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Abstract  

The efficacy of epilepsy surgery depends critically upon successful localization of the 

epileptogenic zone. Magnetoencephalography (MEG) enables non-invasive detection of 

interictal spike activity in epilepsy, which can then be localized in three dimensions using 

magnetic source imaging (MSI) techniques. However, the clinical value of MEG in the pre-

surgical epilepsy evaluation is not fully understood, as studies to date are limited by either a lack 

of long-term seizure outcomes or small sample size. We performed a retrospective cohort study 

of focal epilepsy patients who received MEG for interictal spike mapping followed by surgical 

resection at our institution. We studied 132 surgical patients, with mean post-operative follow-up 

of 3.6 years (minimum 1 year). Dipole source modelling was successful in 103 (78%) patients, 

while no interictal spikes were seen in others. Among patients with successful dipole modelling, 

MEG findings were concordant with and specific to: i) the region of resection in 66% of patients, 

ii) invasive electrocorticography (ECoG) findings in 67% of individuals, and iii) the MRI 

abnormality in 74% of cases. MEG showed discordant lateralization in ~5% of cases. After 

surgery, 70% of all patients achieved seizure-freedom (Engel class I outcome). Whereas 85% of 

patients with concordant and specific MEG findings became seizure-free, this outcome was 

achieved by only 37% of individuals with MEG findings that were non-specific or discordant 

with the region of resection (χ
2 = 26.4, p < 0.001). Localizing MEG findings predicted seizure 

freedom with an odds ratio of 5.71 (2.30-14.2, 95% CI), and had a positive predictive value 

(PPV) of 91.9% in temporal lobe and 77.4% in extra-temporal/multi-lobe cases. In conclusion, 

MEG is a valuable tool for non-invasive interictal spike mapping in epilepsy surgery, and 

localization of the epileptogenic zone using MEG is associated with improved seizure outcomes.  
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imaging; MRI: magnetic resonance imaging; OR: odds ratio; PET: positron emission 

tomography; TLE: temporal lobe epilepsy. 
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Introduction 

Seizures are resistant to anti-epileptic drugs in one third of patients with focal epilepsy, leading 

to significant morbidity (Cascino, 2008). Resective epilepsy surgery leads to seizure-freedom in 

approximately two-thirds of patients with temporal lobe epilepsy (TLE), and in more than one-

half of individuals with an extra-temporal epileptogenic zone (Engel et al. , 2012, Englot et al. , 

2013, Spencer and Huh, 2008). Despite these successes, there is substantial room for 

improvement in the localization and surgical treatment of drug-resistant epilepsy. While invasive 

electro-diagnostic techniques such as electrocorticography (ECoG) are the gold standard for 

seizure focus localization, recordings require additional surgical intervention and are limited to 

the area of electrode coverage (Yuan et al. , 2012). Improved methods for non-invasive mapping 

of epileptogenic networks across the whole brain remain critically important to the pre-surgical 

evaluation, as adequate localization of the seizure focus is the most important predictor of 

seizure freedom in epilepsy surgery (Englot et al. , 2014). 

 Magnetoencephalography (MEG) is a non-invasive tool that can help delineate the 

epileptogenic zone, in part by localizing interictal epileptic spikes (Kirsch et al. , 2007, Tovar-

Spinoza et al. , 2008). MEG possesses high spatio-temporal resolution without signal 

deterioration from the skull and scalp that may limit signal propagation with EEG (Zumer et al. , 

2007). Brain source imaging with MEG can be achieved using equivalent current dipole (ECD) 

modeling of interictal spikes, and the position and orientation of the estimated dipole can be 

overlaid onto the patient’s own co-registered magnetic resonance imaging (MRI) to aid surgical 

planning (Funke et al. , 2009, Kirsch et al. , 2007). This process of interictal spike modeling of 

MEG data and dipole map overlay is often referred to as magnetic source imaging (MSI). 

However, despite advances in source localization techniques, MEG is performed in only a 

Page 4 of 35

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901  Support (434) 964 4100

Brain



For Peer Review

                           Englot et al.   5 

 

minority of pre-surgical epilepsy evaluations. While cost and regional availability contribute to 

relatively low rates of utilization, the clinical value of MEG in surgical epilepsy treatment has 

also been less well established compared to diagnostic modalities such as EEG, ECoG, MRI, and 

other functional neuroimaging methods (Stefan et al. , 2011). 

