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Objective: The objective of the study was to localize sources of interictal high-frequency activity (HFA), from
tripolar electroencephalography (tEEG), in patient-specific, realistic head models.
Methods: Concurrent electroencephalogram (EEG) and tEEG were recorded from nine patients undergoing
video-EEG, of which eight had seizures during the recordings and the other had epileptic activity. Patient-specific,
realistic boundary element head models were generated from the patient's magnetic resonance images (MRIs).
Forward and inverse modeling was performed to localize the HFA to cortical surfaces.
Results: In the present study, performed on nine patients with epilepsy, HFA observed in the tEEG was localized to
the surface of subject-specific, realistic, cortical models, and found to occur almost exclusively in the seizure onset
zone (SOZ)/irritative zone (IZ).
Significance: High-frequency oscillations (HFOs) have been studied as precise biomarkers of the SOZ in epilepsy
and have resulted in good therapeutic effect in surgical candidates. Knowing where the sources of these highly
focal events are located in the brain can help with diagnosis. High-frequency oscillations are not commonly ob-
served in noninvasive EEG recordings, and invasive electrocorticography (ECoG) is usually required to detect
them. However, tEEG, i.e., EEG recorded on the scalp with tripolar concentric ring electrodes (TCREs), has been
found to detect narrowband HFA from high gamma (approximately 80 Hz) to almost 400 Hz that correlates
with SOZ diagnosis. Thus, source localization of HFA in tEEG may help clinicians identify brain regions of the ep-
ileptic zone. At the least, the tEEG HFA localization may help determine where to perform intracranial recordings
used for precise diagnosis.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

onset zones (SOZs) or irritative zones (IZs) are removed with good ther-
apeutic effect [3]. The SOZ is defined as the region in which clinical sei-

Epilepsy affects approximately 70 million people worldwide, mak-
ing it the second most prevalent neurological disorder [1]. Of all patients
with epilepsy, 60% have focal epilepsy syndromes and approximately
15% of these patients have conditions resistant to anticonvulsant
drugs. Rosenow and Luders [2] conservatively estimate that approxi-
mately 50% of these patients are potential candidates for surgical epi-
lepsy treatment, 4.5% of all patients with epilepsy. In surgery, seizure
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zures originate while the IZ is the region of cortex that generates
interictal epileptiform discharges seen in EEG or magnetoencephalogra-
phy (MEG) measurements [2]. Thus, EEG potentials play an important
role in evaluating suitability for epilepsy surgery [4]. The SOZs and I1Zs
must be correctly identified and localized before surgery [3]. However,
conventional EEG has poor sensitivity to localized epileptiform activity
[2].

High-frequency oscillations (HFOs) can refer to gamma activity (30—
100 Hz), ripples (100-200 Hz), or fast ripples (250-500 Hz) and were
first reported in humans by Fisher et al. [5] and Allen et al. [6]. They
are high-energy oscillations that have been shown to be a biomarker
of epilepsy and highly correlated with the SOZ and IZ [7-9]. Because
HFOs arise from synchronous activity of small, focal subsets of neurons,
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intracranial recordings are typically required to detect their localized
presentation [10]. High-frequency oscillations have been recorded in
the minutes before seizure onset, and the removal of their cortical
sources, especially for fast ripples, correlates with positive surgical out-
come [5,6,8,11,12]. The sources of fast ripple activity in humans are es-
timated to be less than 1 mm? [13]. Thus, microwire electrodes are best
suited for their detection. However, Worrell et al. [11] have recently
shown that detection of HFOs in this frequency range is possible with
clinical macroelectrodes on the scale of 1 to 10 mm?. They utilized hy-
brid depth electrodes containing both clinical electrocorticography
(ECoG) sensors and multiple microwires and found that HFO frequen-
cies recorded with microwires span a continuum from the ripple to
the fast ripple range. In contrast, the distribution of HFO frequencies re-
corded with macroelectrodes falls off more rapidly with frequency, and
fast ripples are observed less frequently [11]. Besio et al. [9] have shown
that the tripolar concentric ring electrode (TCRE) (Fig. 1) is able to non-
invasively record narrowband, high-frequency activity (HFA) in pa-
tients with epilepsy. The term HFA is used to differentiate this
apparent epileptic activity from previously reported, more wideband
HFOs. The increased signal-to-noise ratio and spatial resolution of the
TCRE [14,15] make noninvasive measurement of HFA possible in
tripolar electroencephalography (tEEG). The novelty of the TCRE design
and instrumentation is that two bipolar signals are recorded from three
closely spaced, concentric electrode elements. Then, the tripolar
Laplacian derivation, first described in Besio et al. [14] is estimated as
the weighted sum, 16 + (M — D) — (O — D), where O, M, and D are
the potentials on the outer ring, middle ring, and central disc of the
TCRE, respectively. When compared with conventional EEG signals,
tEEG has shown a 6.25-dB increase in signal-to-noise ratio and less
than one-tenth (8.27%) the mutual information between a pair of adja-
cent electrodes [14,15]. Localization of HFA sources by approximation to
the nearest electrode(s) [9] has been performed, but more robust
methods such as discrete dipole fitting or distributed source methods
have yet to be reported with any tEEG signals.

