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Abstract

Objective: Resective surgery is the most effective treatment option for patients with refractory
epilepsy; however identification of patients who will benefit from epilepsy surgery remains
challenging. Synthetic aperture magnetometry and excess kurtosis mapping (SAM(g2)) of
magnetoencephalography (MEG) is a non-invasive tool that warrants further examination in the
pediatric epilepsy population. Here, we examined the utility of MEG with SAM(g2) to determine
if MEG epileptiform foci correlates with surgical outcome and to develop a predictive model
incorporating MEG information to best assess likelihood of seizure improvement/freedom from
resective surgery.

Methods: 564 subjects who had MEG at the Children’s Hospital of Philadelphia between
2010-2015 were screened. Clinical epilepsy history and prior electrographic records were
extracted and reviewed and correlated with MEG findings. MEG assessments were made by both a
neurologist and neuroradiologist. Predictive models were developed to assess the utility of MEG in
determining Engel class at one year and five years after resective epilepsy surgery.

Results: The number of MEG spike foci was highly associated with Engel class outcome at both
one year and five years; however, using MEG data in isolation was not significantly predictive of 5
year surgical outcome. When combined with clinical factors; scalp EEG (single ictal onset zone),
MRI (lesional or not), age and sex in a logistic regression model MEG foci was significant for
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Engel class outcome at both 1 year (p=0.03) and 5 years (0.02). The percent correctly classified
for Engel class at one year was 78.43% and the positive predictive value was 71.43.

Significance: MEG using SAM(g2) analysis in an important non-invasive tool in the
identification of those patients who will benefit most from surgery. Integrating MEG data analysis
into pre-surgical evaluation can help to predict epilepsy outcome after resective surgery in the
pediatric population if utilized with skilled interpretation.

Introduction

Pharmacoresistant epilepsy remains a prevalent public health problem, leading to significant
disability and mortality (England et al., 2012). Surgical options are central to the approach to
medication-resistant focal epilepsy; yet despite extensive pre-surgical workup, desired
outcomes disappoint providers and patients with up to 60% of subjects not obtaining seizure
freedom (Englot et al., 2016; Hyunmi Kim et al., 2013). A number of potential reasons for
failed epilepsy surgery exist, including the inability to correctly identify which patients will
respond to surgery, failure to remove the entire seizure focus due to presence of eloquent
cortex in the epileptic zone, or misaligned presurgical workup. Improved non-invasive
methods are needed both to identify which patients will benefit from epilepsy surgery and to
precisely define the ictal onset zone. Towards this end, we hypothesized that synthetic
aperture magnetometry and excess kurtosis mapping (SAM(g2)) of
magnetoencephalography (MEG) in conjunction with defined clinical features will improve
patient selection for epilepsy surgery and ultimately improve surgical outcomes.

Magnetoencephalography measures magnetic fields generated by the electrical currents
produced by synchronized neuronal activity. Unlike EEG, which directly measures volume-
conducted electric currents originating from the cortex, magnetic fields are minimally
distorted by the variable conductivity of tissue overlying the brain. Therefore the resolution
of the signal provides more precise localization of spike discharges (Tovar-Spinoza et al.,
2008). When magnetic field recordings undergo source modeling and the identified sources
are overlaid onto structural MRI images, MEG can be used to help define the epileptogenic
zone, to plan for invasive (intracranial) EEG monitoring, and to plan for subsequent
resection of tissue involved in seizure generation. Source localization is most commonly
done using equivalent current dipole (ECD) modeling, which describes a theoretical
electrical discharge which best explains the measured magnetic fields at a specific time
point. Beamforming methods such as synthetic aperture magnetometry (SAM) use spatial
filters to estimate the sources of magnetic fields in pre-defined sub centimeter volumes.
SAM(g2) combines SAM with statistical methods to identify high kurtosis (g2) as a way of
identifying and localizing spike discharges (Robinson et al., 2004; Ukai et al., 2004).
Additionally, SAM(g2) analysis offers potential benefits over ECD including improved
resolution of multifocal foci, adaptive spatial filtering and automated spike detection
(Robinson et al., 2004; Sugiyama et al., 2009). Although prior studies have found SAM(g2)
analysis to be consistent with equivalent current dipole analysis (Robinson et al., 2004; Ukai
et al., 2004) in which there is a unifocal locus, there are few studies that have investigated its
direct utility in pre-surgical evaluation (Mohamed et al., 2013a, 2018). One recent study of
22 adults found that the concordance of kurtosis beamformer localization and the resection
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cavity was similar to that of using equivalent current dipole fitting (Hall et al., 2018). The
use of SAM(g2) type of analysis in the pediatric population has not been previously well-
studied. Given that pediatric patients may have limited participation with a MEG or may
require sedation in order to perform MEG, specific examination of this population is
warranted.

