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Magnetoencephalography for Pediatric Epilepsy:
How We Do It

SUMMARY: Magnetoencephalography (MEG) is increasingly being used in the preoperative evaluation

REVIEW ARTICLE

E.S. Schwartz

D.J. Dlugos of pediatric patients with epilepsy. The ability to noninvasively localize ictal onset zones (I0Z) and their
P.B. Storm relationships to eloquent functional cortex allows the pediatric epilepsy team to more accurately
o assess the likelihood of postoperative seizure freedom, while more precisely prognosticating the

J. Dell potential functional deficits that may be expected from resective surgery. Confirmation of clinically

R. Magee suggested multifocality may result in a recommendation against resective surgery because the
T.P. Flynn probability of seizure freedom will be low. Current paradigms for motor and somatosensory testing are
D.M. Zarnow robust. Paradigms allowing localization of those regions necessary for competent language function,

though promising, are under continuous optimization. MR imaging white matter trajectory data,
created from diffusion tensor imaging obtained in the same setting as the localization brain MR
imaging, provide ancillary information regarding connectivity of the I0Z to sites of rapid secondary
spread and the spatial relationship of the I0Z to functionally important white matter bundles, such as
the corticospinal tracts. A collaborative effort between neuroradiology, neurology, neurosurgery,
neuropsychology, technology, and physics ensures successful implementation of MEG within a

R.A. Zimmerman
T.P.L. Roberts

pediatric epilepsy program.

0 ne in 1000 children is affected by epilepsy annually, with
an overall incidence of 1 in 5000. Children with epilepsy
have an increased mortality rate and are more likely to have
traumatic injury than their peers.”? Progressive neurologic
deterioration may also result from uncontrolled frequent sei-
zures.”> When seizures cannot be adequately controlled with
antiepileptic medication, surgery is considered. Once reserved
for only the most severe cases, resective surgery is being in-
creasingly used in children due to the risks of long-term anti-
epileptic medication use and the risk of developmental delay
or frank encephalopathy from uncontrolled seizures. There is
the additional potential for benefit of early resective surgery to
minimize long-term functional loss, due to the significant
brain plasticity in the pediatric patient.®®

Magnetoencephalography (MEG) holds promise as a non-
invasive tool to localize the ictal onset zones (I0Z) and func-
tional cortex in pediatric patients with treatment-resistant ep-
ilepsy.”'® Through the detection of magnetic fields generated
by abnormal interictal electric brain activity, patients who may
benefit from surgical resection may be more appropriately se-
lected. MEG localization is particularly valuable when an an-
atomic lesion cannot be found, even on high-field thin-section
volumetric brain MR imaging,**-** as well as when multifocal
or diffuse disease is clinically suggested.'>'¢2>23-!

Our experience with MEG in pediatric patients with epi-
lepsy studied at our institution is reviewed. We compare the
localization of the IOZ and functional cortex on the basis of
traditional evaluation (including clinical seizure features, in-
terictal electroencephalography [EEG], ictal EEG, MR imag-
ing, nuclear imaging, neuropsychological testing, Wada pro-
cedure, and functional cortical mapping) with localization on
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MEG. Our patients represent a typically diverse group referred
for consideration of epilepsy surgery with a wide variety of
seizure frequency, seizure type, and indications for consider-
ation for seizure surgery. The data provided on the first 10
patients closely reflect our clinical practice and MEG referral
pattern (On-line Table) and illustrate the various roles that
MEG can play.

Indications

We emphasize the 4 potential roles for MEG in the localization
of the IOZ and functional cortex: 1) MEG confirmation of
localization based on traditional noninvasive methods, allow-
ing epilepsy surgery to proceed without long-term intracranial
EEG monitoring; 2) MEG demonstration of bilateral, multi-
focal, or diffuse ictal onset, indicating an unfavorable candi-
date for epilepsy surgery; 3) MEG localization adjacent to or
distant from that of traditional methods or focally, when tra-
ditional methods suggest multifocal activity, potentially alter-
ing clinical decision-making regarding epilepsy surgery; and
4) MEG localization of eloquent cortex to guide surgical tra-
jectory. These data will serve to refine prospective studies on
the optimal use of MEG in the localization of the IOZ and
functional cortex in children with treatment-resistant

epilepsy.