This study aimed to localize HFA in patients with epilepsy to realistic,
subject-specific cortical models to determine if HFA sources are corre-
lated with SOZ/IZ clinical diagnosis and could be used as a preliminary
indicator of these epileptogenic zones. Consequent identification of
SO0Zs and IZs through tEEG source localization would increase confi-
dence in determining areas for removal in epilepsy surgery. Since
these procedures, including invasive EEG (iEEG), are associated with
risks to patients including transient and permanent neurologic deficits,
infections, hematoma, nonhabitual seizures, cerebral infarction, cere-
bral edema, and increased intracranial pressure [16,17], it is advanta-
geous to have a better understanding of individual pathology before
patients are subject to them.

Conventional TCRE

Fig. 1. Conventional disc electrode (A) and tripolar concentric ring electrode (B) with a 1-
cm diameter.

2. Materials and methods
2.1. Subjects

Patients A through [ were recruited from Rhode Island Hospital (RIH;
n = 1; E) and the National Institute of Neurology and Neuroscience
(NINN; n = 8) in Mexico City, Mexico after referral by the epilepsy clinic
of each institution with the diagnosis of drug-resistant epilepsy, using
the International League Against Epilepsy criteria [18]. Epilepsy and ep-
ileptic seizure diagnosis was based on the international classification of
seizures 1981 [19] and epileptic syndromes 1989 [20]. Recording proto-
cols were approved by each of the institutional review boards. Seizure
onset zone diagnosis was performed by an epileptologist at NINN
(IEM]) and RIH (JNG).

2.2. Data collection

The tEEG recording protocol was designed to avoid any interference
with clinical EEG recording and evaluation. At both the NINN and RIH
during the attachment of clinical conventional disc electrodes (referred
to as ‘EEG electrodes’ or ‘EEG signals’ in the subsequent text), the
patient's scalp was cleaned with Nuprep and then, EEG electrodes
were affixed to the scalp at the 10-20 International Electrode System lo-
cations using Ten-20 paste (and collodion at NINN). To obtain tEEG re-
cordings in parallel to the clinical EEG, the TCREs were placed just
behind the disc electrodes in 19 locations close to the 10-10 sites and
attached to the scalp with Ten-20 paste (and collodion at NINN) (Fig.
2). The electrical ground was placed on the forehead, and the reference
electrode was placed on the forehead at RIH and on the Oz location at
NINN. Clinical EEG was recorded with the Comet AS40 system (Grass
Technologies, West Warwick, RI) and stored separately for further clin-
ical evaluation. The clinical EEG was digitized at 200 samples per sec-
ond, and the low-pass filter was 70 Hz. The tEEG data were
preamplified with the gain equal to either 6 (n = 5, A-E) or 47 (n =
4, F-1) with a t-Interface 20 (CREmedical, RI, USA) and amplified and
digitized with an Aura LTM-64 system (Grass Technologies, West War-
wick, RI) at different sampling frequencies for different patients. For two
patients (B and C), the data were filtered from 1-100 Hz and digitized at
200 S/s, another one (E) was filtered from 1-200 Hz and digitized at
400 S/s, and for the remaining six patients, the data were filtered from
1-500 Hz and digitized at 1600 S/s. The 60-Hz notch filter was used
for all patients. The recording sessions at the NINN usually lasted for
six hours, from around 7 am to 1 pm. For the patient at RIH, the record-
ing was stopped shortly after the patient had a seizure (130 min total).
The NINN recording protocol included requests that patients be sleep-
deprived the night before coming in for video-EEG monitoring and all
patients signed an additional consent form as antiepileptic drug dosage
was reduced by half the day before the recording. Recorded data were
reviewed by the epileptologists, and seizure onset time and duration
were determined for each seizure. Seizure onset time was defined as
the beginning of the first observable seizure pattern in EEG. Further, it
is important to note, the reference location does not appear to have an
effect on the TCRE results due to its Laplacian estimation. Moreover, dif-
ferences in system gain and recording methods are due to development
and improvements, spanning several years.

