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Abstract

High density EEG (HD-EEG) recordings utilize a higher spatial sampling of scalp electrodes than
a standard 10-20 low density EEG (LD-EEG) montage. Although several studies have
demonstrated improved localization of the epileptogenic cortex using HD-EEG, widespread
implementation is impeded by cost, setup and interpretation time, and lack of specific or sufficient
procedural billing codes. In spite of these barriers, HD-EEG has been in use at several institutions
for years. These centers have noted utility in a variety of clinical scenarios where increased spatial
resolution from HD-EEG has been required, justifying the extra time and cost. We share select
scenarios from several centers, utilizing different recording techniques and software, where HD-
EEG provided information above and beyond the standard LD-EEG. We include seven cases
where HD-EEG contributed directly to current clinical care of epilepsy patients and highlight two
novel techniques which suggest potential opportunities to improve future clinical care. Cases
illustrate how HD-EEG allows clinicians to: Case 1) lateralize falsely generalized interictal
epileptiform discharges (IEDs); Case 2) Improve localization of falsely generalized epileptic
spasms; Cases 3—4) Improve localization of IEDs in anatomic regions below the circumferential
limit of standard LD-EEG coverage; Case 5) Improve non-invasive localization of the seizure
onset zone in lesional epilepsy; Cases 6—7) Improve localization of the seizure onset zone to guide
invasive investigation near eloquent cortex; Case 8) Identify epileptic fast oscillations; Case 9)
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Map language cortex. Together, these nine cases illustrate that using both visual analysis and
advanced techniques, HD-EEG can play an important role in clinical management.
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Introduction

High density EEG (HD-EEG) recordings utilize a higher spatial sampling of scalp electrodes
than the standard 19-25 electrode low density EEG (LD-EEG) montagel. Typical HD-EEG
recordings utilize a minimum of 64 channels, after which there may be incremental, but
diminishing returns to spatial resolution?. Although many studies have demonstrated
improved localization of the epileptogenic cortex using HD-EEG3-14, widespread
implementation is impeded by cost, setup and interpretation time, and lack of specific or
sufficient procedural billing codes for insurance reimbursement®. In spite of these barriers,
HD-EEG has been in use in several institutions for years. Through experience, many centers
have noted utility in a variety of clinical scenarios where increased spatial resolution from
HD-EEG has been required and the extra time and cost is justified. In the following series of
case reports, we share scenarios from several centers utilizing different recording techniques
and software, where HD-EEG provided improved information beyond standard LD- EEG.
Specifically, we discuss seven cases in which HD-EEG contributed directly to clinical care
of epilepsy patients and also highlight two novel techniques which suggest opportunities to
improve clinical care in the future.

Case Reports

Case 1. Lateralization of interictal discharges

An 11-year-old boy with refractory epilepsy associated with tuberous sclerosis complex
(TSC), autism spectrum disorder, and anxiety was admitted to the epilepsy monitoring unit
(EMU) for a phase | epilepsy surgery evaluation. He was the product of a full-term
pregnancy, complicated by a late gestational ultrasound showing multiple cardiac
rhabdomyomas in the left ventricle. Subsequent genetic testing revealed a TSC1 mosaic
mutation. The patient suffered from multiple daily stereotyped seizures characterized by a
“goofy grin”, at times associated with slight slumping to the right and rare right arm clonic
activity. At the time of his admission he was being treated with valproic acid, lamotrigine,
and cannabidiol. He had previously failed carbamazepine, lacosamide, and clobazam
treatments.

The patient was admitted for 4 days of video HD-EEG monitoring acquired on a 128-
channel ANT-neuro waveguard cap using a Natus amplifier at 1000Hz sampling. EEG
electrode positions were digitized prior to recording using a 3D digitizer (Fastrak, Polhemus
Inc., Colchester, VA). Clinical review of the data using standard LD-EEG revealed rare
interictal discharges (IEDs) with maximal amplitude at the midline (Cz), and no evident
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lateralization (Figure 1A). On visual analysis of the HD-EEG recording, the IEDs had a
clear left hemispheric predominance (Figure 1B).

