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Stimulating native seizures with neural
resonance: a new approach to localize
the seizure onset zone

Rachel J. Smith,"? ®Mark A. Hays,"* Golnoosh Kamali,** Christopher Coogan,>
Nathan E. Crone,? Joon Y. Kang® and Sridevi V. Sarma®?

Successful outcomes in epilepsy surgery rely on the accurate localization of the seizure onset zone. Localizing the seizure
onset zone is often a costly and time-consuming process wherein a patient undergoes intracranial EEG monitoring, and a
team of clinicians wait for seizures to occur. Clinicians then analyse the intracranial EEG before each seizure onset to iden-
tify the seizure onset zone and localization accuracy increases when more seizures are captured. In this study, we develop
a new approach to guide clinicians to actively elicit seizures with electrical stimulation. We propose that a brain region
belongs to the seizure onset zone if a periodic stimulation at a particular frequency produces large amplitude oscillations
in the intracranial EEG network that propagate seizure activity. Such responses occur when there is ‘resonance’ in the
intracranial EEG network, and the resonant frequency can be detected by observing a sharp peak in the magnitude versus
frequency response curve, called a Bode plot. To test our hypothesis, we analysed single-pulse electrical stimulation re-
sponse data in 32 epilepsy patients undergoing intracranial EEG monitoring. For each patient and each stimulated brain
region, we constructed a Bode plot by estimating a transfer function model from the intracranial EEG ‘impulse’ or single-
pulse electrical stimulation response. The Bode plots were then analysed for evidence of resonance. First, we showed that
when Bode plot features were used as a marker of the seizure onset zone, it distinguished successful from failed surgical
outcomes with an area under the curve of 0.83, an accuracy that surpassed current methods of analysis with cortico-cor-
tical evoked potential amplitude and cortico-cortical spectral responses. Then, we retrospectively showed that three out of
five native seizures accidentally triggered in four patients during routine periodic stimulation at a given frequency corre-
sponded to a resonant peak in the Bode plot. Last, we prospectively stimulated peak resonant frequencies gleaned from
the Bode plots to elicit seizures in six patients, and this resulted in an induction of three seizures and three auras in these
patients. These findings suggest neural resonance as a new biomarker of the seizure onset zone that can guide clinicians
in eliciting native seizures to more quickly and accurately localize the seizure onset zone.
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AUC = area under the curve; CCEP = cortico-cortical evoked potential; CCSR = cortico-cortical spectral
responses; PW = peak-to-width; SIS =stimulation-induced seizures; SOZ =seizure onset zone; SPES =single-pulse

electrical stimulation; TFM = transfer function model

Introduction

Epilepsy is a devastating disease with an estimated global lifetime
prevalence of 100 million people worldwide.® First-line treatment
for patients with epilepsy is anti-epileptic drugs, but ~30% of pa-
tients have persistent seizures despite a cocktail of these strong
medications.? Surgical resection of the epileptogenic zone, the seiz-
ure onset zone (SOZ) and early spread regions can be an effective
therapy for drug-resistant epilepsy patients,* but the lack of a clin-
ically validated biomarker has made localizing the SOZ difficult and
this prohibits widespread surgical success.*®

Localizing the SOZ is a costly and time-consuming process dur-
ing which a team of clinicians obtain imaging data (e.g. MRI, PET)
and scalp EEG recordings, which is often followed by invasive mon-
itoringinvolving days to weeks of EEG recordings captured intracra-
nially (iEEG).° Clinicians visually inspect iEEG data, looking for
abnormal activity (e.g. low-voltage, high-frequency activity, epilep-
tiform discharges) on individual channels occurring immediately
before seizures. Intracranial EEG offers a unique opportunity to ob-
serve rich epileptic cortical network dynamics, which are only vis-
ible by the naked eye during seizures. But, waiting for seizures to
occur is risky for the patient as invasive monitoring is associated
with complications including bleedings, infections and neurologic-
al deficits.’ Further, the costs of monitoring are very high; it is esti-
mated that the cost is at least US $5000 per day.’***