2.3. Head modeling

T1-weighted magnetic resonance (MR) images of 7 NINN patients
were available for 3-dimensional (3D), subject-specific, realistic head
modeling (not E and F). Head models were constructed from these im-
ages with the automated procedures of the Freesurfer image analysis
suite. Freesurfer is documented and freely available for download online
(http://sufer.nmr.mgh.harvard.edu/). In the present study, only a single
series of volumetric T1 images was used for each subject. Therefore, mo-
tion correction and averaging were not performed. In the Freesurfer
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TCRE
Regular 10-20

Fig. 2. The 10-5 montage with TCREs (green) placed near the 10-20 locations. Note: T7/P7 and T8/P8 are the same as T3/T5 and T4/T6 in 10-20 nomenclature. The blue rings are for
standard 10-20 electrode locations. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

process, a hybrid watershed/surface deformation procedure [21] is used
to remove nonbrain tissue and is followed by an automated Talairach
transformation, segmentation of the subcortical white matter and
deep gray matter volumetric structures [22], intensity normalization
[23], tessellation of the gray matter white matter boundary, automated
topology correction [24], and surface deformation following intensity
gradients to optimally place the gray/white and gray/cerebrospinal
fluid borders at the location where the greatest shift in intensity defines
the transition to the other tissue class [25]. Subject models were
exported from Freesurfer and imported into Brainstorm for localization
analysis. Brainstorm calls OpenMEEG [26] to convert the Freesurfer out-
put into a three-layer boundary element method (BEM) model sur-
rounding the source space of 15,000 dipoles on the cortex surface.
These layers include the scalp, skull, and brain with relative conductivity
values of 1, 0.0125, and 1, respectively, and each layer consists of 1922
vertices. OpenMEEG then used the BEM to calculate the lead field ma-
trix. Conversion to a tEEG-specific lead field matrix was not performed,
as forward model resolution was not sufficient for obtaining differences
in potential on the model surface between TCRE rings.

2.4. Signal processing and localization

The data from individual TCRE rings were first preprocessed with the
tripolar Laplacian algorithm [14] to obtain the tEEG signal for each

electrode. This signal estimates the surface Laplacian by multiplying
the difference between the inner ring and center disc by a factor of 16
and then subtracting the outer ring signal. As in Besio et al. [9], a modi-
fied version of the algorithm reported by Gardner et al. [27] was used in
MATLAB for detection of HFAs and their frequency characteristics.
Short-time fast Fourier transform (ST-FFT) power thresholding vs base-
line level (mean + 2 standard deviations, per frequency band) was used
after band-pass filtering with 55 Hz and 500 Hz cutoffs for HFA detec-
tion. High-frequency artifacts such as electrooculogram (EOG) and elec-
tromyogram (EMG) were ruled out by visual inspection. Spectrograms
were used to analyze the entirety of each recording and identify the
most persistent, narrowband HFA in the preictal period. High-frequency
activity was deemed persistent if the above threshold requirement was
met for at least 33% of a 2-minute, interictal window.

Data were imported into EEGLab (https://sccn.ucsd.edu/eeglab/), a
freely available plugin for MAT-LAB. The EEG and tEEG recordings
were detrended and notch-filtered (noncausal, zero-phase, IIR
Butterworth) to remove direct current (DC) bias and 60 Hz noise, re-
spectively. Then, a noncausal, zero-phase, IIR Butterworth bandpass fil-
ter specific to each subject's HFA range was used to isolate the
narrowband, high-power activity of each subject. Filters were designed
to avoid both loss of gain in the passband and the introduction of ripple
artifacts. Data were then imported into Brainstorm [28], which is a
freely available (http://neuroimage.usc.edu/brainstorm/) open-source
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application for the analysis of MEG, EEG, functional near infrared spec-
troscopy (fNIRS), ECoG, and other brain recordings.