Source analysis of HD-EEG data was performed using the MNE-C software package6:17.
Anatomical cortical surfaces of the brain were reconstructed using Freesurfer from the
patient’s own T1-weighted multi echo magnetization-prepared rapid acquisition gradient-
echo (MEMPRAGE) datal®. For the forward model, a three-layer boundary element model
(BEM) consisting of the inner skull, outer skull and outer skin surfaces was generated using
the watershed algorithm from the Freesurfer software suite. Digitized electrode coordinates
were aligned using the nasion and auricular points as fiducial markers. Coregistrations were
confirmed for accuracy by visual inspection. Although a minimum of 10 IEDs are typically
averaged in source localization procedures®911, this is sometimes not feasible if discharges
are rare. Here, electrical source imaging (ESI) of the peaks of the 3 averaged IEDs using
LD-EEG and sLORETA!? (Figure 1C) could not be lateralized at any windowing threshold.
Using HD-EEG, the ESI localized to the patient’s single large calcified tuber in the left
posterior cingulate gyrus (Figure 1D, E). In this case, the accurate localization is supported
by the known epileptogenic potential of these calcified lesions in TSC. In general, LD-EEG
is able to lateralize when sources are far from the midline, but the spatial resolution is too
low to lateralize for sources close to the midline, as in this case.

This case highlights the separate utility of both increased spatial sampling and accurate HD-
EEG-MRI co-registration to lateralize IEDs located near the midline. Accurate lateralization
of epileptogenic lesions is clinically important because focal lesions are approached with
different pharmacologic and surgical treatment options.

Lateralization of ictal events

A one-year-old male with TSC and multiple cortical tubers presented to the EMU with
refractory epileptic spasms for a phase I surgery evaluation. He was the product of a full-
term, uncomplicated pregnancy. He developed infantile spasms at 6 months of age. At the
time of admission, he was being treated with vigabatrin and valproic acid and continued to
have 1-2 clusters of infantile spasms per day. Previous treatment trials with the ketogenic
diet, topiramate, clobazam, and oral steroids had failed.

The patient was admitted for 3 days of HD-EEG monitoring; the same technical procedures
as those described in Case 1 were followed. This patient, while only one year old, fit an
adult sized 128 channel HD-EEG cap due to benign external hydrocephalus. Standard LD-
EEG and HD-EEG revealed multifocal IEDs with near-continuous interictal activity in the
left posterior quadrant. The patient had several epileptic spasms recorded with a clinical
presentation of bilateral upper extremity symmetric spasms that occasionally occur in
clusters. These spasms coincided on LD-EEG with a complex broad transient followed by a
generalized electrodecrement (Figure 2A). The ictal broad transients were noted to have a
possible first deflection in the left posterior quadrant on LD-EEG that was clearer on HD-
EEG (Figure 2A, B). Using HD-EEG ESI (following the same technical procedures
described in Case 1) with MNE software, the ictal events localized to the left parietal cortex
(Figure 2C). In this case two early ictal discharges were averaged for ESI. MRI revealed a
large cyst-like cortical tuber in that region (Figure 2D). When ESI was performed on LD-
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EEG data, this activity did not localize to the tuber, but instead localized more posteriorly
(Figure 2C-subplot).

This case demonstrates the potential utility of HD-EEG to localize ictal activity that is
poorly lateralized on standard LD-EEG. The lateralization and localization of a focal
epileptogenic lesion through ictal recordings helps to tailor the appropriate pharmacologic
and surgical treatment options.

Case 3. Expansion of posterior recording field

A 6-year-old boy with a history of behavioral dysregulation presented for evaluation of
episodes of uncertain etiology. He met all early developmental milestones on time. He was
diagnosed with attention deficit hyperactivity disorder that was unresponsive to
psychostimulant and alpha-2 adrenergic agonist treatment trials.

Further neurodiagnostic testing included HD-EEG acquired and analyzed using a 122 EEG
channel recording (Electrical Geodesic, Inc. 400 system with Net Station 5 software and
Hydrocel Geodesic Sensor Net plus 6 facial electrodes recording eye movements). The HD-
EEG was done with simultaneous video recording. HD-EEG was recorded continuously at
1000 Hz sampling and with digital filtering between 0.1 to 100Hz. Visual analysis of
standard LD-EEG in a bipolar montage suggested possible left occipital IEDs, though this is
evident only in one channel (O1), with a possible suggestion of a field to T5 (Figure 3A).
The HD-EEG 128 channel topoplot array showed a more well-defined occipital IED, with an
expansive field to electrodes below the inferior circumferential limit of standard LD-EEG
(Figure 3B). 79 IEDs were averaged and the bulk of the negative field was found outside the
zone of detection for the 23-electrode array, where an IED field was only evident on HD-
EEG (Figure 3C). ESI using Geosource 2.0 localized to the left inferior occipital gyrus
(Figure 3D).

