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ABSTRACT – Aims. Functional connectivity is providing new insights into
the network nature of epilepsy with growing clinical applications. Our
objective was to validate a novel magnetoencephalography-based method
to non-invasively measure the epileptic network.
Methods. We retrospectively identified pediatric and adult patients
with refractory focal epilepsy who underwent pre-surgical magnetoen-
cephalography with subsequent intracranial electrographic monitoring.
Magnetoencephalography tracings were visually reviewed, and interic-
tal epileptiform discharges (“spikes”) were individually marked. We then
evaluated differences in whole-brain connectivity during brief epochs pre-
ceding the spikes and during the spikes using the Network-Based Statistic
to test differences at the network level.
Results. In six patients with statistically-significant network differences, we
observed substantial overlap between the spike-associated networks and
electrographically active areas identified during intracranial monitoring
(the spike-associated network was 78% and 83% sensitive for intracranial
electroencephalography-defined regions in the irritative and seizure onset
zones, respectively).
Conclusion. These findings support the neurobiological validity of the
pileptic Disord, Vol. 22, No. 3, June 2020 291
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spike-associated network method. Assessment of spike-associated net-
works has the potential to improve surgical planning in epilepsy surgery
patients by identifying components of the epileptic network prior to
implantation.

Key words: magnetoencephalography, functional connectivity, intracranial
electroencephalography, epilepsy

*Preliminary findings from the results presented in this manuscript were presented at the
2019 Annual Meeting of the American Clinical Neurophysiology Society.
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or the 30% of individuals with focal-onset epilepsy
efractory to medical therapy, at least a quarter are
stimated to be curable with epilepsy surgery (Engel,
001). The benefits of epilepsy surgery with respect
o quality of life, reduced mortality, and economics
ave been repeatedly demonstrated (Malmgren and
delvik, 2017). The likelihood of seizure freedom
fter surgery, however, is highly variable and depen-
ent on a number of clinical factors. For the most
traightforward epilepsy surgery candidates, those
ith seizures arising from the mesial temporal lobe

nd mesial temporal sclerosis on MRI, up to 80%
ill achieve seizure freedom (Malmgren and Edelvik,

017). In other focal epilepsy syndromes such as MRI-
egative frontal lobe epilepsy, seizure freedom rates
re as low as 30% (Malmgren and Edelvik, 2017). Func-
ional connectivity and its associated network analysis

ethods are emerging as powerful tools with the
otential to improve our understanding of the variabil-

ty in epilepsy comorbidities and surgical outcomes
Bernhardt et al., 2015; Jin et al., 2015).
unctional connectivity is the inferred relationship
etween two anatomic regions based on their covary-

ng neuronal activity. Functional connectivity can
e measured from several different neuroimaging
nd neurophysiology modalities including functional
RI, both scalp and invasive electroencephalography

EEG), and magnetoencephalography (MEG). MEG is a
seful neuroimaging tool in presurgical evaluations in
pilepsy surgery. MEG’s clinical applications, however,
ave been largely confined to localizing the source
f interictal epileptiform discharges (“spikes”). In

he past several years, new analytical methods have
emonstrated MEG’s potential for the study of epilep-

ic networks (Englot et al., 2015). In this paper, we
eport on promising early findings of a new method
o identify the functional epileptic network in surgical
pilepsy patients using the high temporal resolution
f MEG.

ethods

atient enrollment

ll individuals at the University of Colorado and
hildren’s Hospital Colorado who underwent MEG

ecording for a presurgical epilepsy work-up and who
ubsequently had stereotactic electroencephalog-
aphy (SEEG) monitoring from July 1st, 2017 to Dec
92

1st, 2018, were considered for inclusion. Individuals
ere excluded if visual review of the MEG revealed

nadequate quality of the recording or fewer than five
pikes per American Clinical Magnetoencephalog-
aphy Society guidelines (Bagić et al., 2011). Medical
ecords review and neurophysiology data analyses
ere performed with the approval of the Colorado

a
v
S
a
S
b
e

ultiple Institutional Review Board. Source localiza-
ion from the MEG data using single equivalent current
ipole modeling was employed in the presurgical
valuation of all patients. The subsequent network
nalyses described in the following sections were
erformed after SEEG monitoring was complete as
art of this retrospective study.