In Brainstorm, surface potentials of the HFA peaks were localized, on
a case-by-case basis, to the surface of cortical models specific to each
subject, where available, and the ICBM152 head model was used for pa-
tients with no MRI data (E and F). The ICBM152 model is derived from a
nonlinear average of magnetic resonance image (MRI) scans of the 152
subjects in the MNI152 database [29]. Only temporally persistent, nar-
rowband HFA were selected for localization. If multiple spatial locations
recorded this activity, then each was localized, defined by the peak ac-
tivity. A whitened and depth-weighted linear L2-minimum norm esti-
mates (MNE) algorithm [30] was used to localize signals to a source
space of dipoles constrained normal to the cortical surface of the
model, resulting in current density plotted on the model cortical surface.
For a full description of this localization method, please refer to Section
6, “The current estimates”, of the MNE manual [31], which is available
for download (http://www.martinos.org/meg/manuals/MNE-manual-
2.7.pdf).

2.5. HFA localization and correlation with SOZ/IZ diagnosis

To assess the relationship between the identified HFA sources and
the clinical diagnosis, the ratio of patients in which HFA generators fell
within the SOZ/IZ over the total number of patients was calculated.
The ratio of patients in which HFA was localized to areas outside the
SOZ/IZ was also calculated to access the selectivity of HFA as an indicator
of SOZ/IZ. The SOZ or 1Z was determined for each patient by the
epileptologists based on EEG data, video-EEG, patient history, and med-
ical imaging such as MRI and positron emission tomography (PET).
These clinicians did not have access to tEEG data and were not aware
of the HFA detection and localization results. Both neurologists did not
asses all subjects. Each subjects’ primary neurologist diagnosis was
used for comparison to TCRE HFA localization. In one patient (E), the
SOZ was determined by intracranial ictal recordings and seizure cessa-
tion following surgical resection.

3. Results
3.1. HFA detection and localization

Epileptiform HFA was found and localized in the tEEG recordings of
nine patients with epilepsy. Eight of these subjects experienced clinical
seizures during recording, and T1-weighted MRI data were available for
the construction of seven subject-specific head models. The ICBM152
average head model was used for the remaining two subjects (E and
F). Localized HFA fell into the high gamma, ripples, and fast ripples
range in three subjects each. These findings are summarized in Table
1, which shows the source location of HFA, the frequency of this activity,
SO0Z/1Z diagnosis, whether or not the source location and diagnosis
agree, if additional sources were found outside the diagnosed SOZ/IZ,
and the head model (ssm = subject-specific head model) for each sub-
ject. Subjects that did not exhibit HFA outside SOZ/IZ also did not have
HFA outside of the reported frequency (4 approximately 10 Hz).

Subjects D (nonfocal onset), E, and I had HFA outside the reported fre-
quency albeit less often, and subjects E and I had shorter duration (tran-
sient-like) HFA outside of the SOZ/IZ, also less often.

A representative example of the recorded HFA in patient G is shown
in Fig. 3. At the time of recording, this patient was a 62-year-old male
with a right frontotemporal lobe SOZ diagnosis. He had been experienc-
ing complex partial seizures (CPS) with a frequency of one per month
and was being treated with 500 mg levetiracetam (LEV). An MRI had re-
vealed a left temporal brain tumor and issues with the intensity of the
white subcortical and deep matter in the left temporal lobe. The same
region exhibited hypometabolism in PET imaging. Fig. 3(a) displays
the tEEG time series of a 1-second segment containing HFA at the
238.5-second mark, preceding a CPS by approximately 8 min. High-fre-
quency activity is apparent at locations P3, O1, Pz, and F8. The power
spectral density of the same segment of data can be found in Fig. 3(b).
A sharp peak is visible at 320 Hz for those four channels but not the
others.