This case underscores the ability of “whole head” HD-EEG electrode placement to better
visualize inferior and medial brain surfaces, resulting in improved resolution and clinical
confidence in identifying and describing cortical IEDs at the edge of conventional LD-EEG
coverage. If IEDs lie entirely outside of conventional recording areas, they will be missed
resulting in inaccurate diagnostic and prognostic information.

Case 4: Expansion of frontal basal recording field

A 67-year-old man with a history of febrile and afebrile seizures since age 8 presented to the
EMU for presurgical evaluation. Since diagnosis, he suffered from seizures 2—-3 times per
night as well as daytime seizures every other day. These were characterized by 1) nocturnal
onset with abrupt arousal with impaired awareness and complex, aggressive vocalizations
and hypermotor activity for minutes followed by postictal confusion and 2) daytime
episodes characterized by impaired awareness and vocalizations for seconds. Risk factors
included epilepsy in several family members: his daughter, maternal aunt, and maternal
nephew. At the time of presentation to the EMU, he was being treated with carbamazepine,
pregabalin, and rufinamide. Prior to this regimen, he had failed treatment with 10 other
antiepileptic medications.
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Upon admission, interictal LD-EEG revealed frequent left frontotemporal (F7) IEDs. Ictal
LD-EEG showed arousal from sleep, diffuse attenuation contaminated by diffuse muscle,
and movement artifact without evident rhythmic activity.

Video HD-EEG was recorded with a 256 channel Geodesic Sensor Net (GSN, EGI-Philips)
using a NA400 amplifier at 1000Hz sampling2°. EEG electrode positions were digitalized
using a 3D digitizer (GPS, EGI-Philips). Visual review of HD-EEG confirmed frequent IEDs
in the left frontotemporal region. Coregistration of HD-EEG to the patient’s T1-weighted
MPRAGE MRI and reconstruction of the anatomical cortical surfaces of the brain were
performed using Netstation and Geosource 3 software packages (EGI-Philips)2L. The
forward model was generated using the Finite Difference Method. This method models the
head as a cubic grid in which each cube is assigned a conductivity tensor?2. ESI performed
at the peak of 10 averaged IEDs using SLORETA showed localization in the left basal
frontal lobe (Figure 4A—C). Source localization based on MEG agrees with the left basal
lateral and medial frontal lobe regions identified by HD-EEG. This demonstrates that
estimates obtained using HD-EEG, which is a more accessible and affordable method of
imaging than MEG, were similar to those achieved using MEGThis case demonstrates the
utility of an expanded electrode layout, including electrodes over the face, in improving
identification and localization of epileptiform activity in inferior, frontal basal brain regions,
which are not well sampled in standard LD-EEG electrode placements. Accurate
localization of basal seizure foci helps both clarify the diagnosis of epilepsy and plan
targeting of further investigations, including tailored imaging or invasive EEG studies.

Identification of subtle seizure onsets

A 14-year-old girl was admitted to the epilepsy monitoring unit (EMU) for a phase |
epilepsy surgery evaluation. She had begun having seizures at the age of 8; an MRI done at
that time revealed a right occipital prenatal stroke. She was the product of a full-term,
otherwise unremarkable pregnancy and met all early developmental milestones on time.
Since diagnosis, the patient experienced daily seizures. These seizures were characterized by
a nonspecific change in vision, followed by perseverative talking that sometimes progressed
to unresponsiveness and fencer posturing, along with left head deviation and tonic clonic
activity. She was treated with rufinamide and lamotrigine. She had previously failed
treatment with levetiracetam, clobazam, lacosamide, and the ketogenic diet.

The patient was admitted for 6 days of HD-EEG monitoring (following the same technical
procedures described in Case 1). Frequent IEDs were seen on visual review of both the LD-
EEG and HD-EEG recordings, with the IEDs seen more anteriorly on the LD-EEG than on
the HD-EEG recording. Three typical electroclinical seizures were captured that were poorly
localized on the standard LD-EEG (Figure 5A). ESI of the LD-EEG data (following the
same technical procedures described in Case 1) with MNE software inaccurately localized
the activity to the anterior temporal lobe (Figure 5C). Visual analysis and ESI of HD-EEG
data revealed a consistent seizure onset in the inferior portion of the encephalomalacic
region of the right occipital cortex (Figure 5B, D). A PET scan showed a hypometabolic
region in the same area as the EEG onset. On MEG, no IEDs were visualized.
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Neuropsychological testing was consistent with right parietal weakness and Goldmann
visual field testing revealed a left inferior more than superior visual field deficit.