Prior studies have validated MEG for pre-surgical epilepsy evaluation. MEG data compares
favorably to invasive pre-surgical techniques, with MEG typically localizing in similar
locations to both intracranial EEG/ECoG (Knowlton, 2008) and stereo-EEG abnormalities
(Murakami et al., 2016). Studies vary in regard to MEG-EEG concordance; some studies
demonstrate better localization of MEG, while others suggest the opposite (Fischer et al.,
2005; Paulini et al., 2007). In fact, sensitivity for detecting EEG epileptiform activity by
MEG in adults was estimated at 70% from a large cohort of 455 subjects (Stefan et al.,
2011). As much of the literature has focused on MEG’s concordance with other assessment
modalities, further research is needed on determining the ultimate clinical utility of this
method.

On this point the literature is sparse, with one study of 35 pediatric patients with neocortical
epilepsy finding that MEG focal beamforming localization did not correlate with surgical
outcomes (Mohamed et al., 2013b). Pediatric patients represent a distinctive epilepsy group
because seizure etiology is different from that of adults and is more likely to be extra-
temporal in origin. The developing brain differs from the adult brain in the basic
mechanisms of epileptogenesis and propagation of seizures (Rho et al., 2006; Whiting and
Duchowny, 1999). Given these differences in focus localization, epilepsy etiology, and
mechanisms of epileptogenesis further examination of the utility of MEG amongst pediatric
patients is needed.

MEG may improve clinical practice in multiple ways. MEG can screen patients with
nonlocalizing EEG and MRI for focal findings. Second, MEG can tailor intracranial EEG
placement to ensure coverage of EEG abnormities. Lastly, MEG can be used to avoid
intracranial EEG altogether if concordance between MEG, MRI and scalp EEG is sufficient
(Sutherling et al., 2008). Thus, potential benefits of a non-invasive assessments such as
MEG are significant, particularly in the pediatric population in which invasive techniques
are often more challenging to perform and can have greater associated risks (Anderson et al.,
2014; Hunmin Kim et al., 2013; Kim et al., 2012).

Despite its growing use, our understanding of the value of MEG with SAM(g2) in pre-
surgical assessment for epilepsy surgery in the pediatric population is limited. Therefore, we
assessed the utility of MEG in pre-surgical assessment to determine if MEG localization
correlates with surgical outcome after resective epilepsy surgery and to develop a predictive
model incorporating MEG information to best assess likelihood of seizure improvement/
freedom from resective surgery.
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We conducted a single-center retrospective cohort study examining the utility of MEG in
pediatric patients prior to epilepsy surgery. This investigation was approved by the
Institutional Review Board of the Children’s Hospital of Philadelphia (CHOP). Subjects
underwent MEG performed at CHOP between 2010 and 2016. Additional inclusion criteria
were age <18 years at the time of MEG and subsequent resective surgery for epilepsy.
Subjects were excluded if inadequate clinical or imaging information was available in the
medical record before or after surgery. Subjects were required to have at least 6 months of
post-operative follow-up at CHOP.