Technique

Patient preparation is minimal, and the examination is gener-
ally extremely well tolerated. Our MEG technologists orient
the children to the biomagnetometer and the functional tasks
before beginning the examination, in some instances going so
far as to provide the patients with the list of words to be pre-
sented in the word recall task days before the examination to
increase their confidence and, therefore, their comfort level. In
our experience, patients younger than 5 years of age require
general anesthesia (GA) to complete the examination success-
fully (limiting the scope of the examination to the assessment
of spontaneous discharges and somatosensory function iden-
tification). An anesthetic regimen using propofol and
remifentanil has been shown not to interfere significantly with
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Fig 1. A, Biomagnetometer in an electrically shielded room. Patients can be comfortably studied in a seated or supine position. B, The video screen is easily viewed and headphones facilitate
communication with the technologists and allow auditory stimulus delivery. The wires attached to the 3 electrically active fiducial coils are visible.

these applications of MEG.?*?? Older patients with develop-
mental delay may also require GA or anxiolytic administra-
tion, and each case is individually assessed by the referring
epileptologist and the MEG team.

All studies are performed in a magnetically shielded room
by using our 275-channel whole-head biomagnetometer
(VSM MedTech, Coquitlam, BC, Canada) (Fig 1). MEG and
volumetric MR imaging coregistration are performed along
with real-time head motion determination and correction.
Three electrically active coils are placed as fiducial markers at
the nasion and 1 cm anterior to the left and right tragus. Acti-
vated with currents at frequencies beyond the range of brain
activity, these coils generate magnetic fields, which are sam-
pled by the biomagnetometer coils at frequent (~15 ms) in-
tervals, allowing spatial localization. On the basis of real-time
assessment of head position, appropriate transformation can
be made to effectively spatially realign different temporal seg-
ments of recorded data. Synthetic third-order gradiometer
technology is used to reject strong distant sources (such as
cardiac electromagnetic activity).

Although we are not generally recording simultaneous
EEG, literature indicates that these concurrent data may be
valuable in the adult population with epilepsy'®**?* and po-
tentially in the pediatric population.”>** We plan to add this to
our routine practice shortly, though determination of toler-
ance by pediatric patients remains to be established. Clearly, if
the application of the leads for the simultaneous EEG record-
ing decreases patient tolerability and increases patient motion
during data acquisition or decreases the ability of MEG to
detect the IOZ, the potential benefit of simultaneous EEG re-
cording in the pediatric population would be reduced.

After overnight sleep deprivation (to increase interictal ac-
tivity), MEG recording is performed at a sample rate of 1200
Hz for fifteen 2-minute recordings, with the patient in the
awake, drowsy, and sleeping states to detect interictal MEG
sharp waves and spikes, as well as bursts of rhythmic activity.
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An automated spatial filtering and spike-detection algorithm
detects regions of abnormal transient MEG activity, identified
as elevated kurtosis in data filtered with a passband of 20-70
Hz (SAMg2).’”*® Subsequently, time-activity curves from re-
gions of significant activity are examined to identify transient
periods of eye-blink, muscular clenching, and other forms of
artifact. On elimination of time windows capturing these ar-
tifacts, the spatial filtering and spike-detection algorithm is
reapplied to the remaining time-domain data. This process is
commonly repeated iteratively through 3 or more cycles. Iden-
tified regions, meeting appropriate statistical criteria for the
presence of elevated kurtosis and showing time-domain evi-
dence of transient sharp activity, are overlaid in color on the
MR imaging as statistical probability maps of sharp activity.
Virtual or synthetic depth electrodes, constructed by appro-
priate mathematic weighting of the 275 sensor channel signals,
are “placed” at these locations to identify the time-activity
profile at these sites and allow morphologic characterization
of the regional electric activity.