The patient was then admitted for a Phase Il study and was implanted with four 4-contact
strips, a 44 contact grid, and four 4-contact depth electrodes sampling the walls of the right
occipital cavity based on the HD-EEG results. Electrode locations were visualized using CT
and MRI reconstructions and custom MATLAB software23. Over 3 weeks of invasive
monitoring, abundant IEDs and 5 seizures were captured and consistently localized to the
posterior and inferior margins of the occipital stroke cavity (Fig 5D, E), validating the HD-
EEG findings upon visual analysis. The patient proceeded to surgery and the posterior and
inferior margins of the occipital cavity were resected sparing involved calcarine cortex. In
the two years since surgery, the patient has had rare brief auras, but she has been free from
her dyscognitive and tonic-clonic seizures.

This case illustrates the potential utility of HD-EEG in visualizing and accurately localizing
ictal and interictal events that were evident neither in routine scalp nor in MEG recordings.
In this case, the ictal events were not detected on LD-EEG due to the broad spatial sampling
and circumferential limits. The combination of visual inspection and ESI using the improved
spatial sampling of HD-EEG led to accurate identification and localization of the seizures
and helped tailor the invasive electrode plan.

Localization of epileptogenic zone near eloquent motor cortex

A 29-year-old female with a history of refractory seizures since age 6 was admitted to the
EMU for reconsideration of epilepsy surgery. Since presentation, she had suffered 1-2
seizures per week; these were characterized by primarily nocturnal onset, left face and arm
numbness as well as left arm clonic activity. At the time of admission, she was being treated
with leviteracetam, lacosimide, topiramate, and valproate. She had previously failed trials of
lamotrigine, felbamate, carbamezepine, oxcarbazepine, and cannabidiol oil.

The patient had previously been evaluated with non-localizing ictal SPECT, PET, and MRI
as well as phase Il implantation of grids covering the right peri-Rolandic and central areas.
Despite recording three typical seizures around the right peri-Rolandic area, the patient was
not offered surgery due both to the proximity to eloquent motor cortex and insufficiently
precise localization.

The patient returned for another evaluation of her continuing seizures, this time with scalp
HD-EEG. Using a 76-channel EEG including sub-temporal electrodes, 5 seizures with her
typical semiology were recorded, again with right peri-Rolandic onset. IEDs were identified
during wake and sleep with maximal amplitude in contacts over the right centroparietal
region (Figure 6A). EEG source localization was performed on 39 representative IEDs with
a bandpass filter from 2 to 55Hz (Figure 6B). Electrode digitized locations were not
available for this patient, so electrode positions were determined using atlas-based average
locations. The waveforms were aligned at peak amplitude and averaged, and dipole and
SLORETA solutions were calculated at the midpoint of the rising phase of the waveform.
The dipole and SLORETA maximum were coincident over the right peri-Rolandic region,
extending into the frontal operculum (Figure 6C).
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Morphometric analysis?4:25 was performed on her T1-MPRAGE MRI, and both extension
and junction maps suggested abnormal morphology in the right frontal operculum
corresponding to a faint hook-shaped shadow extending into the white matter toward the
ventricle (Figure 6D), near the area localized on HD-EEG.

A stereotactic EEG plan was developed to achieve right peri-Rolandic coverage covering the
region of the patient’s previous subdural grid, and three typical seizures were recorded.
Seizure onset was observed over deeper right peri-Rolandic contacts near the morphometric
abnormality and SLORETA maximum. IEDs were more broadly distributed over the right
peri-Rolandic contacts but maximal frequency corresponded with the seizure onset contacts.
The patient was offered surgery based on this re-evaluation and, at the time of this
publication, had recently undergone resection of the region identified.

This case highlights the utility of HD-EEG to better guide re-evaluation of continuing
seizures when previous evaluations have resulted in poor localization.

Localization of epileptogenic zone near eloquent language cortex

A 20-year-old right-handed woman with seizures since the age of 12 was admitted for a
phase | epilepsy surgery evaluation. She suffered from dyscognitive seizures with occasional
secondary generalization and postictal global aphasia. She had no aura and cognitive and
neurological status were normal. At the time of admission, she was being treated with
carbamazepine. She had previously been treated with levetiracetam, lamotrigine, valproate,
and lacosamide.