 Previous studies have compared interictal MEG to other diagnostic modalities for 

epileptogenic zone localization (Pataraia et al. , 2004, Paulini et al. , 2007). Stefan and 

colleagues report the largest series of MEG in epilepsy to date, describing a 70% sensitivity of 

MEG for detecting epileptic activity in 455 patients, of which 131 had epilepsy surgery (Stefan 

et al. , 2003). However, without detailed analysis of post-operative seizure outcome, only limited 

conclusions can be drawn regarding the predictive value of MEG in achieving long-term seizure-

freedom. While other studies have directly related MEG findings to surgical outcome, their 

statistical conclusions have been limited by small sample size (Fischer et al. , 2005, Knowlton et 

al. , 2006, Mu et al. , 2014, Paulini et al. , 2007). After systematic review of relevant studies, one 

group suggested there is insufficient evidence in the literature to support a relationship between 

MEG use and seizure outcome after epilepsy surgery (Lau et al. , 2008). Furthermore, given the 

additional technical challenges of source localization with deeper brain structures such as the 

mesial temporal lobe, some have argued that MEG has diminished clinical utility in TLE 

compared to neocortical epilepsy (Leijten et al. , 2003, Shigeto et al. , 2002). Thus, the 

predictive value of MEG spike mapping in epilepsy surgery remains incompletely understood.  

 Here we report a retrospective cohort study including 132 patients with focal epilepsy 

who underwent MEG followed by resective epilepsy surgery at our institution, with seizure 

outcomes determined at mean post-operative follow-up of 3.6 years (minimum 1 year). We 

examine the concordance of spike activity mapped by MSI with the area of resection and with 
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the results of other diagnostic modalities, and relate MEG findings to seizure outcome. To our 

knowledge, this represents the largest reported series of MEG in surgical epilepsy patients with 

comprehensive long-term seizure outcome data. 

 

Materials and Methods  

Patients 

We retrospectively examined 348 MEG recordings performed in 310 epilepsy patients referred 

for studies at the University of California, San Francisco (UCSF) Biomagnetic Imaging 

Laboratory (BIL) between June 1, 2004 and June 30, 2013. Among these, we identified 144 

patients who underwent resective surgery for focal epilepsy at our institution following MEG 

recordings. Twelve patients without at least one year of post-operative follow-up were excluded, 

and 132 patients were analyzed. Overall, 43% of patients who underwent extra-temporal 

resection and 36% of those who received temporal lobectomy for intractable epilepsy at our 

institution during the study period received MEG. While no strict referral criteria exist in our 

practice, MEG is typically performed on patients in whom surgical intervention is being 

considered, but there is some uncertainly with regard to seizure focus localization after long-term 

scalp EEG and anatomical MRI. Patients who underwent only non-resective epilepsy surgery, 

such as a device implantation or disconnection procedure, were not included. Only the last MEG 

session prior to surgery was considered in patients who underwent multiple recording sessions. 

All procedures and patient consents in the study were in full compliance with UCSF clinical 

research policies, with research protocol approval by the UCSF Committee on Human Research. 
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MEG data acquisition and analysis 

Simultaneous EEG and MEG recordings were performed inside a magnetically shielded room, 

with a 275 channel whole-head axial gradiometer system (VSM MedTech, Port Coquitlam, 

British Columbia). Data were recorded from each patient in a passband of 0–75 Hz (300 Hz 

sample rate) using a CTF 275 channel whole cortex MEG helmet. Twenty-one channel scalp 

EEG was recorded simultaneously using a modified international 10–20 system that includes 

subtemporal electrodes. Thirty to forty minutes of spontaneous data were obtained in 10–15 min 

intervals with the patient asleep and awake. The position of the head in the MEG dewar relative 

to the MEG sensors was determined via indicator coils before and after each interval to ensure 

adequate sampling of the entire magnetic field. The data were bandpass filtered offline at 1–70 

Hz. 

 Spikes were visually identified by a certified EEG technologist (MM) and were 

confirmed by a board-certified clinical neurophysiologist and epileptologist (HEK). EEG spikes 

were identified based on the criteria defined by the International Federation of Clinical 

Neurophysiology (IFCN) for EEG epileptiform discharges (Deuschl and Eisen, 1999). MEG 

spikes were chosen for analyses based on duration (< 80 ms), morphology, field map, and lack of 

associated artifact. The onset of each spike, defined as the rising deflection of the first sharp 

negativity from the baseline, was marked and ECDs were fit using commercial software 

provided by CTF Systems (VSM MedTech, Port Coquitlam, British Columbia). Only sources 

with a goodness of fit higher than 90% were accepted. Co-registration of dipoles to MRI scans 

was performed using fiducials (nasion and preauricular points) to produce magnetic source 

images (MSI) of dipoles superimposed on anatomic images. The authors then inspected these 

results and classified the spike dipoles according to their location and orientation.  
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 We estimated the concordance between the lobe or lobar regions(s) indicated by spike 

dipoles localization and three separate reference regions: i) the lobe (or sublobar region) of 

resection determined by examination of post-operative MRI and operative reports, ii) the 

epileptogenic zone as estimated by epileptologist review of invasive intra-operative (interictal) 

and extra-operative (ictal and interictal) ECoG recordings, when available, and iii) the region of 

abnormality, if present, seen on MRI. Dipoles were considered concordant with the reference 

region if the dipole location and orientation indicated spike source in the same lobe or lobar 

region. If the region indicated by spike dipoles indicated more than one lobar region of 

epileptogenic tissue extent, but the reference region also overlapped these multiple regions (e.g., 

left lateral parieto-occipital spikes preceding a parieto-occipital cortical resection), findings were 

considered concordant. Spike activity was considered concordant and specific if no appreciable 

(>10%) dipole source estimates were observed in other lobes, but considered non-specific in the 

setting of another distal region with >10% dipoles. Other scenarios included cases in which 

dipoles were ipsilateral but in a different region compared to the reference area (concordant 

lateralization only), and cases of discordant lateralization in which >50% of dipoles were 

contralateral. Spike localization and the determination of concordance between regions were 

performed while blinded to the patient’s seizure outcome.  