Fig. 4 shows the spectrograms for channels P3, O1, Pz, and F8 in
panels (a), (b), (c), and (d), respectively. Persistent 320 Hz activity is
seen in all four channels. The exact instant shown in Fig. 3 can be seen
at approximately the 238-second mark (circled), soon after the first in-
stance of increased power across all frequencies. Peaks of this HFA ex-
ample were then localized on the cortex surface of the subject-specific
model and shown in Fig. 5. Fig. 5(a) contains the localization of moder-
ate HFA generated outside of the SOZ while panels (b)-(d) display
stronger HFA localization within the SOZ. Figs. 3-5 display a TCRE HFA
as EEG time-series, power spectrum, time-frequency components, and
inverse source modeling with the given representative example. This
example was chosen for localization (and others not shown) because
of its persistence in time during the interictal period, narrow bandwidth
(approximately 10 Hz), and its high frequency.

3.2. SOZ/IZ correlation

High-frequency activities preceding seizures were localized to the
SOZ in eight of the nine patients. No SOZ was determined in the remain-
ing patient, so HFA source map correlation to the IZ was accessed in-
stead. The seizure of this patient (D) was determined to be of nonfocal
onset, and widespread HFA sources were observed, so patient D was ex-
cluded from accessing the selectivity of HFA sources as indicators of
SOZ. The HFA sources of patient D were considered within the SOZ/IZ
for correlation calculation. High-frequency activities were localized
within the diagnosed SOZ/IZ in all nine of the patients (100%). A focal di-
agnosis was determined for eight patients. In only three of these pa-
tients (37.5%), sources of HFA above noise levels, 2-SD above the
mean, were found outside of the SOZ/IZ. Fig. 5(a) is an example of
HFA sources found outside the diagnosed SOZ (right frontotemporal re-
gion circled in panels (b)-(d)) of patient G.

4. Discussion

Electroencephalogram source localization (ESL) is fundamentally
broken into the forward and inverse problem when determining

Table 1
Summary of HFA localization results.
Patient HFA source Frequency (Hz) S0zZ/1Z Agree? Outside? Head model
A Left frontotemporal 120 Left frontotemporal Yes No ssm
B Left occipital 75 Left occipital/parietal Yes No ssm
C Bilateral frontotemporal 75 Bilateral frontotemporal Yes No ssm
D Nonfocal 330 Nonfocal Yes N/A ssm
E Right motor/frontal, left motor/temp./front/par. 63 Left premotor Yes Yes ICBM152
F Right temporal 394 Bilateral temporal Yes No ICBM152
G Right frontotemporal, left temporal/parietal 320 Right frontotemporal Yes Yes ssm
H Right temporal 110 Right temporal Yes No ssm
[ Left temporal/parietal/occipital 110 Left parietotemporal Yes Yes ssm
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Fig. 3. A representative example of the HFA recorded in patient G shown in the time domain (b) and its power spectral density (a). Activity below 55 Hz and above 500 Hz was filtered,
forward and backward for zero phase, with a fifth order Butterworth IIR filter. High-frequency activity is most prominent at approximately 238.5 s in TCRE channels P3, 01, Pz, and F8. The

four largest peaks at 320 Hz in (a) are of the same four channels.

cortical sources of signals measured on the scalp surface [30,32]. Identi-
fication of the source from signal is the inverse problem. The forward
problem is the propagation of signals from source to the scalp surface,
and its solution, the forward model, is necessary to solve the inverse
problem [33]. Specifically, the head model, and its compartments, sur-
faces, conductivities, and coregistered electrode locations comprise the
forward model, also known as the volume conductor [32].

The inverse problem is ill-posed since there are infinite numbers of
source configurations that can result in the same potential distribution
on the head surface. Therefore, additional constraints to the source
space must be used to find a unique solution. The present study utilizes
the linear MNE method since it is most commonly used [32], produces

good results when localizing distributed networks of brain activity
seen in epileptic discharges, and is robust, allowing for statistical analy-
sis and normalization of the cortical source distributions [3,30,34].
Moreover, minimum-norm cortical source estimation is robust against
error in the skull conductivity parameter of the forward model that is
not a well-known value [35].