Evaluation with 256 channel MR-compatible scalp HD-EEG recordings showed a very
active IED focus over the left temporo-parietal cortex (Figure 7A). On visual analysis of the
scalp recording, ictal onset was not well localized but could be lateralized to the left
hemisphere. At a later stage, the focus shifted to the posterior temporal cortex. PET and
visual analysis of high resolution MRI were normal. HD-EEG ESI of the IEDs, combined
HD-EEG-fMRI and an ictal SPECT all localized the IED focus to the left posterior middle
and inferior temporal cortex (Figure 7D). Re-analysis of the MRI with voxel-based
morphometry identified a suspicious cortical region in the posterior temporal cortex with
poor gray-white matter differentiation (Figure 7C). The patient’s seizure onset zone
confirmed by intracranial recordings was adjacent to the lesion and accurately identified by
HD-EEG ESI. Language mapping using fMRI suggested a left-sided posterior language area
superior to the focus.

The patient was admitted for a phase Il study and implanted with subdural electrodes.
Intracranial recordings of the IEDs and seizure onset (Figure 7B) co-localized with the HD-
EEG ESI estimate with very good precision (Figure 7D). In some cases, as occurred here,
lesions do not directly correspond to the seizure onset zone26. Here, the seizure onset zone,
validated by the invasive subdural recordings, was accurately identified with ESI using HD-
EEG and not any of the other non-invasive imaging modalities. Electrocorticography
language mapping was completed and confirmed that the language area was superior to the
focus and would not be an obstacle for surgery. The patient underwent resection of the
recorded seizure onset zone as well as the subtle morphometry anomaly. She did not
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experience any language problems during the postoperative phase. The histopathology
revealed a dysplasia type 2A. Carbamazepine was withdrawn and the patient has been
seizure-free and on no AEDs, for over 2 years.

This case illustrates the role of HD-EEG in further guiding re-evaluation of structural data
and guide placement of intracranial electrodes when other modalities, such as MRI and PET,
are inconclusive. In this case, the ESI of the HD-EEG was essential in informing the
decision to pursue surgical resection of the patient’s seizure focus.

Case 8. Novel applications: Identification of spike ripple events

A 9-year-old-boy presented with nocturnal sensorimotor facial seizures, at times with
secondary generalization; these seizures occurred 2—4 times a week. Previous EEG had
revealed bilateral independent sleep activated IEDs, and he was diagnosed with benign
epilepsy with centrotemporal spikes (BECTS).

The patient underwent HD-EEG using a 70 channel electrode cap (Easycap, Vectorview,
Elekta-Neuromag, Helsinki, Finland) with 2 more electrodes placed at T1 and T2; a 2035 Hz
sampling rate was used. Electrooculogram and electrocardiogram were simultaneously
collected to assist with the identification of artifacts. Visualization of the 10 minutes of
recording EEG revealed 234 IEDs. Detailed analysis, including visualization of the
unfiltered data, data band-passed filtered for high frequency oscillations 100-300 Hz, and
spectrograms, identified ripple events on the rising slope of the IEDs in 74 cases. These
events were not evident when the data was visualized using a standard LD-EEG montage
(Figure 8), consistent with prior work demonstrating that ripple events are more spatially
constrained than spikes?”. Spike ripples have been associated with increased seizure risk in

children with BECTS and may provide a novel biomarker to guide patient prognosis and
27-30
care .

The case demonstrates the utility of HD-EEG in identifying fast oscillations in a non-
invasive way, potentially providing clinicians with an emerging biomarker for
epileptogenicity.

Case 9. Novel applications: Functional language mapping

A 54-year-old female stroke survivor was recruited as part of an ongoing multi-site study on
aphasia treatment. She had a chronic large encephalomalacic lesion in the territory of the left
middle cerebral artery from an ischemic stroke 10 years prior (Figure 9A) and presented
with chronic Broca’s aphasia at the time of assessment. She underwent identical naming task
paradigms during 64-channel HD-EEG recordings and functional MRI (fMRI). The
participant was instructed to name images showing concrete objects, and to remain silent for
images showing abstract objects. Language mapping was performed using both HD-EEG
and fMRI and results compared.