ata acquisition and preprocessing

EG data were obtained using a Magnes 3600 WH
hole-head MEG device (4D Neuroimaging, San
iego, CA, USA), comprised of 248 first-order axial-
radiometer sensors (5-cm baseline) in a magnetically
hielded room (ETS-Lindgren, Cedar Park, TX, USA).
ive head position indicator coils attached to the sub-
ect’s scalp were used to determine the head position

ith respect to the sensor array. The locations of
he coils with respect to three anatomical landmarks
nasion and preauricular points, with the intersection
f the tragus and daith of the ear defining the preauric-
lar points) and two extra non-fiducial points as well
s the scalp surface (approximately 500 points) were
etermined with a 3D digitizer (Polhemus, Colchester,
T, USA). The MEG signals were acquired continuously

n a 0.1-100-Hz bandwidth and sampled at 290.64 Hz and
4-bit quantization. Anatomic T1-weighted MRI scans
ere obtained for clinical purposes on MRI scanners

t two separate locations (Children’s Hospital Col-
rado and UCHealth at the University of Colorado)
nd used for co-registration and source localization.
EEG electrodes were stereotactically implanted using
n image-guided system. The locations and total num-
er of SEEG electrodes were tailored to each patient
ccording to his or her presurgical evaluation and mul-
idisciplinary epilepsy surgery conference discussions.
ntracranial data were recorded at a minimum sam-
ling rate of 512 Hz using 8-to-16-contact electrodes.
isual analyses of SEEG data, including identification
f the irritative zone (IZ; spike-generating brain tissue)
nd the seizure onset zone (SOZ), were performed
uring routine clinical practice at each site.

ource reconstruction and estimation of the
pike-associated network

EG and MRI data were imported into MNE-Python
0.18.1 (Gramfort et al., 2013) for offline processing. A
rained clinical magnetoencephalographer (JJB.) visu-
Epileptic Disord, Vol. 22, No. 3, June 2020

lly reviewed all MEG recordings. Noisy channels were
isually identified and excluded from further analysis.
pikes were manually marked for each subject starting
pproximately 0-25 ms prior to the spike upslope.
pikes were included only if they were preceded
y a minimum three-second spike-free interval. For
ach subject, a group of one-second baseline epochs
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tarting 1.05 seconds prior to the spike marks (PRE) and
group of one-second spike-containing epochs start-

ng at the spike marks (SPIKE) were extracted from the
ontinuous time series data. The epochs were band-
ass filtered from 12-30 Hz corresponding to the beta
and. This frequency band preserves the predominant
pike activity, which is by definition ≤70 ms in duration
nd has a favorable signal-to-noise ratio compared to
igher frequency bands. Additionally, a minimum of
2 oscillations within the one-second time windows
alances reliability of the measure with a high tempo-
al sensitivity, as has been shown for coherence-based
onnectivity metrics (Sun et al., 2012).
RI and MEG data were co-registered in the

atient’s anatomic space in MNE-Python. For each
pike-containing epoch, source activity was esti-
ated using standardized low-resolution brain elec-

romagnetic tomography (sLORETA) constrained to
ortical surfaces (Pascual-Marqui, 2002). The source-
econstructed data were then morphed to FreeSurfer’s
saverage brain (Reuter et al., 2012) and parcellated
sing the Human Connectome Project’s Multimodal
arcellation (HCPMMP) (Glasser et al., 2016) con-
isting of 362 regions of interest (ROIs). The time
ourse data were extracted for each parcel, and these
ime courses were used to generate whole-brain con-
ectivity matrices for each PRE and SPIKE epoch.
onnectivity strength was calculated using the abso-

ute value of the imaginary component of coherence.
he imaginary component of coherence is a com-
on connectivity measure in MEG research because it

emoves zero-time lag correlations, which usually rep-
esent environmental artifacts and spatial leakage of
nferred sources (Colclough et al., 2016).

tatistical analysis

onnectivity matrices from all PRE and SPIKE epochs
ere imported into the Network-Based Statistic

Zalesky et al., 2010) (NBS; v1.2) toolbox in MATLAB
R2018B). NBS compares network structure between
wo groups using permutation testing to determine
he likelihood of finding a network of a given size after
andom re-organization. Many methods of comparing
ortical networks operate at the level of individ-
al node or edge features rather than at the whole
etwork. By examining connectivity patterns at the
etwork level, NBS is able to identify significant net-
ork differences even when some connections within
pileptic Disord, Vol. 22, No. 3, June 2020

he network would be too weak to be identified using
ther methods. NBS relies on a user-defined statistical

hreshold of the network graphs of interest. NBS tests
ere performed across a range of thresholds starting at