Subsequent to the passive recording of endogenous elec-
tromagnetic activity, MEG recording is also applied to exam-
ine responses evoked by stimulation and/or task performance.
One or 2 language tests are administered via a video screen
placed in front of the patient: picture-naming (via the modi-
fied Boston Diagnostic Aphasia Examination) and word recall,
to evaluate event-related desynchronization (ERD) in the al-
pha (8—-15 Hz), beta (15-30 Hz), and low gamma (25-50 Hz)
bands associated with linguistic computation in a 500-ms la-
tency range immediately before the patient’s behavioral re-
sponse.” Visual assessment of hemispheric differences in ERD
is made for frontal and posterior temporal regions (Broca and
Wernicke areas, respectively). Some authors have proposed
constructing language laterality indices derived from hemi-
spheric differences in the statistical significance (ie, ¢ statistics)
of such ERD.”

Motor mapping is routinely performed separately with a



self-paced (3—4 second) button-press, by using the left and
right index fingers to similarly evaluate ERD in the beta band
in the interval 300 ms before through 200 ms after the button-
press. When indicated by the seizure semiology and/or scalp
EEG findings, motor mapping can also be performed by using
the great toes and elbows.

Somatosensory testing with 3—4 Hz of pneumatic stimulation
(air-puff) can be performed on nearly any part of the body. We
routinely stimulate the tips of the right and left index fingers and
perform more detailed somatosensory mapping (eg, of the face)
when indicated. Painless electric stimulation of the right and left
median nerves is performed in cases in which the patient is under
GA. Electrical stimulation of the median nerve via 500 pulses,
each of 0.2-ms duration, at a voltage level just sufficient to elicit
thumb motion, is applied at a rate of approximately 3 per second,
with a jittered interstimulus interval.

Whole brain MR imaging is performed on our standard
clinical 1.5T or 3T systems, depending on clinical scanner
availability. A volumetric T1-weighted magnetization-prepa-
ration rapid acquisition of gradient echo (MPRAGE) se-
quence is acquired in the axial plane, with 0.9- to 1.5-mm
section thickness. Diffusion tensor imaging (DTI), with appli-
cation of tensor gradients in at least 6 directions, is also per-
formed in the axial plane with 2- to 3-mm contiguous sections,
by using an echo-planar acquisition. White matter trajectories
are subsequently generated from this DTI data by using the
fiber assignment by continuous tracking algorithm to track
the white matter trajectory via the step-wise principal eigen-
vector of the voxel diffusion tensor.*>*' The addition of the
MR trajectory data allows determination of the relationship of
the IOZ to functionally significant white matter tracts, such as
the corticospinal tracts, and aids in the identification of white
matter pathways that allow rapid propagation of abnormal
activity from the I0Z.

Case Examples

A typical case is that of a 19-year-old profoundly retarded
right-handed girl, who had refractory epilepsy that began at 3
months of age. Despite an extensive noninvasive work-up, it is
unclear whether her seizures were left frontal or bifrontal in
onset. Her clinical seizures were of 3 types: infrequent gener-
alized tonic clonic seizures; frequent (multiple times per day)
myoclonic jerks of both upper extremities; and infrequent
partial seizures with right-arm extension, head turning to the
right, followed by a secondary generalized tonic-clonic sei-
zure. Her EEG findings were abnormal, with a slow back-
ground and left frontal or bifrontal sharp waves. Ictal EEG
recorded 1 seizure with left frontal lobe onset before rapid
bilateral progression and 5 nonlateralized frontal lobe sei-

Fig 2. MEG SAMg2 data superimposed on coronal reforma-
tion (A), sagittal reformation (B), and axial MPRAGE MR
imaging (C). Note the value of the ¢ statistic indicated at the
point of peak activity in the region. The statistical map
overlay is thresholded to display only pixels with a t statistic
value exceeding 2.0.

zures. She was taking 2 antiepileptic med-
ications and had failed 10 medications
previously.