MRI images were acquired on a Siemens 3T Trio system (12-element head-coil). A three-
dimensional T1-MRI was also acquired for co-registration and visualization of HD-EEG and
fMRI. The fMRI data analysis was performed using SPM12 (https://
www.fil.ion.ucl.ac.uk/spm/software/spm12/) and included the following procedures: motion
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correction; skull stripping; spatial smoothing, and intensity normalization. The BOLD
hemodynamic response3! was modeled and used to compare concrete versus abstract items,
focusing on the left hemisphere due to its language dominance32. The sources were widely
spread across the left hemisphere, involving a diffuse network of different brain regions
sparing the stroke region (Figure 9B).

CURRY software (Version 8, Compumedics Neuroscan, Germany) was used to process the
participant’s HD-EEG recordings and the participant’s own structural MRI images, and to
perform source reconstructions and analyses. Eye-blink activities and associated muscle
artifacts were detected and removed using principal component analysis (PCA). A realistic
head model was reconstructed using the patient’s T1-weighted MRI scan. This was done by
applying bias field correction and manually adjusting autodetected thresholds for tissue,
until the best cortical surface resolution was achieved. Using the processed EEG data, pre-
articulatory brain activity was analyzed for every millisecond from 200ms to 800ms after
stimulus presentation. This early range was chosen because of its association with language
processing during naming33-36, Cortical source reconstruction was performed separately for
concrete and abstract stimuli using SLORETA and found dynamic brain activation over time
(Figure 9C) involving overlapping brain regions as observed in fMRI. fMRI and HD-EEG
revealed similar brain areas engaged in pre-articulatory processing of naming objects but
with additional dynamic temporal information revealed by HD-EEG compared to fMRI.

This case highlights the utility of HD-EEG as a lower cost alternative to fMRI. Moreover, it
serves as a comprehensive tool that can provide additional spatiotemporal information and
novel opportunities for function-to-brain mapping.

Discussion

One of the main challenges of standard clinical LD-EEG is that the low spatial resolution
makes it difficult to visualize and accurately infer the anatomical correlates to observed
sensor activity. By utilizing additional electrodes, HD-EEG provide increased spatial
resolution on both visual and electrical source imaging (ESI) analyses, although it must be
acknowledged that HD-EEG recordings do require extra effort, for data acquisition as well
as for review and analysis. The additional steps required pose significant barriers to adoption
unless clinical utility is clear. The cases described above offer examples from several centers
that highlight areas of potential utility of HD-EEG recordings.

We have demonstrated that using both visual analysis and advanced techniques, HD-EEG
can play an important role in clinical practice. On visual analysis alone, HD-EEG can help
clinicians identify IEDs not visible in LD-EEG due to extended head coverage or spatial
resolution®’. In addition, HD-EEG visual analysis can assist in lateralizing or localizing
falsely generalized activities on LD-EEG. Further, visual analysis provides opportunities to
evaluate higher frequency activities, which may provide new targets for epileptogenic cortex.

Several different electrical source localization techniques are currently available with
ongoing development expected. For each technique, there are multiple options for variance
in recording and in the approach to analysis. These include use of differing numbers of
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electrodes?:38, the distribution of electrodes38, patient-specific and template head models3?,
forward and inverse models!3:14.19.22 numbers of IEDs localized® 911 and IED time points
selected for analysis*C. Here we have shown that ESI using a variety of different techniques
has provided clinically relevant and useful information that both impacts, and improves,
patient care.

The cases shared here represent only a few examples of the utility of HD-EEG from
institutions that have successfully implemented HD-EEG into clinical care. Further studies
would be useful for assessing barriers for widespread adoption of this advanced, patient-
friendly technology. Overall, the increased spatial resolution of HD-EEG is superior to that
of LD-EEG, and allows for improvements in source localization as well as detection of
epileptogenic activity that cannot be detected by LD-EEG. Population studies and cost-
analyses are required to determine the clinical yield of this modality compared to routine
clinical recordings and to identify patient cohorts that may stand to benefit the most from an
expanded recording.
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Figure 1.
A) Topographic plot of 3 averaged IEDs in the LD-EEG montage with 19 electrodes:

lateralization is not feasible due to the low number of electrodes. B) A topographic plot of
the same averaged events in the 128 HD-EEG electrodes shows clear lateralization to the left
hemisphere C) ESI using LD-EEG does not lateralize the averaged IEDs at any available
thresholds (example threshold selected to minimize fragmentation shown here) D) ESI using
HD-EEG lateralizes the averaged IEDs to the left hemisphere and localizes them to the left
frontoparietal parasagittal region E) An image from the patient’s MRI shows the location of
the single large calcified tuber, which colocalizes with the HD-EEG ESI estimate of the
interictal events. The data were bandpass filtered at 1-70Hz, with a notch filter at 60Hz.
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Figure2.
A) Standard LD-EEG recording of an epileptic spasm shows a complex event with possible