=2 and increasing in increments of 0.5 until no connec-
ions survived thresholding (maximum t-values ranged
rom 3.5 to 5 across subjects). A network difference

l
t
b
t
n
i
c

Spike-associated networks

etween the PRE and SPIKE conditions was considered
ignificant if NBS-based permutation testing indicated
hat the likelihood of identifying a network of a given
ize at a given threshold by chance alone was less than
% (p < 0.05). For visualization purposes and prelimi-
ary anatomic comparisons, graph density thresholds

or each individual patient were selected to yield
raphs encompassing approximately 15% of the brain,
r about 50 connections between the 362 ROIs in the
CPMMP. Networks of this size were large enough

o include the IZ and adjacent tissue expected to be
nvolved in propagation on visual review, and approxi-

ated the spatial extent and distribution captured dur-
ng standard clinical SEEG at the first author’s institu-
ion. In order to compare the results with findings from
outine clinical practice, the anatomic distribution of
he MEG-based spike-associated network was com-
ared to the visually identified IZ and SOZ on SEEG.

esults

hirteen subjects, eight adults and five children, met
he initial inclusion criteria. Four of the adults were
xcluded due to an inadequate number of spikes. Nine

ndividuals underwent subsequent network analysis
table 1). In six individuals (three adults and three
hildren), a statistically significant spike-associated
etwork (SAN) was identified (table 2). For these sub-

ects, the SAN was significant in all cases at all t-statistic
hresholds (supplementary table 1). The three individ-
als in whom a significant SAN could not be identified
ad <30 spikes. The only two individuals in the cohort
ith tuberous sclerosis were included in this group,

hough the clinical significance of this is uncertain.
ne third of the cohort was female. Gender did not

ppear to influence the detection of a SAN, although
his study was not powered to detect such a difference.
n the six cases with a significant SAN, only one of
hom had <30 spikes, nodes of the SAN overlapped
ith most or all of the anatomic regions in the SEEG-

dentified IZ and SOZ (table 2). Specifically, of 29
natomic regions identified as part of the IZ among the
ix individuals, 21 were included in the SANs, yielding a
ensitivity of 78%. Similarly, of the 20 anatomic regions
dentified as part of the SOZ among the six individuals,
6 were included in the SANs for a sensitivity of 83%. An
llustrative case is shown in figure 1A-E. Determining an
ccurate specificity of the SAN method is more chal-
293

enging. While the SAN consistently included areas
hat were not identified as part of the IZ or the SOZ
y SEEG, most of the areas were not monitored during

he intracranial recordings. If only those false positive
odes on the SAN, that were monitored by SEEG, were

ncluded, the overall specificity of the method in this
ohort was 84%. On the other hand, if one assumes
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Table 1. Subject demographics, clinical characteristics, and spike-associated network identification.

Subject Age Sex Seizure type Epilepsy etiology No. of
IEDs

Sig. SAN Identified
(p†)

1 37 F Focal impaired awareness seizure
with non-motor symptoms
(behavior arrest, autonomic)

Focal right temporal lobe epilepsy
due to structural etiology
(pathology consistent with focal
Rasmussen’s encephalitis)

52 Yes (<0.001 - 0.012)

2 12 M Focal impaired awareness seizure
with motor symptoms (tonic)

Focal epilepsy due to presumed
structural etiology s/p temporal
lobectomy with ongoing seizures

50 Yes (<0.001)

3 44 M Focal impaired awareness seizure
with non-motor symptoms
(behavior arrest)

Focal epilepsy due to presumed
structural etiology (MRI-negative)

17 Yes (<0.001 - 0.012)

4 26 M Focal impaired awareness seizure
with non-motor symptoms
(sensory, autonomic)

Focal epilepsy due to presumed
structural etiology (MRI-negative)

30 Yes (<0.001 - 0.026)

5 16 M Focal aware seizure with motor
symptoms (tonic, automatisms)

Focal epilepsy due to presumed
structural etiology (MRI-negative)

47 Yes (<0.001)

6 17 F Focal aware seizure with motor
and non-motor symptoms (tonic,
cognitive)

Focal epilepsy due to presumed
structural etiology (MRI-negative)

115 Yes (<0.001)

7 19 M Focal impaired awareness seizure
with motor symptoms (tonic,
automatisms)

Focal left temporal lobe epilepsy
due to presumed structural
etiology (focal volume loss on
MRI)