Demographics, epilepsy history, surgical history and information regarding pre-surgical
assessments were extracted from the electronic medical record (EPIC systems). Study data
were collected and managed using Redcaps (Research Electronic Data Capture) electronic
data capture tools hosted at The Children’s Hospital of Philadelphia (Paul A. Harris, Robert
Taylor, Robert Thielke, Jonathon Payne, Nathaniel Gonzalez, 2009). Data included, age, sex,
age of seizure onset, epilepsy syndrome (if any), presence of developmental/intellectual
disorder, seizure types, epilepsy etiology, past treatments, including number of trialed anti-
epileptic treatments (anti-epileptic drugs (AEDs), steroids, and the ketogenic diet) and
approximate seizure burden (seizures/month) at time of MEG. MRI imaging reports were
reviewed by J.G. and categorized as lesional or non-lesional. MRI categorization was re-
reviewed by a board-certified radiologist with added qualification in neuroradiology (E.S.S.)
who confirmed classification and clarified equivocal report findings. Data extracted from
EEG reports (both scalp EEG and intracranial EEG) included: irritative zone (areas with
occasional-frequent epileptiform abnormalities), ictal onset zone, and number of seizures
captured. Data extracted from surgical reports and follow-up clinical visit notes included:
resected area, surgical complications, deficits occurring post-operatively and persistence of
lesional tissue post-operatively.

In following previously published methods, estimation of sources with excess kurtosis was
determined using adaptive spatial filtering by synthetic aperture magnetometry SAM(g2)
(CTF v5.4) software tools (Robinson et al., 2004). SAM(g2) allows for the detection of
excess kurtosis associated with interictal or ictal spikes, simultaneously mapping the
putative generators and reconstructing the source waveforms from the local maxima
associated with these generators (Canuet et al., 2008; Ishii et al., 2008; Kirsch et al., 2006;
Oishi et al., 2006; Robinson et al., 2004; Ukai et al., 2004; Xiao et al., 2006; Zhang et al.,
2011). The reconstructed source waveforms can be considered to be a virtual depth electrode
in that the source waveform provide a continuous estimate of the neuromagnetic activity
arising from the voxel with good similarity to the neural activity detected by invasive
monitoring (Oishi et al., 2006).

MEG recordings were performed at the Lurie Family Foundations” MEG Imaging Center of
the Department of Radiology at the Children’s Hospital of Philadelphia in a magnetically
shielded room using a whole-cortex 275-channel MEG system (VSM MedTech Inc.,
Coquitlam, BC). Fiducial coils were placed on the nasion and left and right preauricular
points for each patient to permit continuous head localization during the recordings, and for
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co-registration with each patient’s volumetric brain MRI. Head position was recorded
continuously to ensure that head movements did not exceed 1 cm over the duration of the
MEG recordings. Patients who could not remain still for the recording period (typically
30-50 minutes were anesthetized by the pediatric anesthesiology service. Anesthesia was
typically provided using dexmedetomidine alone and propofol was avoided. Notation of
state and presence/absence of anesthesia was noted for every patient.

Spontaneous MEG data were processed offline after synthetic third order gradient
correction. At least ten, 2-minute recordings were collected per patient. Each 2-minute
recording was reviewed manually with significant artifacts (muscle, head motion etc.)
identified and removed (bad segment DataEditor) prior to SAM(g2) analysis. For each
patient, a source space grid (5 mm resolution) was computed for a source model
encompassing the entire brain (local spheres based on the inner skull contour). Beamformer
weights were then constructed and virtual electrodes representing each location in source
space were computed.