 

Evaluation of clinical data and seizure outcomes 

For all patients, we retrospectively reviewed outpatient and inpatient provider notes, diagnostic 

and laboratory reports, operative records, and pathology reports. Clinical and demographic data 

including patient gender, age, handedness, epilepsy duration, surgical history, medication 
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history, MRI results, EEG findings, PET results, use of implanted electrodes for long-term 

recording, side and region of surgery, as well as the use of intra-operative ECoG were recorded. 

Details regarding patients’ epilepsy history and seizure semiology, including seizure type and 

frequency, were obtained from pre-operative and post-operative assessments by epileptologists. 

Epilepsy risk factors were recorded, including a history of: i) cerebral palsy or birth injury, ii) 

developmental delay or static encephalopathy, iii) febrile seizures, iv) head trauma, v) central 

nervous system infection, vi) epilepsy family history, vii) drug or alcohol abuse, viii) cerebral 

ischemia, and/or ix) status epilepticus. Seizure outcome was determined by the latest patient 

follow-up with the epileptologist using a modified Engel classification system (Engel et al. , 

1993). Except where specified, “seizure freedom” is used here to refer to an Engel class I 

outcome, signifying freedom from all disabling seizures. 

Surgical decisions were made by a comprehensive team of epileptologists, 

neurosurgeons, neuropsychologists, neuroradiologists, and other practitioners. Standard pre-

operative evaluation included magnetoencephalography (MEG), scalp EEG, and structural MRI, 

and often included neuropsychological evaluation, positron emission tomography (PET), and 

long-term video-EEG monitoring with or without extra-operative ECoG using surgically 

implanted subdural and/or depth electrodes. Intra-operative interictal ECoG was also performed 

in the majority of cases. Resections were customized to incorporate epileptogenic regions and 

cerebral lesions, and to preserve eloquent cortex, where applicable. For cases of mesial TLE, 

anterior temporal lobectomy was performed, including tailored resection of the lateral temporal 

cortex, amygdala, and hippocampus. Surgical specimens were analyzed by neuropathologists.  
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Statistical analysis 

Individual chi-square (χ
2
) tests were used to evaluate potential associations between MEG 

findings defined above (concordant and specific versus non-specific, lateralized only, or 

discordant) and location of resection (temporal lobe versus extra-temporal), and between MEG 

findings and epilepsy pathology (lesional versus non-lesional). To identify associations between 

various factors of interest and post-operative seizure outcome (Engel I versus Engel II-IV), 

univariate analysis was performed using a χ
2
 test for categorical variables (eg., gender) or an 

unpaired Student’s t-test for continuous variables (eg., age). Variables displaying a p value < 

0.20 on univariate analysis were then entered into a multivariate logistic regression model in a 

backwards fashion, in order to identify potential predictors of seizure-freedom (Engel I 

outcome). Potential interactions between variables were examined. Odds ratios (ORs) were 

calculated for variables significantly associated with seizure-freedom and reported with a 95% 

confidence interval (CI). The positive predictive value (PPV) for forecasting seizure-freedom 

was calculated for interictal MEG, ictal EEG, MEG, and PET. Statistical significance was 

assessed at p < 0.05. Statistical analyses were performed using SPSS version 22 (IBM, Somers, 

NY). 

 

Results 

We identified 132 patients with drug-resistant focal epilepsy who were referred for MEG for 

localization of the epileptogenic zone, followed by resective epilepsy surgery at our institution, 

and with at least 1 year post-operative follow-up (mean, 3.6 years). Mean age (± SEM) at the 

time of surgery was 27.3 years (range, 3-68 years), and 73 (55%) individuals were male. Other 
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patient characteristics are provided in Table 1. 

 

Interictal spike dipole modelling  

Among 132 patients, 103 (78%) had successful modelling of MEG dipole activity corresponding 

to interictal spikes. Spike activity was not observed during recordings in 25 (19%) patients, and 

metallic artifact (e.g., dental implants) limited MEG interpretation in 4 (3%) cases. No 

differences in patient age, seizure frequency, or duration of epilepsy were observed between 

patients with or without successful dipole modelling (p > 0.05, unpaired t-tests). 