6 No

8 10 M Focal aware seizure with motor
and non-motor symptoms (tonic,
autonomic)

Focal structural epilepsy due to
tuberous sclerosis

24 No

9 6 F Focal impaired awareness seizure
with motor and non-motor

Focal structural epilepsy due to
tuberous sclerosis

29 No

I twor
† est t
i

t
a
fi
I
g
b
b
t
fi
t
s
s
(

s
o

D

symptoms (tonic, cognitive,
emotional)

EDs: interictal epileptiform discharges; SAN: spike-associated ne
NBS p-value ranges for t-statistic thresholds from 2 to the high
ncreasing intervals of 0.5

hat unmonitored regions were truly not part of the IZ
nd/or SOZ, and therefore falsely positive when identi-
ed as part of the SAN, the specificity dropped to 67%.

n considering the potential effect of spike propa-
ation from deeper sources, a separation of 50 ms
etween the PRE and SPIKE conditions was thought to
94

e adequate given evidence that propagation appears
o occur within 30 ms (Zumsteg et al., 2006). To con-
rm that the increased connectivity observed during

he SPIKE condition did not precede the marked
pikes, however, we performed a network compari-
on between the PRE condition and a 5sPRE condition
5 seconds before the IED). There were no statistically

T
b
i
s
fi
v
n

k; MRI: magnetic resonance imaging.
hreshold at which at least 5 nodes were part of the network in

ignificant network increases between these time peri-
ds (supplementary table 2).

iscussion
Epileptic Disord, Vol. 22, No. 3, June 2020

his study demonstrates the anatomic correlation
etween a novel MEG analysis method of non-

nvasively estimating the epileptic network in epilepsy
urgery candidates and subsequent intracranial EEG
ndings. Even after surgical resection, 20-70% of indi-
iduals, depending on their epilepsy type, will conti-
ue to have seizures (Malmgren and Edelvik, 2017).
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Figure 1. Representative evaluation and SAN results from Subject 6. (A) Whole-brain connectivity change from the PRE (left) to the SPIKE
(right) conditions. Note that the upper left quadrant represents connectivity within the left hemisphere. (B) Significant spike-associated
network (p < 0 001) with prominent involvement of the left temporo-parietal junction (including supramarginal gyrus), insula, and both
medial and lateral temporal lobe (visualization in BrainNetViewer [v1.62, Xia et al., 2013]). (C) 3D brain reconstruction from anatomic T1
MRI with superimposed SEEG electrodes determined from co-registered computed tomography. (D) Intracranial EEG showing interictal
spikes in the supramarginal gyrus (L) and insula (deep contacts of TIA); these are followed by a seizure arising in the supramarginal gyrus
(L) and rapidly spreading to the lateral temporal lobe (superficial contacts of HA). Polyspikes are also seen in the hippocampus (deep
c
t
i

96

ontacts of HP) during the seizure, but these were also seen interictall
he supramarginal gyrus (L), the surrounding area (LI), and the anterior
n the supramarginal gyrus (L) with rapid spread to surrounding tissue
Epileptic Disord, Vol. 22, No. 3, June 2020

y. (E) Intracranial EEG showing interictal spikes and polyspikes in
hippocampus (deep contacts of HA) followed by a seizure arising

(LI) and the superior frontal gyrus (superficial contacts of IA).
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understand the network effects of epilepsy. In the
dditionally, 20-30% of potential surgical candidates
ever undergo resection at all despite extensive pre-
urgical investigations and extended intracranial EEG
ecordings (Taussig et al., 2014; González-Martínez et
l., 2016). In approximately 10% of children undergoing
EEG, the decision not to proceed is due to an inability
o identify the epileptogenic zone (McGovern et al.,
019). Both invasive and non-invasive measures of
unctional connectivity are increasingly used to iden-
ify the epileptogenic zone, predict post-operative
utcomes, explain surgical failures, and offer new

nsights into the widespread cognitive effects of focal
pilepsies (Murakami et al., 2016; Bear et al., 2019).
hese methods have not yet, however, reached rou-
ine clinical practice due, in part, to a combination of
omplicated and labor-intensive analyses and limited
linical data.
he SAN method presented here offers some advan-
ages over other approaches of applying functional
onnectivity to identify epileptic networks. Some of
he most promising recent studies use intracranial
lectrodes to measure functional connectivity and