There is emerging evidence that stimulation-induced seizures
(SIS) may help identify the SOZ, especially when the semiology of
the SIS is similar to the patient’s native seizures.'>** Although peri-
odic cortical stimulation is widely practised for functional map-
ping, the correlation between SIS and surgical outcome has been
relatively understudied.’® Because of this gap in knowledge, there
are few methodological investigations and no standardized proto-
cols to elicit SIS. Stimulation parameters typically vary between
low (0.5-1 Hz) and high (50-60 Hz) frequency, with both monopolar
and bipolar stimulations and highly variable stimulation currents
and durations.’ Additionally, the rates of SIS can be highly vari-
able, ranging from <5 to >30% of stimulations inducing sei-
zures.’ ' A patient-specific, data-driven approach is needed to
define stimulation locations and frequencies that increase the
chances of eliciting native seizures for seizure onset localization
purposes.

In this study, we propose a new SOZ biomarker, neural reson-
ance, to address this need. We hypothesize that a brain region be-
longs to the SOZ if a periodic stimulation input at a particular
frequency can produce large responses in the brain network, trig-
gering epileptogenic activity. Such responses occur when there is
a ‘resonant frequency’ of the iEEG network, and this frequency
can be detected by observing a sharp peak followed by a large roll-
off in the magnitude versus frequency response curve, called a
Bode plot. This hypothesis is inspired by photo-sensitive epilepsy,
in which specific periodic visual stimulation in space and time
can trigger seizures.”'® Similarly, focal seizures are often evoked
through periodic stimuli in audiogenic and reflexive epilepsies.’®?°

We tested our neural resonance hypothesis in 32 epilepsy
patients undergoing iEEG monitoring. Single-pulse electrical

stimulation (SPES) was performed in each patient by administering
brief pulses of electrical current at various brain regions, including
those annotated to be within and outside of the SOZ. For each pa-
tient and each stimulated brain region, we constructed a Bode
plot by estimating a TFM from the SPES response. SPES responses
presented an opportunity to investigate ‘impulse responses’ of
the iEEG network. From the impulse responses, one can evaluate
properties of the iEEG network with dynamical systems analysis
via TFMs and Bode plots, including whether or not pathological res-
onance exists when stimulating specific brain regions. We first de-
monstrated that the SOZ displays pathologically high levels of
resonance by correlating Bode plot features to surgical outcome.
We then retrospectively identified resonant properties in brain re-
gions that stimulated seizures during functional mapping or during
the SPES procedure. Last, we showed that prospectively stimulating
at the resonant frequency increases the likelihood of eliciting the
patient’s native seizure.

Materials and methods

In total, we included 32 patients who underwent intracranial mon-
itoring and SPES before surgery for treatment of drug-resistant
epilepsy from January 2016 to June 2021. The study was ap-
proved by the Johns Hopkins School of Medicine Institutional
Review Board (IRB00247294) and was conducted using guide-
lines established in accordance with the Code of Ethics of the
World Medical Association (1964, Declaration of Helsinki).
Twenty-eight of the 32 patients had surgery performed and
were evaluated for surgical outcome, and these patients were
analysed in the Retrospective Development section to correlate
Bode plot features with outcome measures (Table 1). In 5 of
the 32 patients, seizures were stimulated during the normal
SPES procedure (n=1) or during functional mapping at 50 Hz
stimulation frequency (n=4); these patients are included in
the Retrospective Validation section (Table 2, top). In the
Prospective Validation section, we prospectively stimulated
6 of the 32 patients (n =3 with surgical outcome data) to elicit sei-
zures. These patients were admitted to the JHH EMU between
January and June 2021 (Table 2, bottom).

The SOZ, early propagation regions and irritative zone were de-
termined by board-certified epileptologists, on the basis of a com-
prehensive evaluation of clinical demographic data, intracranial
and scalp EEG, and non-invasive imaging. Channel annotations
were assigned independently of the research study.