Prior to SAM(g2) analysis, the MEG data were filtered from 3 to 70 Hz with a notch filter at
60 Hz. SAM(g2) excess kurtosis was then calculated within the frequency band of 20-70 Hz
for each 2-min epoch separately (also used to calculate covariance). All local maxima with
an inte-rpeak spacing >10 mm in each map for g2 > 1 were saved, and SAM(g2) source
waveforms were computed for each location for viewing source activity in the 3 to 70 Hz
range and aligned with each patient’s volumetric structural MRI scan using common fiducial
landmarks. The SAMg2 threshold of g2 > 1 was selected to localize kurtotic signals from
both sharply contoured healthy background rhythms as well as epilepsy. This choice was
made for a variety of reasons, including to observe how the background rhythms change
during sleep and to show how rhythms change with specific medications. This lower
threshold than what is typically seen in the literature results in more features being analyzed
than those relating specifically to epileptic sharps and spikes. Thus, the determination of a
reportable kurtotic event in our clinical work depends on both 1. a SAMg2 peak and 2. A
virtual sensor waveform showing characteristic epileptogenic activity. If the event shows
features consistent with sharply contoured resting brain rhythms (mu, alpha, beta, etc), it is
simply ignored.

A focus of abnormality was initially identified by an area where the pseudo t-statistic for
kurtosis exceeded the cutoff threshold (50% of peak whole brain) and confirmed by viewing
the beamformer virtual depth electrode (source activity-time trace) to confirm that the
discharge stood out from background activity and had a morphology consistent with a spike
wave discharge. The clinical reporting was performed by E.S.S. and W.G. or T.R.
independent of this study. If patients had more than one MEG performed in the course of
their evaluation, the study closest to the time of surgical resection was included in the
analysis. Scalp EEG was not routinely used to verify MEG findings. For this study, MEG
findings were re-evaluated retrospectively by the neuroradiologist (E.S.S.), and blinded to
the surgical outcome of the patients to allow for standardized characterization of the findings
for the planned analysis. In addition, a neurologist re-evaluated the spike foci using set
criteria. A focus was labelled as distinct from another foci if the two areas were at least 3
gyri apart. Each recording was then categorized as having one MEG focus of abnormality
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(category 1), 2-3 foci of abnormality (category 2), or greater than 3 foci of abnormality
(category 3). Finally, the MEG findings were categorized as being unifocal (category 1) or
multifocal (category 2 or 3).

Seizure outcomes were graded using the Engel classification as described by the assessment
subcommittee and quality standards subcommittee of the American Academy of Neurology
and American Epilepsy Society (French et al., 2004; Wheeler et al., 2011). Engel class was
assessed both one year post-surgery and at time of last follow-up or 5 years post-surgery
(whichever time point was first), and stratified into good (class | or Il) or poor outcome
(class 11, 1V). This grouping captures clinically useful outcomes categories (a significant
reduction in seizure vs. no reduction or worsening of seizures and has been utilized in other
prior MEG studies (Agarwal et al., 2018; Mohamed et al., 2013a; Zhang et al., 2011). Other
outcomes data collected included number of antiepileptic treatments after surgery, additional
medication or increasing dose of medications, and seizures per month at both one year and
two years post-surgery.

All statistical analysis was performed using STATA 15 (StataCorp). Logistic regression was
used to evaluate factors associated with good (Engel class 1 or 2) or poor (Engel class 3 or
4) outcomes at one year post-surgery and 5 years post-surgery (for subjects where this data
was available). Univariate models exploring the association of MEG variables with outcome
were evaluated first, followed by multivariate models which included factors known to be
associated with surgical outcome, such as presence of a MRI-visible lesion.

Of the 562 screened subjects who had an MEG at CHOP between 2010 and 2016, 176 were
deemed candidates for resective epilepsy surgery, and 56 met study inclusion criteria (Figure
1). Demographic characteristics of this study population are summarized in Table 1. Overall,
males and females were evenly represented. Mean age of epilepsy diagnosis was 62.7
months (95% CI 48.60-76.79 months). Focal epilepsy was appropriately the most common
epilepsy type 53/56 (94.6%). Subjects had been treated with a mean of 5.31 (95% CI
4.61-6.01) AEDs prior to surgery and 5.4 anti-epileptic treatments (AETS), which included
ketogenic diet and other alternative or immunomodulatory therapies (95% CI 4.65-6.24).
None of the patients had a prior history of resective surgery. Seizure types were primarily
focal motor with impairment of consciousness (29/56, 51.79%) and focal motor without
impairment of consciousness 19/56 (33.93%). The remaining seizure types included focal
without motor with and without impairment of consciousness, generalized with and without
impairment of consciousness and spasms. Epilepsy etiologies included focal cortical
dysplasia, mass, stroke, polymicrogyria, heterotopia, and genetic, with focal cortical
dysplasia being the most common.