 An example of successful dipole localization is displayed in Figure 1. In this 12-year-old 

female with drug-resistant focal epilepsy, simultaneous MEG/EEG recordings demonstrated 

interictal spikes in the right frontal/central region (Fig. 1A), localized by equivalent current 

dipole modelling to the right anterior cingulate cortex (Fig. 1B). MRI revealed a subtle blurring 

of gray-white matter differentiation at this location (Fig. 1C), which was resected under the 

guidance of intra-operative ECoG (Fig. 1D). Post-operatively, neuropathological examination 

suggested FCD type IIA, and the patient remains seizure-free (Engel I outcome) two years after 

surgery. 

 

Concordance between MEG findings and the epileptogenic zone 

To estimate the accuracy and reliability of MEG, we examined the concordance between MEG 

spike localization with three reference regions: the region of resection, the epileptogenic zone 

delineated by intra-operative or extra-operative ECoG, and the area of abnormal MRI findings 

(Fig. 2). These reference regions coincided with each other in most, but not all, cases. MEG 
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findings were concordant with and specific to: i) the lobe of resection in 68 (66%) of 103 

patients with successful MEG dipole modelling, ii) ECoG findings in 62 (67%) of 92 patients 

who had invasive recordings, and iii) an MRI abnormality in 65 (74%) of 87 cases with a 

radiological lesion. Across all reference categories, MEG dipoles were concordant with the 

reference region but non-specific (i.e., spikes also seen in another lobe) in 9-13% of 

comparisons, dipoles localized to the same side but not region as the reference area in 11-17% of 

cases, and MEG was discordant, with most dipoles localizing to the contralateral hemisphere, in 

5% of cases.  

 We also asked whether MEG accuracy and reliability might differ with epileptogenic 

zones in different anatomical regions or caused by various epilepsy etiologies (Table 2). The rate 

of concordant and specific MEG results (i.e., first group in Fig. 2) was similar in patients with a 

temporal lobe (64%) versus extra-temporal/multi-lobe (69%) seizure focus (χ
2 = 0.3, p = 0.7), 

and between those with lesional (67%) versus non-lesional (64%) epilepsy pathology (χ
2 = 0.1, p 

= 0.8). These results suggest that across various epilepsy etiologies and anatomic locations, MEG 

provides accurate and specific localization of the involved lobe in two-thirds of cases, and have 

some localizing or lateralizing value in 95% of patients. 

  

MEG concordance in predicting seizure outcome 

After surgery, 92 (70%) patients were free of disabling seizures (Engel IA-D), including 67 

(51%) individuals who achieved complete seizure-freedom (Engel IA). Other seizure outcomes 

were Engel II, Engel III, or Engel IV in 13 (10%), 17 (13%), and 10 (8%) patients, respectively. 

We examined the relationship between post-operative seizure outcome and MEG concordance 
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with the area of resection (Fig. 3). Among patients with successful dipole modelling, Engel I 

outcome was achieved by 85% of 68 individuals with concordant and specific MEG findings, but 

in only 37% of 35 patients with spike dipoles that were lateralized-only, non-specific, or 

discordant (χ
2 = 26.4, p < 0.001). Also, concordant and specific MEG was associated with 

seizure-freedom in both patients with localized ictal scalp EEG (n = 79, χ
2 = 6.4, p = 0.02) and 

with non-localized EEG (n = 50, χ
2 = 9.8, p = 0.002). Only one of five (20%) patients with MEG 

spike lateralization discordant with the area of resection became seizure-free. These findings 

suggest that seizure freedom is significantly more likely when resection is performed in 

agreement with dipole localization than in cases without concordance between the lobe of 

resection and MEG.  

 Seizure outcomes were stratified across various other factors of interest, as listed in Table 

3. Although no relationship between demographics and seizure outcome was observed (Table 

3A), patients who became seizure-free had tried slightly fewer anti-epileptic drugs than those 

with persistent seizures (Table 3B). Also, fewer patients with a history of generalized tonic-

clonic seizures became seizure-free (62%) than those with only partial seizures (82%). Seizure 

freedom was more common among individuals with lesional pathologies – such as mesial 

temporal sclerosis (84%), malformation of cortical development including focal cortical 

dysplasia (79%), and tumor (77%) – than among patients with the non-specific finding of gliosis 

only (55%). Examining pre-operative diagnostic studies, individuals with a localized ictal EEG 

were more likely to achieve Engel I outcome than those with non-localized EEG (Table 3C). 

Finally, among those patients with a well-defined radiological lesion, outcomes were more 

favorable with gross-total over subtotal resection (Table 3D).  

 Multivariate analysis was performed to further evaluate predictors of seizure outcome 
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and potential interactions. As shown in Figure 4, significant predictors of seizure-freedom 

included concordant and specific MEG, the absence of pre-operative generalized seizures, and 

localized ictal scalp EEG. Although seizure-freedom was more common in patients with 

abnormal MRI than those with normal imaging (OR = 2.02; 0.80-5.10, 95% CI), this was not 

significant on multivariate analysis. Finally, we calculated the PPV for each non-invasive, 

whole-brain diagnostic modality in predicting post-operative Engel I outcome (Table 4). MEG 

exhibited a PPV of 85.3% overall, comparable to ictal scalp EEG (79.8%) and anatomical MRI 

(72.5%). The PPVs for MEG in temporal lobe and extra-temporal/multilobe cases were 91.9% 

and 77.4%, respectively, suggesting that MEG has predictive value in TLE as well as focal 

neocortical epilepsy.  