first negative deflection at T3 and P3 (red arrows). B) On visual analysis of HD-EEG
channels, a leading spike in left parietooccipital region is clearly evident and consistent
across adjacent channels. C) ESI of the leading spike localizes to the left posterior parieto-
occipital region using HD-EEG data. ESI based on LD-EEG (inset) localizes this event to
the occipital cortex. D) MRI in this patient revealed a cyst-like cortical tuber that co-
localizes with the HD-EEG ESI estimate of the ictal event. The data were band pass filtered
at 1-70Hz, with a notch filter at 60Hz.

J Clin Neurophysiol. Author manuscript; available in PMC 2022 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Stoyell et al.

Page 15

Figure 3.
A) Topographic plot of 79 averaged IEDs using LD-EEG suggests an IED in Ol and T5. B)

The same averaged events visualized using 128-channel HD-EEG reveal a broad distribution
of the IED involving multiple channels around O1, allowing high confidence in the detection
and localization of this event. C) The potential map of the averaged IEDs demonstrates that
the majority of the cortical negativity (blue) is outside the zone of coverage for a standard
LD-EEG array (circle). D) ESI of the IEDs co-registered to the child’s MRI provides
anatomical localization of the cortical source. These data were band pass filtered at 1-70Hz,
with a notch filter at 60Hz.
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A

Figure 4.
A) Electrode coordinates co-registered to the individual head model were created using the

patient’s MRI (face blurred for patient confidentiality). The projection on the scalp shows
the voltage field of the group dipole projection from 10 averaged IEDs. The deep blue
represents the negative pole and the red represents the positive pole. B-C) Electrical source
imaging results created using FDM forward model and SLORETA and dipole mapping of the
average IED peak. This localizes to the left basal frontal region. The cortical patches
highlighted in blue represent the areas with highest current density. The green arrows depict
the dipole direction of the highlighted patch. D) MEG source analysis using the MNE-C
software package showed similar localization of IEDs in the left basal frontal region.
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Figure5.
A) On visual analysis of the LD-EEG recording, no electrographic correlate to the patient’s

ictal clinical onset is evident (red arrow) due to sparse coverage of the area of interest and an
artifact in remaining channels. B) Visual analysis of the HD-EEG (a subset of channels is
shown) reveals the onset of subtle evolving rhythmic activity in the right temporo-occipital
electrodes that coincides with the clinical event (red arrows). C) ESI of 3 average peaks of
the early ictal rhythmic sharp activity evident on HD-EEG localized to the anterior temporal
lobe using only LD-EEG data. D) ESI of the same events using HD-EEG data localizes to
the inferior cortical margin of the occipital stroke cavity. E) A subset of invasive
electrocorticography channels demonstrates seizure onset on grid contacts 9, 10, 17 and 18,
corresponding upon visual review to the source estimated from the HD-EEG ESI (red circle
in inset). The data were band pass filtered at 1-70Hz, with a notch filter at 60Hz.
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Figure 6.
A) An example of an HD-EEG recording showing abundant IEDs over the right

centroparietal region. IEDs selected for averaging designated by vertical lines. Data were
bandpass filtered from 2 to 55Hz. B) Voltage tracing of 39 representative IEDs averaged. C)
Dipole (green) and ESI estimation (heat map, SLORETA) at the mid-point of the rising slope
of the averaged IEDs both localized to the peri-Rolandic frontal operculum. Subsequent
depth electrode placements are shown in blue. D) Morphometric analysis revealed an
abnormality (red circle), co-localizing with the region indicated by HD-EEG and invasive
recording.

J Clin Neurophysiol. Author manuscript; available in PMC 2022 March 01.

0.8
5. 3
25
1.6

0.8
1.6
2.7
0.8

1.9
24
3.7
1.7

13
4.6
24
8.2
0.8
0.4

0.2
104
3.0
5.1

6.3
109
21
-6.7

6.7
1.7
1.7
4.1

1561
6.45



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Stoyell et al. Page 19

Fp2F8

F8T8 A
T8P8

P8 02
Fp2F4

FaC4

cars

P4 02

Fp1F3
F3C3
C3P3
P301
Fp1F7
F7717
T7P7
P701
FZCz

ictal spect
EEG-fMRI
MRI morphometry
interictal electrical source imaging
interictal electrocorticography

Figure 7.
A) The patient’s LD-EEG recording showing representative IEDs over the left hemisphere.