We used the Engel Outcome Scale to classify outcome after sur-
gical treatment at least 6 months after the surgery date (19 of 32
were evaluated over 1year since surgery). We defined successful
surgical outcomes as Engel I or II (either seizure-free or few disab-
ling seizures), and failure outcomes as Engel III or IV (seizure per-
sistence or increase after surgery). Patients that achieved an
Engel III score after implantation of a responsive neurostimulation
system (RNS) were considered a surgical success because the ther-
apy was indicated as palliative.
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Table 1 Summary of clinical data for patients used in retrospective development

Patient Gender Age MRI Electrode type Stimulated Outcome

number sites/% SOZ

P0OO1 Female 43 Previous right anterior temporal lobectomy with Subdural electrodes 11/27%  Engell
amygdalohippocampectomy

P002 Male 25 Non-lesional Subdural electrodes 7/43% Engel IV

P003 Female 43 Non-lesional Subdural electrodes 8/37% Engel IIIA

P004 Female 35 Lefttemporal DNET Subdural electrodes 5/20% Engel II

P005 Female 19 Right middle frontal gyrus dysplasia Strip/Grid/Depth 11/27%  Engell

P0O06 Male 32 Previous resections of left postcentral gyrus Subdural electrodes 26/30%  Engel IV

P007 Female 26 Left periventricular heterotopia SEEG 22/0% Engel IV

P008 Male 49 Left mesial temporal sclerosis Subdural electrodes 36/19%  Engell

P0O09 Male 62 Multifocal encephalomalacia in the bilateral frontal lobes SEEG 10/40%  Engel Il
and in the left occipital lobe

P010 Male 26 Non-lesional Subdural electrodes 7/29% Engel I

PO11 Female 32 Previous left frontal resection SEEG 26/12%  Engel IV

P012 Female 27 Bilateral occipital lissencephaly SEEG 13/62%  Engel IIIl: RNS,

labelled as success

P013 Female 24 Previous left temporal resection SEEG 9/22% Engel I

P014 Female 26 Left frontal periventricular nodules SEEG 19/21%  Engelll

PO15 Female 51 Right mesial temporal sclerosis SEEG 7/29% Engel I

PO16 Male 48 Periventricular bilateral nodular heterotopia and diffuse =~ SEEG 17/12%  Engell
cortical dysgenesis

P017 Female 23 Left temporal encephalomalacia SEEG 18/28%  Engel III: RNS,

labelled as success

P018 Male 32 Right parietal encephalomalacia SEEG 14/36%  Engell

P019 Female 35 Right mesial temporal sclerosis SEEG 18/17%  Engell

P020 Male 58 Non-lesional SEEG 16/13%  Engell

P021 Male 33 Right medial parietal lobe cystic lesion SEEG 30/33%  Engel III

P022 Female 53 Right mesial archnoid cyst SEEG 21/19%  Engelll

P023 Male 45 Prominent left amygdala and loss of internal architecture SEEG 24/21%  Engel III
left hippocampus

P024 Female 40 Prior left frontal resection SEEG 39/28%  Engell

P025 Male 21 Previous left hippocampal LiTT Strip/Grid/Depth 46/2% Engel I

P026 Female 48 Focal left fronto-parietal operculum dysplasia SEEG 19/6% Engel I

P027 Male 33 Non-lesional SEEG 22/27%  Engel Il

P028 Male 24 Non-lesional SEEG 31/32%  Engell

RNS = responsive neurostimulation system.