 

Discussion 

Here we report MEG dipole mapping results and long-term seizure outcomes in 132 patients who 

underwent MEG prior to resective epilepsy surgery at our institution. Interictal MEG spike 

activity was observed in 78% of patients, and spike localization was concordant with and 

specific to the lobe of resection in two-thirds of these individuals, with discordant lateralization 

in 5% of cases. Post-operative seizure-freedom was achieved in 85% of patients with MEG 

findings concordant with and specific to the region of resection. In contrast, only 37% of 

individuals became seizure-free when resection was performed in the setting of non-specific or 

discordant MEG results. Finally, MEG predicted seizure freedom on multivariate analysis, along 

with localized ictal scalp EEG and a lack of generalized seizures. Our results suggest that 

although MEG dipole mapping is not without limitations, it represents a valuable non-invasive 
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tool to help localize the epileptogenic zone in pre-surgical epilepsy patients, and may assist with 

outcome prognostication. 

 Previous studies have examined the sensitivity and accuracy of MEG in epilepsy surgery 

planning. In the largest series of MEG recordings in epilepsy, Stefan and colleagues reported a 

70% sensitivity of MEG for epileptic activity across 455 patients, with localization of the correct 

lobe to be treated in 89% of 131 surgical cases (Stefan et al. , 2003). Some groups have reported 

that MEG may be more likely to localize to the epileptogenic zone than interictal or ictal scalp 

EEG (Pataraia et al. , 2004, Paulini et al. , 2007). Knowlton et al. and Jung et al. have reported 

good agreement between MEG and invasive electrodiagnostic modalities in separate series of 

patients with implanted grid/strip electrodes or stereo-electroencephalography, respectively 

(Jung et al. , 2013, Knowlton et al. , 2006). Other investigators have described an important role 

of MEG in planning surgical placement of intracranial electrodes (Knowlton et al. , 2009, 

Sutherling et al. , 2008). Finally, various groups have reported clinical utility of MEG in 

planning resection for focal neocortical epilepsy (Kim et al. , 2013, Mamelak et al. , 2002, Mu et 

al. , 2014), hemispheric  epilepsy (Torres et al. , 2011), and re-operation after failed epilepsy 

surgery (Mohamed et al. , 2007). Our results confirm the utility of MEG spike localization 

described in these prior reports, and extend these findings by demonstrating the value of MEG in 

predicting long-term surgical outcome. 

 

MEG in temporal lobe epilepsy 

Given that source localization may be more challenging with deeper regions such as mesial 

temporal structures, some have argued that MEG has diminished clinical utility in TLE (Leijten 
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et al. , 2003, Shigeto et al. , 2002). Our group previously reported a series of 25 patients with 

mesial TLE, in which MEG interictal spikes were observed in 86% of patients, including well-

localized spikes in two-thirds of individuals with a non-localized MRI (Kaiboriboon et al. , 

2010). Other studies have also demonstrated favorable dipole localization with MEG in TLE 

patients (Baumgartner et al. , 2000, Stephen et al. , 2005). In the present series, concordance 

between MEG dipoles and the lobe of resection was comparable between TLE and extra-

temporal lobe epilepsy patients, and between patients with mesial temporal sclerosis versus other 

pathologies. However, our study does not address the localizing value of mesial versus lateral 

temporal dipoles in patients with mesial TLE, as temporal lobectomies in our series were 

performed anatomically, including resection of both mesial structures and lateral temporal 

cortex. Also, MEG referrals for typical cases of mesial temporal sclerosis are less common in our 

practice, which may contribute to selection bias in this study. While our results suggest MEG can 

be a clinically useful in confirming TLE, the predictive value of mesial temporal spike 

localization warrants further attention. Potentially, this issue could be addressed by examining 

mesial versus lateral temporal MEG spikes in patients who receive selective amygdalo-

hippocampectomy with preservation of the lateral temporal cortex. 

 

Technique limitations and future directions 

While our results support a role for MEG interictal dipole mapping, there are limitations to the 

technique, highlighted by patients in which spikes were not encountered, and those with non-

specific localization. MEG has higher spatial resolution without signal loss by the skull and scalp 

compared to scalp EEG, but MEG is typically limited to interictal recordings, and thus cannot 
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replace video/EEG monitoring of ictal events. Localization of interictal spikes with either MEG 

or electrodiagnostic studies can help to identify the irritative zone, but this may not always 

coincide with the epileptogenic zone required for seizure generation (Ray et al. , 2007). Also, 

although MEG is noninvasive and allows whole-brain coverage, direct recordings with invasive 

ECoG remains the gold standard for accurate and reliable delineation of the seizure focus (Yuan 

et al. , 2012). As with other diagnostic modalities, MSI dipole modelling requires specialized 

training and is prone to interpretation error. Although advanced adaptive spatial filtering 

techniques can be employed for automated spike localization, further validation is required 

before such methods can replace manual dipole fitting (Kirsch et al. , 2006).   