The choice of head model is important to finding an accurate solu-
tion to the inverse problem. Realistic head models offer increased local-
ization accuracy over simple shell models [36], and subject-specific
realistic models have been shown to further increase accuracy in local-
izing epileptogenic zones in a case study of 152 patients [3]. For this rea-
son, subject-specific, realistic head models were used in the present
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Fig. 4. Spectrograms of the HFA signals (circled) shown in Fig. 3, built from short-time Fourier transform with 1 s Hamming windows of 50% overlap. The TCRE channels P3 (A), 01 (B), Pz
(C), and F8 (D) are shown. Circled activity is localized in Fig. 5. Activity below 55 Hz and above 500 Hz was filtered, forward and backward for zero phase, with a fifth order Butterworth IIR

filter. A 60-Hz notch filter was also applied.

study for HFA localization where individual MRI data were available. In
patients for whom these data were not available, a realistic template,
head model was used.

Artifacts originating from scalp muscles, eye blinks, eye movements,
or patient movement often contaminate EEG recorded with conven-
tional disc electrodes [37], and these artifacts greatly hinder the inter-
pretation of recorded seizures when they occur at the time of seizure
onset [38]. To make matters worse, tonic or tonic-clonic seizures are
characterized by prominent muscle activity, increasing the effects of
these high-frequency artifacts [39]. In a previous study using five of
the present nine patients, Besio et al. [9] found that the TCRE automati-
cally attenuates myogenic activity and movement artifacts without the
loss of information that is coupled with conventional artifact removal
techniques in digital signal processing. This loss is often unavoidable
in conventional EEG when EMG artifact is within the same frequency
range as high-frequency components of brain activity. It was also
shown that high-frequency brain activity was evident in the tEEG
where it was undetected in conventional EEG, and its subsequent source
estimation by electrode location was highly correlated with the diag-
nosed SOZ [9].

The present study attempts to extend those findings to a greater
number of patients and perform more robust source localization of the
HFA. In nine patients with epilepsy, HFA was recorded with tEEG and lo-
calized to the surface of realistic, 3D cortical models. High-frequency ac-
tivity sources were found in the diagnosed SOZ/IZ of all nine patients.
Eight of these patients were diagnosed with a focal SOZ based on con-
ventional EEG, and in only three of them, HFA sources were found out-
side of the diagnosed SOZ. These three patients were E, G, and I in Table
1. As shown in Fig. 5, HFA sources were found in the left temporal and
parietal regions of patient G, outside the diagnosed right frontotemporal

SOZ. However, functional MRI of this patient revealed a tumor in the left
temporal lobe, issues with the intensity of white subcortical and deep
matter in the left temporal lobe, and destruction of fibers in the rostral
portion of the uncinate fasciculus. In PET imaging, hypometabolism
was found in the left temporal lobe, especially in the posterior inferior
temporal gyrus. It is possible that these conditions may explain the
left hemispheric HFA sources found in this patient. Thus, HFA may
prove to be a useful biomarker for other epileptic etiologies in addition
to the clinical SOZ. For example, before the pathology of patient D
progressed to a generalized, nonfocal seizure onset, HFA was found lo-
cally in the left hemisphere. It was later revealed in MRI that this patient
suffered from mesial temporal sclerosis in the left temporal lobe. Future
studies should explore the validity of HFA found in tEEG as biomarkers
for specific etiologies of epilepsy.

The other two patients (E, I) who experienced HFA sources outside
of the diagnosed SOZ did not suffer these or other conditions to help ex-
plain such results. Sources of the said activity were found in the left tem-
poral and parietal SOZ of patient I in addition to the left occipital lobe. It
is probable that the left occipital result is due to the proximity of the re-
gion to the SOZ. In the case of patient E, HFA sources were found in the
left premotor SOZ as well as the surrounding brain regions and the con-
tralateral hemisphere. Interhemispheric connections between the two
motor regions could explain these results.

Other possible sources of error include manual coregistration of
electrode locations to the head models and the lack of a tEEG specific
forward model. Exact locations of the electrodes were not measured
or recorded. Therefore, a position digitizer would help localization in fu-
ture efforts such that channel locations need not be placed manually on
the head model. Increasing the electrode density and head coverage
would also help in localization, as 19 channels per recording is sparse
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(a) 238.433 s. Left hemisphere