Patients were implanted with stereoEEG (SEEG) electrodes or elec-
trocorticography (ECoG) arrays. The electrodes were placed accord-
ing to the suspected location of the epileptogenic zone in each
patient, as determined by non-invasive tests including clinical seiz-
ure history, neuroimaging, neuropsychology and scalp EEG record-
ings. The macroelectrodes were 2.3 mm in diameter with 1cm
spacing (Adtech or PMT Corp.). The SEEG depths (AdTech Medical
Instruments Corp.) were multi-contact, and consisted of 6 +10 cy-
lindrical, 2.3 mm platinum contacts separated by 5 mm between
centres of adjacent electrodes. SEEG electrodes were implanted
stereotactically using the ROSA robotic assistant device (Medtech)
as part of standard patient care. Using Biolmage Suite [Xenophon
Papademetris (2020) Biolmage Suite Web], electrode locations
were obtained for 18 of the 32 patients by coregistering the post-
implantation CT and brain MRI. FreeSurfer parcellation and visual
verification with post-implant MRI was used to identify electrodes
within cortical and subcortical grey matter.

A NeuroPort amplifier (Blackrock Microsystems) was used to record
ECoG and SEEG data during SPES. These data were filtered

(analogue Butterworth antialiasing filters: first-order high-pass at
0.3 Hz, third-order low-pass at 7500 Hz), digitized at 16-bit reso-
lution and down-sampled to 1 kHz with a digital antialiasing filter.
SPES was conducted using a CereStim R96 (Blackrock
Microsystems). Stimulation was applied at 0.5 Hz frequency in a
pseudo-bipolar manner to pairs of adjacent electrodes using square
biphasic pulses (0.15 ms/phase) (Fig. 1A). Stimulation sites were
chosen primarily in grey matter in patients recorded before 2020,
but later expanded to include both grey and white matter sites. At
each stimulation site, we recorded responses from 40-50 stimula-
tion trials. The maximum current intensity used varied from 4 to
10 mA, and was determined by visual confirmation of consistent
evoked potentials during real-time visualization by a board-
certified neurologist.

The average evoked response was measured for every iEEG contact
in 2-s epochs beginning 6 ms before stimulus onset (Fig. 1B).
Artefactual channels were removed from the dataset and electrical
stimulation artefact was removed by replacing the data 4 ms before
and 8 ms after stimulus onset with a linearly spaced vector between
those voltage values. To identify artefactual channels, we time
locked the responses to the time of stimulation and calculated the
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Table 2 Stimulation parameters and clinical data for retrospective and prospective validation

Patient number Symptomatic contacts

Frequency of stimulation Native seizure/aura? Clinical outcome

Bode match?

Retrospective Validation

POO1 RPTS49-572 0.3Hz
P003 BTG3-4% 50 Hz
PO11 SENM1-22 50 Hz
P025 LFT45-462 50 Hz
P029 LNB 1-22, LNC1-2%, RN1-2¢, RN3-4°  All 50 Hz

Yes Engel I Yes
Yes Engel IIIA Yes
Yes Engel IV Yes
No Engel I No
Yes No surgery No

Patient number Symptomatic contacts

Frequency of stimulation Native seizure/aura? Number of pairs tested TPR/FPR/FNR

Prospective validation
P024 ALL3-4°, LSM1-2° 15 Hz

P027 RHG2-3° 20 Hz

P028 RAH1-2°, LPH1-2°

20 Hz, 18 Hz

P030 INF9-10* 20 Hz

P031 RAH1-22, RPH1-2°, RTP1-2°

P032* LPBT1-2¢, LPH1-2% LAH1-2?

13 and 15Hz, 16 Hz, 1Hz Yes 10

33 Hz, 20 Hz, 33 Hz

Yes 9 TPR=2/9
FPR=7/9
FNR =0/9
TPR=0/8
FPR=7/8
FNR=1/8
TPR=2/2
FPR=0/2
FNR=0/2
TPR=0/10
FPR=9/10
FNR=1/10
TPR=2/10
FPR=7/10
FNR=1/10
TPR=3/13
FPR=10/13
FNR=0/13

Yes 8

Yes 2

Unknown 10

Yes 13

SOZ contacts are highlighted in bold; early propagation contacts are highlighted in italics. Non-SOZ contacts are in roman font. FPR = false positive rate; FNR = false negative

rate; TPR = true positive rate.
2Stimulated seizure.
bStimulated aura.
°Stimulated after-discharges.

standard deviation of trial values at each time point. We removed
channels in which the median standard deviation value exceeded
800 pV, indicating the presence of large noise fluctuations in the
data. Additionally, if the mean of the response waveform in 1800-
2000 ms poststimulus was not within 200 pV of the mean of the
prestimulus baseline (-500 to —10 ms), we assumed that the neur-
onal network was not back to resting state before the next trial.
We excluded these channels to avoid introducing instabilities in
the models. We also removed the stimulation channels from the
models.