Interictal discharges on scalp EEG were limited to a single region in 37.74% (20/56) of
patients, and a single seizure onset zone was recorded in 56.86% (29/56). MRI was lesional
in 46/56 (84.1%) of subjects. Focal cortical dysplasia was identified on MRI imaging in
25/56(44.6%) of subjects as the most common lesional abnormality. Twenty-eight subjects
(50.0%) went onto have phase 2 intracranial EEG evaluation.
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MEG was performed without anesthesia in 49/56 (87%) of subjects. MEG showed
epileptiform activity in all subjects. Multifocal MEGs (as defined by 3 non-contiguous foci
involving bilateral hemispheres) were seen in 34/56 (60.7%) of subjects, though
35/56(62.5%) had a predominant focus.

Mean age at surgery was 11.75 years (IQR 8-14 years). Mean time from diagnosis of
epilepsy to epilepsy surgery was 6.5 years. Resection areas involved included (n, % of total):
frontal (25, 44.6%), temporal (33, 58.9%), parietal (14, 25.0%), occipital (5, 8.9%). Most
surgeries did not have any complications (such as infection or stroke) (41/56 73.2%).
However, resulting neurologic deficits were seen in 20 subjects (35.7%) following surgery,
the most common being a visual field cut.

At one-year post-resection, 67.8% of subjects had an Engel class 1 or 2 outcome, and at 5
years 53.6% continued to be in the good Engel class category. There was no significant
difference in Engel class at one and five years (p=0.12). Baseline characteristics including
age, sex, prior number of AEDs, MRI lesion, and area of resection were not significantly
different between those with good Engel class outcomes compared to those with poor Engel
class outcomes (Table 1). Mean number of AEDs at the time of MEG was 2.11 and one-year
post-surgery was 1.71 (p=0.02) and 2 years post-surgery was 1.53 (p=0.004). Significantly
fewer subjects required dose escalation or additional AEDs in the low Engel class group
compared to the high Engel class group (0 subjects vs. 18 subjects) (p<0.001) at one year.

The number of MEG spike foci was highly associated with Engel class outcome (Table 2).
Compared to patients with unifocal MEG spike discharges, the odds ratio of a poor outcome
at one year was 7.6 (95% CI 1.47-39.29, p=0.01) in those with category 2 MEG findings
(2-3 separate foci) and 9.5 (95% CI 1.27-10.96, p=0.01) in those with category 3 MEG
findings (>3 separate foci). At 5 years, this trend persisted but no longer reached clinical
significance with the odds of a poor outcome being 3.12 times greater (95% C10.92-10.51,
p=0.10) in those with 2-3 foci, and 4.17 (95% CI 0.75-23.18, p=0.10) times greater if the
number of foci was greater than 3. Regardless of the foci evaluator (radiologist or
neurologist), MEG foci were associated with Engel class outcome.

After demonstrating that the number of MEG SAM(g2) regions correlates with outcome, we
set out to determine if this information could be combined with other clinical features to
predict surgery outcome. Although MEG SAM(g2) regions and foci reevaluated were
associated with Engel classification, using MEG data in isolation was not significantly
predictive of 5-year surgical outcomes. Furthermore, MEG alone lacked sufficient positive
predictive value (50.0%) and thus would not be clinically useful in isolation of other patient
factors. Therefore, a logistic regression model to predict outcome at both one and five years
was generated utilizing additional clinically applicable assessments.

