidence with the EZ can only be confirmed 
with postoperative seizure freedom (Lüders et al., 2006).

As our study is of an exploratory character, we did not apply a correction for multiple 
comparisons. A multiple comparison correction is reasonable when testing the null 
hypothesis (that the patient groups with and without MEG location are identical on all 
variables). But our goal was to test each variable independently for its association with 
‘MEG localization ability’ and for whether and how it differed between the two groups. 
For alternative interpretation of our results we report the exact p-values for all individual 
statistical comparisons. Nevertheless, future hypothesis-based studies are necessary to 
confirm our findings.

When the EZ was easily localized through EEG and MRI, patients might not have 
undergone an MEG recording in their preoperative evaluation. The ‘easy‘ localizable cases 
are not in our database, therefore the findings in our study apply to the subset of patients 
in whom EEG and/or MRI did not result in EZ localization. This selection bias gives a 
different interpretation to our finding that MEG is unlikely to contribute to cases in our 
database with a tumor or with inconclusive EEG and MRI results. In patients with a tumor 
where previous EEG and MRI findings were inconclusive, MEG is also not likely to 
contribute to the hypothesis about the location of the EZ. Likewise, the same holds for 
patients with extensive EEG and local MRI abnormalities where previous EEG and MRI 
findings were inconclusive.

Additionally, our results are not necessarily generalizable to centers that perform 
simultaneous EEG/MEG recordings. Simultaneous recordings might strengthen the 
hypothesis about the location of the EZ, but also in these patients the hypothesized 
location remains to be confirmed with surgery outcome.

CONCLUSION
For our highly-selected patient group containing only cases referred to a specialized 
epilepsy clinic, MEG localization ability can be predicted upfront by the absence of a 
tumor and by widespread MRI abnormalities. Patients without a tumor had 1.826 times 
higher odds (95% CI: 1.056 – 3.158, p = 0.03) of recordings with MEG location than 
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patients with a tumor. MRI abnormalities in both temporal and extra-temporal areas were 
associated with recordings with MEG location. However, these finding are not sufficient 
to select patients with a high likelihood of a recording with MEG location upfront. As 
MEG potentially adds information about the location of the EZ even in difficult cases, the 
clinical advice is to not withhold MEG in epilepsy surgery candidates.

New tools are needed for the patients where MEG is unable to localize abnormal 
activity using current analysis approaches. Those patients had inconclusive EEG and MRI 
findings, and non-epileptiform MEG abnormalities. Particularly non-epileptiform MEG 
abnormalities were a strong indicator of recordings without MEG location, therefore tools 
are required that can localize neurophysiological abnormalities other than the classic 
epileptiform abnormalities, or that can generate an hypothesis about the location of the 
EZ without requiring any abnormal MEG activity.
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