Data were bandpass filtered from 0.53 — 70 Hz. B) IEDs on invasive subdural grids. Orange
box corresponds to the active channels and their location in D (T14-6, TS4-6, TP1-2). Data
were bandpass filtered from 5-500 Hz. C) Subtraction ictal SPECT co-registered with MRI
identifies a focus in the left posterior middle and inferior temporal cortex. D) Co-registration
image showing the placement of the subdural electrodes (blue dots) and localization of the
eloquent language cortex using corticography and the epileptiform cortex using multiple
modalities. Localization of IEDs using ESI on HD-EEG data co-localized with the invasive
subdural recordings and was anterior to the cortical dysplasia.
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Figure 8.
A) Unfiltered data showing the same example IED from the patient, visualized using a HD-

EEG bipolar montage (left) and a standard LD-EEG bipolar montage (right) with equivalent
sampling rates. The horizontal time scale bar indicates 50ms. Data were low pass filtered at
671.55Hz. The sampling rate was 2035Hz. A fast oscillation corresponding with the IED is
evident on the HD-EEG recording only. B) Data band pass filtered (100-300 Hz) reveals a
burst of high frequency activity evident in the HD EEG data (left) but not the LD-EEG data
(right). C) Spectrogram reveals a clear spectral island centered at 150 Hz in the HD-EEG
data; this is not clear in the LD-EEG.
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Figure9.
A) T1 axial views of the structural MRI 10 years after the subject’s stroke show the expected

stroke lesion. B) Several sources for pre-articulatory BOLD responses were different
between the concrete and abstract stimuli presentations based on fMRI scanning. Sources
spanned from the frontal lobe (e.g. inferior frontal gyrus, precentral gyrus) to temporal lobe
(e.g. superior temporal gyrus) to temporo-occipital regions, with few sources in the parietal
lobe. Top=left hemisphere, Bottom=right hemisphere. C) Sources for pre-articulatory
electrical activity based on HD-EEG recordings show shifting regions that were different
between the concrete and abstract stimuli presentations. The numbers in the first row
represent the time after stimulus presentation in milliseconds. Top=left hemisphere,
Bottom=right hemisphere. At 200ms, source differences were mainly located in the frontal
lobe; they then shifted to the parietal lobe They then shifted to perilesional regions involving
all cortical lobes, then the parietal lobe, frontal lobe, and perilesional regions. Finally at
800ms, the source differences were found at the frontal lobe regions once again.
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Table 1.
Case Summaries
Case | Aim Visual Analysis | Visual Analysis Channel LD-EEG HD-EEG ESI ESI
of LD-EEG of-EEG number ESI method
1 Lateralization on of Interictal Clear lateralization | 128 Inaccurate Accurately SLORETA
interictal discharges discharges on of interictal lateralizes and
could not be discharges localizes to
lateralized epileptogenic lesion
2 Lateralization of Ictal discharge Clear lateralization | 128 Inaccurate Accurately MNE
ictal events could not be of ictal discharges lateralizes and
lateralized localizes to
epileptogenic lesion
3 Expansion of The edge of the The center of the 122 n/a n/a n/a
posterior recording IED field IED field is
field observed ontwo | visualized
channels
4 Expansion of frontal | IEDs identified IED field extends 256 nfa Accurately localizes | SLORETA
basal brain beyond LD EEG to MEG source
recording field range estimates
5 Identification on of Ictal activity not | Posterior inferior 128 Inaccurate Accurately localizes | MNE
subtle seizure onsets | evident seizure visualized to match subdural
recordings
6 Localization of Activity grossly | More accurate 76 n/a Accurately localizes | Dipole and
epileptogenic zone localized localization to match subdural SLORETA
near eloquent motor obtained recordings
cortex
7 Localization of Activity grossly | More accurate 256 nla Accurately localizes | LAURA
epileptogenic zone localized localization to match subdural
near eloguent obtained recordings
language cortex
8 Identification of No ripple events | Ripple events 70 n/a n/a n/a
spike-ripple events identified identified
9 Functional language 64 n/a Localizes to known SLORETA

mapping

language networks
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