Clinically applicable assessments were selected a priorito reflect those factors typically
emphasized in pre-surgical evaluation; namely scalp EEG (single ictal onset zone) and MRI
(lesional or not), age and sex. When analyzing these additional assessments without MEG
data in a logistic regression model, they were not predictive of Engel class outcome. The
odds of a good outcome were increased by 0.55 (95% CI 0.17-1.79, p=0.3) with a single
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ictal onset zone and 1.13 (95% CI 0.25-5.00, p= 0.87) with a lesional MRI. With the
addition of MEG spike foci logistic regression was significant for Engel class outcome at
both 1 year (p=0.03) and 5 years (0.02). The sensitivity, specificity, positive predictive value,
and percentage correctly classified were calculated for each model. The results using the
MEG foci are shown in Table 2. The results were similar if using the radiologist re-
evaluation of the MEG foci or the defined (3 gyri) criteria. The percent correctly classified
for Engel class at one years if age, sex, MRI lesional yes/no, single ictal focus yes/no, and
MEG foci input was 78.43% and the positive predictive value was 71.43.

These results demonstrate that MEG data is a useful tool that can be predictive of outcome
in pediatric epilepsy patients, both at 1 and 5 years, Although MEG data can be
independently predictive of Engel class outcome, it is best utilized in conjunction with other
key clinical characteristics including EEG and MRI data. Furthermore, the MEG data needs
to be interpreted to include focality and overlap of regions of spikes. Without this spatial
interpretation of the data, the MEG does not predict outcome. Finally, adding clinical
characteristics to the MEG data improves prediction of outcome for pediatric epilepsy
surgery patients.

Discussion

Here, we demonstrated that MEG using SAM(g2) analysis can aid in the identification of
those patients who will benefit most from surgery. Furthermore, integrating MEG data
analysis into pre-surgical evaluation can help to predict epilepsy outcome after resective
surgery in the pediatric population.

Our patient cohort represents a highly refractory patient group; the majority of patients were
on at least 4 AEDs with an early onset of epilepsy (3 years) of diverse etiologies. As well, a
significant proportion of our patients (n=31) did not have a single ictal onset zone on scalp
EEG or did not have a lesional MRI (n=11). Thus many of the patients in this cohort showed
what have previously been described as poor prognostic signs including non-lesional MRI,
long epilepsy duration, and scalp EEG without a single ictal onset zone (Ryvlin and Rheims,
2016; Sun et al., 2015). Interestingly, having a lesional MRI was not associated with a better
Engel class outcome, in contrast to previous demonstrations in the adult literature. This is
likely due to the small number of non lesional patient who underwent surgery in our cohort
(Gainza-Lein et al., 2018).

Despite the identified risk factors among this patient cohort, overall most patients showed
improvement after surgery as illustrated by a lower Engel class and by the significant
reduction of AED treatment at two years post-surgery. Although parental satisfaction
measures were not specifically obtained in this study, significant reduction in seizures has
been shown to correlate with patient and parent satisfaction with surgery in prior studies
(Endler lachinski et al., 2013; Gilliam et al., 1997; Hosoyama et al., 2017). Reduction in
AED treatment is an important aspect of epilepsy surgery outcomes to capture because it is
clear that higher numbers of AEDs are associated with poorer quality of life and increased
side effects (St. Louis, 2009; St Louis, 2009).
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To the best of our knowledge, this study is the first to specifically evaluate the utility of
using MEG and the SAM(g2) analysis method in pre-surgical evaluation of pediatric
patients with refractory epilepsy in association with Engel class outcomes. Prior MEG
studies have focused primarily on determining the utility of MEG in adult epilepsy
populations, so a gap exists in defining MEG utility in pediatric epilepsy. Pediatric epilepsy
is distinctive from that present in adults, with a lower frequency of temporal lobe onset
epilepsy and more disparate etiologies. MEG has been used successfully in pediatrics (Gaetz
et al., 2014; Oishi et al., 2006), and here we demonstrate that SAM(g2) analysis can highly
correlate with outcome in patients undergoing epilepsy surgery. Importantly, MEG was able
to identify and localize epileptiform activity in all patients with non-lesional MRIs. This is
particularly useful because typically, patients without an MRI lesion have poorer surgical
outcome (Brodbeck et al., 2010; Gainza-Lein et al., 2018; Krsek et al., 2009). Without a
clear lesion on MRI, MEG provides invaluable localization to help guide resections.