 Beyond dipole mapping, other potential roles for MEG in epilepsy evaluation warrant 

exploration. Given favorable spatio-temporal resolution, MEG is well positioned to investigate 

high frequency oscillations (HFOs), of which the localizing value has become increasingly 

appreciated in epilepsy (Bragin et al. , 2010). Also, MEG has been used successfully to explore 

resting-state functional connectivity in numerous brain disorders (Guggisberg et al. , 2008), and 

a better understanding of connectivity reorganization in epilepsy may further aid our ability to 

map epileptic networks (Centeno and Carmichael, 2014). Finally, beyond localization, MEG is a 

valuable tool for non-invasive mapping of eloquent cortex including language, somatosensory, 

motor, and visual function in patients with epilepsy or other neurosurgical disorders (Findlay et 

al. , 2012, Tovar-Spinoza et al. , 2008). 

 

Study design limitations 

The most notable limitation of the present study design is its non-randomized, retrospective 
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nature. While we can ascertain the statistical relationship between MEG results and seizure 

outcome in hindsight, we cannot directly access the effect that MEG had on planning the 

resection, and thus, on seizure outcome. Furthermore, our study population is diverse, including 

a wide age range and various pathologies and resection types, which may limit the 

generalizability of our findings to certain patient groups. Clearly, a randomized, controlled trial 

examining the effects of pre-surgical MEG use on seizure outcome in epilepsy surgery would be 

ideal, but such a study is very unlikely because of highly problematic design challenges and 

ethical concerns. Nevertheless, the strength of our study is that it is the largest series to date, to 

our knowledge, examining MEG results in epilepsy patients with long-term seizure outcomes. 

 

Conclusions 

MEG represents a useful tool for interictal spike localization in pre-surgical epilepsy patients, 

given high spatio-temporal resolution and lack of signal deterioration by the skull and scalp. 

Although interictal spikes are not always observed with MEG, dipole modelling was successful 

in 78% patients in the present study, providing accurate and specific localization of the region for 

resection in two-thirds of those individuals. Seizure freedom was common (85%) in patients with 

localizing and specific MEG findings, but uncommon (37%) when the resection was performed 

with non-specific or discordant MEG results. Although the technique has its limitations, MEG 

dipole mapping can provide valuable information for surgical planning, and other potential uses 

for MEG in the evaluation of epilepsy patients warrant further attention. 
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Tables 

 
Table 1: Patient characteristics 
   

Age at surgery years 27.3 ± 1.3 
   

Gender Male 73 (55) 

 Female 59 (45) 
   

Handedness Right 97 (74) 

 Left 18 (14) 

 Ambidextrous 4 (3) 

 Not yet lateralized or unknown 13 (10) 
   

Duration epilepsy years 14.0 ±  1.0 
   

Lobe involved Temporal 75 (57) 

 Frontal 27 (21) 

 Parietal 7 (5) 

 Occipital 5 (4) 

 Multiple 18 (14) 
   

Seizure frequency no. per week 11.0 ± 1.9 
   

History of generalized seizures Yes 78 (59) 

 No 54 (41) 
   

Side of surgery Right 55 (42) 

 Left 77 (58) 
   

Previous resection No 112 (85) 

 Yes 20 (15) 
   

Data are N (%) for categorical variables or mean ± SEM for continuous variables. N = 

132 patients. MCD: malformation of cortical development; MTS: mesial temporal 

sclerosis. 

Page 25 of 35

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901  Support (434) 964 4100

Brain



For Peer Review

                           Englot et al.   26 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2: MEG concordance with the area of resection by location and pathology 

A) Lobe Concordant 

and specific 

Non-specific, 

lateralized-only 

or discordant 

 B) Primary 

Pathology 

Concordant 

and specific 

Non-specific, 

lateralized-only 

or discordant 

Temporal 37 (64) 21 (36)  Gliosis only 19 (66) 10 (34) 

Frontal 11 (55) 9 (45)  MCD 18 (72) 7 (28) 

Parietal 6 (86) 1 (14)  MTS 15 (63) 9 (37) 

Occipital 3 (100) 0 (0)  Tumor 14 (78) 4 (22) 

Multi-lobe 7 (64) 4 (36)  Ischemia/infarct 1 (33) 2 (67) 

Hemispherectomy 4 (100) 0 (0)  Other 1 (25) 3 (75) 

Total 68 (66) 35 (34)   68 (66) 35 (34) 