(c) 238.479 s. Right hemisphere

(b) 238.468 s. Right hemisphere

(d) 238.569 s. Right hemisphere

Fig. 5. Source localization results of HFA peaks recorded in the tEEG of patient G at approximately 238 s into recording segment. Approximately 8 min prior to a complex partial seizure.
Approximate seizure onset zone is circled in red. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

coverage. Song et al. [40] performed MNE and standardized low resolu-
tion brain electromagnetic tomography (sLORETA) source localization
of epileptic spike activity with 32, 64, 128, and 256-channel upper
head coverage and whole-head coverage montages. They found poor re-
sults with less than 64 channels and asymptotic improvement above
this number. Mislocalization was found in all sampling densities using
only the upper head surface, and a 256-channel montage with a 2-cm
intersensor distance over the entire head, upper, and inferior surfaces
produced the best results [40]. Thus, the 19-channel, upper head mon-
tage used here is a major limiting factor. Future studies should explore
the relationship of head coverage and number of tEEG channels used
for localization. The improved spatial resolution of the TCRE would
likely lead to less required channels to achieve an accuracy obtained
from conventional EEG. It is also likely that a 256-channel, whole-
head coverage montage would yield more accurate and focal results
than the conventional EEG of the same montage.

Moreover, the development of a tEEG forward model is crucial to fu-
ture source localization studies with the TCRE. Conceptually speaking,
the inverse operator fits the forward model to the recorded data, calcu-
lating the maximum likelihood distribution of activation on the model
to best explain the data. Currently, the forward solution for EEG is
used for tEEG localization. Thus, source localization is calculated as if
the recording is EEG, and its resulting magnitude should not be received
with confidence because the inverse operator is calculating this value as
if the inputs are surface potentials while they are actually potential dif-
ferentials estimating the Laplacian. It is difficult to say exactly how a
tEEG forward model would affect the results. The effect would largely
depend on the position of sources relative to the TCRE and their orienta-
tion with respect to the scalp surface (i.e., tangential or radial). Focality
and magnitude of sources would likely be influenced by the model
change, leaving the center location of found sources unchanged. It is
the belief of the present authors that such a model would produce less

spatially distributed results, improving the precision of tEEG source lo-
calization. Therefore, future development of a tEEG forward model to
study its influence on resulting sources is a paramount next step in
tEEG source location research. Its implementation would require the
forward model to be defined with sufficient resolution to determine po-
tential differences between distances equal to TCRE ring spacing. Then,
lead field matrix values could be calculated using the nine-point
method as described in Besio et al. [14].

Despite these drawbacks, localization of HFA generators in tEEG was
highly correlated with SOZ/IZ diagnoses. In each patient, HFA generators
were found in the SOZ/IZ, and in only one patient, G, these generators
were found outside the SOZ without a strong physiological explanation.
Further, the total duration of identified HFAs was very small, lasting a
few hundred milliseconds each. The HFAs preceded the seizures by
varying lengths from about 3 min to an hour but were not constantly
present during that period and would be considered a small percentage
of the total recording. Additional evidence, although limited, also sug-
gests that HFAs in tEEG may prove to be useful biomarkers for determin-
ing underlying etiology of the epilepsy such as brain tumors and
tuberous sclerosis. The traditional EEG did not show any unusual activ-
ity related to these conditions, and to our knowledge, there is no rele-
vant literature on tumor-related HFA. However, tumors and lesions
are often found in seizure-generating tissue. The characteristics of HFA
in relation to these underlying symptoms should be explored. When
compared with previously reported pathological HFOs [41,42] and to
nonpathological, normal physiological HFA [43], the HFA reported
here is much more narrowband. For example, the 320-Hz HFA shown
in Fig. 4 spans a band of approximately 10 Hz from visual inspection.
Previously reported HFOs, pathological and normal physiological, con-
sist of frequency bands over 100 Hz wide. This spectral characteristic
of tEEG HFA may prove to be a useful distinguishing feature for differen-
tiating between pathological and nonpathological HFOs, which is a
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major obstacle in the analytical use of HFOs in presurgical evaluation
[41,44].

5. Conclusion

The TCRE allows for noninvasive measurement of a unique HFA bio-
marker found in patients with epilepsy and its subsequent localization.
The HFA generators determined from tEEG appear to be highly corre-
lated to clinically diagnosed SOZ/IZs. High-frequency biomarkers are
often too difficult to detect without invasive procedures, making source
localization of tEEG measurements a possible solution to narrowing the
probable regions of interest before such procedures and their inherent
risks are introduced to patients.
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