Interestingly, MEG source localization was shown to be more predictive of surgical
outcomes at one and 5 years than was a lesional MRI. This may be, in part, due to the
inherent advantage of MEG in incorporating both functional and localization. MEG is
unique because it provides both structural and functional information concomitantly in a
non-invasive method when used in conjunction with MRI (Fischer et al., 2005;
RamachandranNair et al., 2007). SAM(g2) analysis acts as a spatial filter that allows for the
localization of the epileptic zone with improved precision and resolution (Robinson et al.,
2004). The integration of localization and functional information provided by MEG with
SAM(g2) analysis may be one reason why MEG is uniquely useful in identifying those
patients who will benefit most from resective surgery.

The strengths of this study include its relatively large size, which enabled analysis of the
associations between MEG findings and surgical outcome. Our study also had the advantage
of lengthy post-surgical follow-up. This is important because “relapses”, or return of
seizures, post-surgery can occur over one year after the resection, as has been previously
illustrated (Mclntosh et al., 2004). This would give false impression about the power of a
method to predict or delineate outcome. The need for anesthesia to facilitate imaging for the
majority of patients in this pediatric cohort did not appear to limit the utility of MEG —
epileptiform activity was identified in all of the patients studied. We therefore provide
support that MEG with SAMg?2 analysis is a plausible tool to be used in the pediatric
population, as previously demonstrated (Gaetz et al., 2014; Schwartz et al., 2010).
Furthermore, we have proposed a clinically applicable and readably useable predictive
model for Engel class outcome, integrating MEG data with other key pre-surgical data
including scalp EEG and MRI findings.

This study also has several limitations, including limitations inherent to retrospective
collection of clinical data. Data was limited to that which was reported in patient’s electronic
charts. Many patients were excluded from the study because of limited data either prior to or
after surgery (Figure 1). It is important to note that the patient cohort recommended for
resective surgery represents a biased sample, as these were typically patients with more
concordant data during their pre-surgical workup. Additionally, identification of foci number
using gyral distance is inherently flawed. Depending upon the directionality of a given area
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of cortex, this method is subject to interpretation and therefore may vary with each reader.
Although it is imprecise, this methodology was utilized in order to provide a gross measure
of spatially distinctive foci. Further study validating this method is needed. Further
validation is also needed for the predictive model put forth here. Predictive modeling was
developed using retrospective data and thus additional future prospective studies validating
this model are needed.

Identification of patients who will have the best outcomes from resective surgery remains
challenging, and is currently insufficient. MEG with SAM(g2) analysis is an important tool
that provides key information on likelihood of seizure freedom or reduced seizure frequency
after surgery. Here we demonstrated that fewer number of foci detected in MEG using
SAM(g2) analysis is associated with a better surgical outcome. This supports other studies
in the adult population in which kurtosis beamforming in MEG was useful in localization of
the resection area (Hall et al., 2018). It is important to note that in both methods of foci
identification, MEG SAM(g2) analysis needs to be interpreted to include regional and
spatial context of the data, not just absolute location, in order to maximize clinical utility.
Priorities for further research include testing this predictive model prospectively to validate
its use. Further research examining the use of MEG in non-lesional MRI cases in particular
is needed. This study suggests that MEG is an essential tool in pre-surgical analysis and its
addition to MRI and scalp EEG allows for significantly better predictive value of post-
surgical outcomes. As surgical technologies, including stereo EEG, RNS and DBS continue
to expand, better tools to guide clinicians in surgical decision making are needed.
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Highlights:
1. MEG using SAM(g2) analysis can be successfully used amongst pediatric
patients with refractory epilepsy during presurgical workup.