Data are N (%). N = 103 patients with MEG spikes modelled. MCD: malformation of cortical development; MEG: 

magnetoencephalography; MRI: magnetic resonance imaging; MTS: mesial temporal sclerosis. 
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Table 3: Seizure outcomes and associated factors 

  Engel I  Engel II-IV   p value  

A) Patient demographics     
      

Age at surgery  years 26.3 ± 1.5 29.5 ± 2.4  0.26 
      

Gender Male 54 (74) 19 (26)  0.26 

 Female 38 (64) 21 (36)   
      

Handedness Right 66 (68) 31 (32)  0.91 

 Left 13 (72) 5 (28)   

 Ambidextrous 3 (75) 1 (25)   

 Not yet lateralized or 

unknown 

10 (77) 3 (23)   
     

B) Epilepsy characteristics     
      

Duration epilepsy years 13.4 ± 1.2 15.5 ± 1.8  0.34 
      

Seizure frequency no. per week 10.2 ± 2.3 13.0 ± 3.5  0.50 
      

AED regimen tried no. 4.5 ± 0.3 5.7 ± 0.5  0.03* 
      

Epilepsy risk factors no. 0.78 ± 0.10 0.85 ± 0.12  0.69 
      

Lobe involved Temporal 55 (73) 20 (27)  0.43 

 Frontal 16 (59) 11 (41)   

 Parietal 5 (71) 2 (29)   

 Occipital 4 (80) 1 (20)   

 Multi-lobe 8 (57) 6 (43)   

 Hemispherectomy 4 (100) 0   
      

Primary Pathology Gliosis only 23 (55) 19 (45)  0.05 

 MCD 26 (79) 7 (21)   

 MTS 21 (84) 4 (16)   

 Tumor 17 (77) 5 (23)   

 Ischemia/infarct 3 (60) 2 (40)   

 Other 2 (40) 3 (60)   
      

History of generalized seizures Yes 48 (62) 30 (38)  0.02* 

No 44 (82) 10 (18)   
      

C) Pre-operative diagnostics      
      

MEG Concordant and specific 58 (85) 10 (15) 

 

< 0.001* 

 

Non-specific or discordant 13 (37) 22 (63) 

  

 

No spikes modelled 21 (72) 8 (28) 

  

      

MRI Abnormal 79 (73) 30 (27)  0.14 

 Normal 13 (57) 10 (43)   
      

Ictal scalp EEG Localized 63 (80) 16 (20)  < 0.01* 

 Not localized 26 (52) 24 (48)   
      

Implanted ECoG Performed 35 (60) 23 (40)  0.06 

 Not performed 57 (77) 17 (23)   
      

PET (when performed) Abnormal 17 (65) 9 (35)  0.12 

 Normal 12 (92) 1 (8)   
      

Table continued on next page.     
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Table continued from previous page. 
      

D) Operative factors     
      

Side of surgery Right 39 (71) 16 (29)  0.85 

 Left 53 (69) 24 (31)   
      

Intra-operative ECoG Performed 76 (70) 32 (30)  0.81 

Not performed 16 (67) 8 (33)   
      

Extent of resection (Tumor, vascular 

malformation, tuber, cyst only) 

Gross-total 16 (80) 4 (20)  0.05 

Subtotal 2 (33) 4 (67)   
      

Previous resection No 80 (71) 32 (29)  0.30 

 Yes 12 (60) 8 (40)   
      

TOTAL  92 (70) 40 (30)   

Data are N (%) for categorical variables or mean ± SEM for continuous variables. *Statistically significant value (p 

< 0.05) from χ
2
 test (categorical) or t-test (continuous) comparing patients with Engel I versus II-IV seizure 

outcomes. AED: anti-epileptic drug; ECoG: electrocorticography, EEG: electroencephalography; MCD: 

malformation of cortical development; MEG: magnetoencephalography; MRI: magnetic resonance imaging; MTS: 

mesial temporal sclerosis; PET: positron emission tomography. 
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Table 4: Positive predictive value of non-invasive, whole-brain diagnostic modalities 

 All cases (n = 132)  Temporal lobe (n = 75)  Extra-temporal and  

multilobe (n = 57) 

 PPV (%) 95% CI  PPV (%) 95% CI  PPV (%) 95% CI 

Interictal MEG 85.3 74.6-92.7  91.9 78.1-98.2  77.4 58.9-90.4 

Ictal scalp EEG 79.8 69.2-88.0  80.0 66.3-90.0  79.3 60.3-92.0 

MRI 72.5 63.1-80.6  75.8 63.3-85.8  68.1 52.9-80.9 

Interictal PET 65.4 44.3-82.8  68.8 41.4-88.9  60.0 26.4-87.6 

N = 132 (MEG and MRI), 129 (EEG), 39 (PET). CI: confidence interval; EEG: electroencephalography; 

MEG: magnetoencephalography; PET: positron emission tomography; PPV: positive predictive value. 
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Figure Legends 

Figure 1: Example of MSI dipole modelling with simultaneous MEG/EEG recordings.  A) 