Her MR imaging findings were non-
lesional. Single-photon emission CT
(SPECT) favored a left-sided focus, with the ictal scan favoring
a left temporal abnormality, whereas the interictal scan
showed left temporal, left parietal, and left basal ganglia ab-
normalities. Wada testing was not possible due to her cogni-
tive dysfunction.

MEG showed transient frequent spike activity, which local-
ized predominantly to the medial left frontal lobe at the junc-
tion of the superior frontal and middle frontal gyri and (to a
lesser degree) in the left posterior temporal-parietal lobe junc-
tion near the region of the angular gyrus. Activity consistently
localized to these locations in the left hemisphere (Fig 2).

In the setting of nonlesional MR imaging and bifrontal
EEG abnormalities before MEG, the patient was not deemed a
surgical candidate. The MEG findings (specifically of a single
major I0Z) prompted phase 2 evaluation, consisting of left-
sided subdural EEG grid placement and long-term monitor-
ing with capture of multiple typical seizures. The intracranial
monitoring confirmed the MEG findings and led to a left tem-
poral lobectomy and focal left inferior frontal lobe resection.

The patient had 1 prolonged seizure 1 month after surgery
but has been seizure-free since (12 months). Additionally, she
has benefited from an improvement in her verbal language
ability.

In a contrary scenario, a 4-year-old boy without definite
hand preference had refractory atonic seizures characterized
by sudden loss of neck tone, sometimes with falling. He was
known to have right temporal lobe cortical dysplasia visible on
MR imaging. Interictal EEG had shown various patterns, in-
cluding a normal background with right temporal sharp waves
and irregularly generalized sharp waves, whereas at other
times, his interictal EEG was profoundly abnormal with hyp-
sarrhythmia. An ictal EEG showed a nonlateralized electro-
decremental response at seizure onset. Treatment with 8 dif-
ferent antiepileptic medications had been unsuccessful. The
clinical data raised the concern for diffuse occult cortical dys-
plasia, in addition to the obvious dysplasia in the right tempo-
ral lobe. Despite this, resective surgery was still being
considered.

MEG source waveforms in this patient were transient and
sharp and localized to 4 independent locations: the midpor-
tion of the superior temporal gyri bilaterally and the posterior
temporal-occipital lobe junctions bilaterally. The activity was
always more prominent on the left than on the right (Fig 3).

MEG confirmed the diffuse nature of the abnormality and
that the patient was not a surgical candidate, despite the single
visible MR imaging lesion in what was presumed to be the
nondominant temporal lobe. Surgery with placement of intra-
cranial EEG grids was avoided. Placement of a vagal nerve
stimulator (VNS) is being considered by the family.
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Discussion

As our experience with MEG grows, we increasingly embrace
this new technique. The ability to detect the IOZ and the rela-
tionship of the IOZ to eloquent cortex has become a valuable
tool in the presurgical evaluation of the pediatric patient with
medically refractory epilepsy. As indicated in the on-line Ta-
ble, the primary clinical roles for MEG have all been encoun-
tered with the first 10 patients examined.

Specifically, MEG can detect the IOZ when the MR imag-
ing and other noninvasive imaging methods have failed to
localize the lesion. Even with submillimeter volumetric se-
quences on a 3T clinical imaging system with image interpre-
tation by experienced pediatric neuroradiologists, the struc-
tural abnormality will not always be detected, as in our cases 2,
5, 6, and 10.