dentify the epileptogenic tissue (Lagarde et al., 2018).
hese studies are limited, however, to the brain areas
overed by the intracranial electrode placement. In
ontrast, MEG is a non-invasive tool capable of study-
ng whole-brain connectivity and is therefore not
imited by electrode placement decisions. When con-
idering only brain regions that were included in
he SEEG recordings, nodes identified in the SAN
ere 84% specific for the intracranially-determined
pileptic network. Based on these results, one might
onsider including these nodes during the SEEG
lanning stages. Additionally, the analytical pipeline
an be largely automated, thereby alleviating some
f the labor-intensiveness of other approaches. The
nly steps requiring direct human involvement are

he visual identification of spikes for inclusion and
o-registration of the MRI and MEG data. Notably,
utomated approaches to these latter steps are also
ncreasingly feasible (Joshi et al., 2018).
hese advantages are similar to another MEG-based
ethod of exploring connectivity patterns related

o spikes (Malinowska et al., 2014). In this study,
he authors used ICA of MEG recordings to identify
pike-containing components, which were then
rojected into source space. The identified networks
howed excellent overlap with the results of their
EEG investigations. In contrast with our method,
owever, the authors found that the ICA-based net-
pileptic Disord, Vol. 22, No. 3, June 2020

orks were generally more anatomically limited than
hose identified on SEEG. One might expect that the
CA-based approach provides greater specificity and
ower sensitivity compared with our method. As such,
he preferred method will depend on the goal of the
nvestigation.

f
h
o
c
t
b

Spike-associated networks

n addition to surgical applications, the SAN method
ould provide novel insights into cognitive deficits
ssociated with focal epilepsies. There is increasing
ecognition that the cognitive effects of focal epilep-
ies extend far beyond their foci, suggesting a larger
pileptic network than might be expected based solely
n the IZ and SOZ (Jehi, 2018; Bear et al., 2019).
he broad spike-associated networks described in the
resent study could provide novel insights into the
rocess underlying the widespread cognitive changes,
nd further study is warranted to test this possibility.
ome limitations also deserve consideration. The

maginary part of coherence reduces the effects of
xternal noise and spectral leakage, but physiologi-
al zero-lag connections, i.e. co-varying physiological
ctivity occurring at precisely the same time in multiple
reas, are also inherently removed. These zero-lag con-
ections can contain meaningful information (Vicente
t al., 2008), and their loss should be balanced with
he importance of eliminating spectral leakage and
ther sources of connectivity artifact. Future applica-

ion of this technique will require further study and
ptimization of the network measurement parame-

ers including the most informative frequency bands
nd the duration of the connectivity estimate time
indows. Additionally, the significant SANs consis-

ently overlapped the SEEG-identified IZ and SOZ but
lso extended well beyond these regions, particularly
t lower network thresholds, thereby limiting direct
linical application. A large surgical epilepsy cohort
ith post-operative outcome data could address these

ssues by enabling comparison of network features
t different computational settings with the clinical
utcomes. The workflow could be further enhanced

hrough the use of threshold-free approaches to the
BS, which eliminate the arbitration threshold deci-

ions (Baggio et al., 2018).
hould the technique prove clinically useful, its imple-
entation into the clinical workflow also faces a

ouple of hurdles. First, significant SANs were most
onsistently identifiable in individuals with ≥30 spikes,
nd not all patients will have an adequate spike bur-
en. Second, access to MEG is restricted to a relatively
mall number of epilepsy centers. High-density EEG,
hile more computationally complicated, warrants

nvestigation due to its lower cost and potential for
onger-duration recordings that could enable captur-
ng more spikes.

etwork-based techniques are already helping us
297

uture, such techniques, including the SAN presented
ere, might assist in the presurgical planning stages
r even allow smaller resections if we can identify
ritical hubs in the epileptic network. Additionally,
he extensive connectivity changes seen across the
rain during spikes could provide new insights into
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he widespread cognitive comorbidities associated
ith focal epilepsy. The SAN results presented in

his brief cohort report hint at the underlying poten-
ial of this technique to improve our understanding
f epilepsy. �

upplementary data.
ummary didactic slides and supplementary tables are available
n the www.epilepticdisorders.com website.
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TEST YOURSELF
EDUCATION

(1) What is the role of magnetoencephalography (MEG) in surgical epilepsy?
pileptic Disord, Vol. 22, No. 3, June 2020 299

(2) Is MEG-based functional connectivity useful in surgical epilepsy?

Note: Reading the manuscript provides an answer to all questions. Correct answers may be accessed on the
website, www.epilepticdisorders.com, under the section “The EpiCentre”.
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