Recordings from selected MEG channels and simultaneous EEG in a 12-year-old female with 

drug-resistant focal epilepsy. A representative interictal spike is seen in both MEG and EEG 

recordings localizing to the right frontal/central region. B) Localization of single dipole sources 

corresponding to the spike in A, and similar spikes during the recording, shown as triangles with 

vector tails superimposed on T1-weighted anatomical MRI. C) Pre-operative T2-weighted axial 

MRI showing a subtle abnormal blurring of gray-white matter differentiation in the right anterior 

cingulate region (circle), proximal to the location of MEG dipoles. D) Post-operative T2-

weighted axial MRI demonstrating the resection cavity. Neuropathological examination revealed 

FCD type IIA, and the patient remains seizure-free two years after surgery. EEG: 

electroencephalography; FCD: focal cortical dysplasia; MEG: magnetoencephalography; MRI: 

magnetic resonance imaging; MSI: magnetic source imaging. 

 

Figure 2: MEG concordance with the area of resection, ECoG, and MRI. Shown is the 

number of patients with concordance between the region of MEG spike activity to three 

reference regions: i) the region of resection, ii) the epileptogenic zone delineated by ECoG, and 

iii) MRI abnormality. Cases are classified as concordant and specific, concordant but non-

specific (same region, but >10% spikes also noted elsewhere), concordant lateralization only 

(same side, different region), and discordant lateralization (>50% spikes contralateral). Only 103 

(78%) of 132 patients are included in this graph, as no spikes were modelled with MEG in 29 

patients. ECoG: electrocorticography; MEG: magnetoencephalography; MRI: magnetic 

resonance imaging. 
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Figure 3: Relationship between MEG findings and seizure outcome. A) Post-operative 

seizure-freedom (Engel I outcome) was significantly more common in patients with concordant 

and specific MEG (85% seizure-free) than in patients with non-specific, lateralized-only, or 

discordant MEG (37% seizure-free overall, χ
2 = 26.4, p < 0.001). Among patients with no spikes 

modelled, 72% were seizure-free after surgery. B) MEG findings stratified by seizure outcome. 

For details of these categories, see Fig. 2 legend. N = 132 patients. MEG: 

magnetoencephalography. 

 

Figure 4: Predictors of seizure-freedom from multivariate analysis. Significant predictors of 

seizure-freedom include concordant and specific MEG, the absence of pre-operative GTCS, and 

localized ictal scalp EEG. Results are from multivariate logistic regression analysis, represented 

as OR with 95% confidence interval. Dashed line represents OR = 1. EEG: 

electroencephalography; GTCS: generalized tonic-clonic seizures; MEG: 

magnetoencephalography; OR: odds ratio. 
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Figure 1: Example of MSI dipole modelling with simultaneous MEG/EEG recordings.  A) Recordings from 
selected MEG channels and simultaneous EEG in a 12-year-old female with drug-resistant focal epilepsy. A 
representative interictal spike is seen in both MEG and EEG recordings localizing to the right frontal/central 
region. B) Localization of single dipole sources corresponding to the spike in A, and similar spikes during the 

recording, shown as triangles with vector tails superimposed on T1-weighted anatomical MRI. C) Pre-
operative T2-weighted axial MRI showing a subtle abnormal blurring of gray-white matter differentiation in 
the right anterior cingulate region (circle), proximal to the location of MEG dipoles. D) Post-operative T2-
weighted axial MRI demonstrating the resection cavity. Neuropathological examination revealed FCD type 

IIA, and the patient remains seizure-free two years after surgery. EEG: electroencephalography; FCD: focal 
cortical dysplasia; MEG: magnetoencephalography; MRI: magnetic resonance imaging; MSI: magnetic 

source imaging.  
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this graph, as no spikes were modelled with MEG in 29 patients. ECoG: electrocorticography; MEG: magnetoencephalography; MRI: magnetic resonance imaging. 
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Figure 3: Relationship between MEG findings and seizure outcome. A) Post-operative seizure-freedom (Engel 
I outcome) was significantly more common in patients with concordant and specific MEG (85% seizure-free) 
than in patients with non-specific, lateralized-only, or discordant MEG (37% seizure-free overall, χ2 = 26.4, 
p < 0.001). Among patients with no spikes modelled, 72% were seizure-free after surgery. B) MEG findings 

stratified by seizure outcome. For details of these categories, see Fig. 2 legend. N = 132 patients. MEG: 
magnetoencephalography.  
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Figure 4: Predictors of seizure-freedom from multivariate analysis. Significant predictors of seizure-freedom 
include concordant and specific MEG, the absence of pre-operative GTCS, and localized ictal scalp EEG. 

Results are from multivariate logistic regression analysis, represented as OR with 95% confidence interval. 

Dashed line represents OR = 1. EEG: electroencephalography; GTCS: generalized tonic-clonic seizures; 
MEG: magnetoencephalography; OR: odds ratio.  
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