Previously, children such as these would typically not have
been considered surgical candidates. Many would have been
implanted with VNSs, which currently preclude subsequent
imaging at magnetic fields above 1.5T and with systems that
do not have a dedicated transmit-receive head coil. Although
our early experience with performing MEG in the presence of
a VNS was unsuccessful (case 9), a subsequent attempt with
another patient was successful. In keeping with the current
literature, though the single equivalent dipole analysis method
is always nondiagnostic due to artifact from the VNS, new data
indicate that SAMg2 analysis can be successfully performed in
a percentage of patients.*> Other more sophisticated source-
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Fig 3. Multifocal Activity. MEG interictal activity is seen as
regions of color superimposed over the midportion of the
superior temporal gyri bilaterally and the posterior temporal-
occipital lobe junctions bilaterally on coronal reformation (A
and B) and axial (C and D) MPRAGE MR images.

modeling approaches also appear promising for reduction of
VNS-related artifact.”” Because VNS results in seizure reduc-
tion of =50% in one third of patients and a reduction in sei-
zure frequency of 30%-50% in one third of patients,** our
hope is that these children who were not previously consid-
ered candidates for surgical resection may now have hope that
a surgically amenable lesion can be found.

Also MEG can demonstrate a focal IOZ when seizures are
thought to be multifocal due to rapid propagation. As in our
first case example, extremely rapid seizure spread between
frontal lobes can be difficult to detect with scalp EEG. MEG
can be particularly valuable in this setting.*>™*” In both sensor
space and source space, the “lead-in” from the IOZ and the
secondary involvement of connected brain regions often can
be discovered.

Conversely, MEG can find multifocal independent 10Z,
making successful resective surgery and seizure-freedom un-
likely. Like our second case example (on-line Table, case 7),
having a single focus identified with MR imaging does not
guarantee a single IOZ. As with the patient without an identi-
fiable lesion on MR imaging, finding a single lesion should not
mistakenly create “satisfaction of search.” We currently con-
sider performing MEG on every patient with epilepsy during
the presurgical evaluation.

In the setting of epilepsy, MEG can provide confirmatory
information when the positron-emission tomography, MR
imaging, scalp EEG, and seizure semiology are concordant.



This allows the neurosurgeon, neurologist, patient, and family
a higher degree of confidence that the IOZ has been accurately
identified, potentially obviating the phase II evaluation. Elim-
inating the need for 2 surgical procedures reduces the length of
hospitalization and the risk of complications associated with
the administration of GA as well as those associated with sub-
dural grid placement, including infection (either primary or
reactivation), ischemia, CSF leak, and hemorrhage, occasion-
ally requiring transfusion.”®° Additional potential benefits
include decreased surgical and inpatient hospitalization costs,
fewer lost work days for caregivers, and improving the overall
experience for the family.

Finally, the relationship of the IOZ to eloquent brain can be
accurately determined. The importance of this cannot be un-
derstated. Prolonged phase Il evaluation may be avoided when
the IOZ is in the primary motor cortex or in the known regions
responsible for receptive or expressive language function.
When this scenario is encountered, the patient and family can
be prepared for the likelihood that the IOZ cannot be safely
resected and discussions of the value of placement of a VNS
and/or creation of multiple subpial transections can take place
preoperatively. Similarly, the trajectories created from the DTI
data show the relationship of the IOZ to important white mat-
ter tracts, particularly the ipsilateral corticospinal tract, poten-
tially altering the surgical approach.

Conclusions

Our experience with MEG in the complex heterogeneous pa-
tient population seen at our tertiary referral center has been
overwhelmingly positive. The MEG findings have impacted
patient management in nearly every case and have been uni-
versally accepted by our pediatric neurologists and pediatric
neurosurgeon as beneficial for their patients. Specifically,
these benefits include substantiated decisions not to offer sur-
gical resection; decisions to move ahead with intracranial grid
placement and surgical resection, including guiding electrode
placements; and lesion detection in the setting of nonlesional
structural imaging. As we gain more experience with this
emerging technique at our institution, we anticipate further
significant influence on patient management.
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