2. MEG with SAM(g2) analysis is provides significant information regarding
likelihood of seizure freedom or reduced seizure frequency after surgery.

3. Amongst pediatric patients without a lesional MRI, MEG with SAM(g2)
analysis may be particularly useful in assessment for resective epilepsy
surgery.
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534 subjects with
MEG obtained 2010-
2016

37 non-epilepsy

497 epilepsy cases
with MEG

176 patients
recommended for
epilepsy surgery

321 patients were not
referred for epilepsy
surgery

15 patients elected
not to move forward
with epilepsy surgery

84 patients with
insufficient follow-up
information

77 patients underwent
surgical treatment
with follow-up

Fig. 1.

Patient screening.
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5 patients underwent
corpus callosotomy

16 patient underwent
VNS

56 patient underwent
resective surgery
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Table 1:

Baseline Characteristics broken down by Engel class at one year

Variable

All

Low Engel class

High Engel class

p value

Sex

0.52(0.38-0.65)

0.5(0.33-0.66)

0.56(0.31-0.81)

0.70

Age of epilepsy onset (months)

62.69(48.60-76.79)

66.82(47.46-86.19)

53.33(37.09-69.58)

0.38

Number of prior AEDs

5.31(4.82-8.36)

4.74(4.11-5.36)

6.59(4.82-8.36)

0.01

Number of prior AETs

5.44(4.65-6.23)

4.84(4.15-5.54)

6.88(4.78-8.98)

0.02

History of motor delay

0.43 (0.29-0.56)

0.45(0.28-0.61)

0.39(0.14-0.64)

0.69

History of cognitive delay

0.54(0.40-0.67)

0.5(0.33-0.67)

0.61(0.36-0.86)

0.44

Age at time of surgery

11.75 (10.65-12.84)

12.39(11.13-13.65)

10.39(8.20-12.57)

0.09

Current AED # (at time of surgery)

2.11(1.86-2.35)

2.0(1.71-2.29)

2.33(1.85-2.82)

0.20

Ketogenic diet prior to surgery

0.14(0.04-0.24)

0.08(-0.01-0.19)

0.27(0.01-0.52)

0.10

MRI lesional

0.82(0.72-0.92)

0.82(0.68-0.94)

0.83(0.64-1.02)

0.88

Single ictal EEG focus

0.57(0.43-0.71)

0.47(0.21-0.73)

0.62(0.45-0.79)

0.32

Single interictal EEG focus

0.38(0.24-0.51)

0.46(0.28-0.63)

0.22(0.01-0.43)

0.09

Epilepsy Res. Author manuscript; available in PMC 2020 September 01.

Page 16



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Gofshteyn et al.

Table 2:

Page 17

Predictive Model for Engel class at one and five years using age, sex, lesional MRI, single ictal scalp EEG

focus, and MEG foci

Engel class (low vs. high) at one year p=0.02

Positive Predictive Value 78.43%

Sensitivity 58.82%

Specificity 88.24%

Correctly Classified 78.43%

Characteristic Odds Ratio | 95% Confidence Interval
Age 0.85 0.71-1.02
Sex 1.60 0.4-6.38
Lesional MRI (Yes/No) 0.55 0.08-3.98
Single ictal scalp EEG focus 0.71 0.07-13.38
Number of foci reevaluation (2-3) | 7.54 1.16-49.10
Number of foci reevaluated (>3) 39.98 2.55-600.07
Engel class (low vs. high) at five years: p=0.03

Positive Predictive Value 66.67%

Sensitivity 72.00%

Specificity 65.38%

Correctly Classified 68.63%

Characteristic Odds Ratio | 95% Confidence Interval
Age 0.83 0.69-1.00
Sex 0.31 0.08-1.18
Lesional MRI (Yes/No) 0.50 0.09-2.92
Single ictal scalp EEG focus 0.62 0.17-2.31
Number of foci reevaluated (2-3) 4.80 1.01-22.73
Number of foci reevaluated (>3) 10.52 0.94-117.93
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