We additionally sought to remove non-responsive channels
from the TFM. To do this, we swept through a range of parameters
to find optimal channels to include. We first searched for the max-
imum amplitude difference in 30, 100, 200 and 300 ms after stimu-
lus from the average prestimulus baseline value (—500 to —10 ms).
We also swept through specific percentages of channels from
which the highest amplitude responses were to be included in the
model: 25, 50, 75 and 100% of response channels. From this param-
eter sweep, there were 16 total models we tested. We found that the
model that best separated surgical outcome looked for responses in
the first 100 ms after stimulation and included the top 50% of chan-
nels with the highest amplitude responses (Supplementary Fig. 1A).
This subset of channels was used to build the TFM. Non-responsive
channels were removed while blinded to clinical labelling of elec-
trodes. Similar percentages of SOZ, early propagation and irritative
zone electrodes were removed for each patient and across all pa-
tients (Supplementary Fig. 1B and C).

TFMs were constructed for each subject and each stimulating
electrode contact pair to estimate the behaviour of the SPES evoked
response (Fig. 1C). We built a stable, discrete, linear time invariant
vector of TFMs for each stimulating contact of the following form:

He ™) =CleI-A) "B (1)
where o is frequency in radians, A, B and C are estimated via
least-squares estimation as in Li et al.** Briefly, A€ R™" is the state
transition matrix, Be R™ describes how the input signal influences
the neural state vector, C € R™'is the matrix that scales the state vec-
tor to the output vector and n is the number of channels. The pair of
stimulation electrodes was not included in the TFMs as variables and
was instead characterized as providing an exogeneous input.

This resulted in a vector of transfer functions for one electrode
stimulation pair Hjle7) where H; denotes the vector of transfer
functions from the input signal to all significant response signals
for stimulation pair i. These TFMs represented the input-output be-
haviour of evoked responses under SPES, from which the magni-
tude was computed by the norm of the vector Hje ) versus
stimulation frequency () plot.

To quantify the resonant nature of the Bode plot, we computed the
peak gain, as computed by the 2-norm of the model H;(e~') over all
frequencies (»). We denoted the peak gain, the local maxima with
the largest magnitude, to be amq. and the peak frequency to be w*


http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac214#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac214#supplementary-data

3890 | BRAIN 2022: 145; 3886-3900
A A B
Imax
- e
— ———
= 150 ps,
O I Imax
53 HS :< > +
1
I A
]
N I Imax
i e — ! ——
| 150 us
Lnax |

H(e /0y = ¢(e/I-A)"'B

\ Transfer Function Model /

R.J. Smith et al.

Average Trial Response

N1 N2

Z| NiPeak® ==
8 +
0

250ms Stimulus onset

/ _ Bode featur&

14 ____P_e_a_k_g_a_m

13
% ) DEgain Roll-off
-
& 1
c
10
= Area under

Peak curve
frequency |
001 006 043 3 24 175
Frequency (Hz)
D PW = peak — min
SEPBRC e 3 Wyight — Wieft

13 »
o amm_/ PW Ratio
- 2t
3 i M soz
£ 5 -s0z
$ . 5 [] non-
= 5 :

8 ™

Wiefti

7501 006 045 3 24 17
K Frequency (Hz) Stlmulatlon eleclrodes

Figure 1 SPES evoked potential and pipeline to obtain Bode plots and PW ratios. (A) Stimulation applied in a pseudo-bipolar manner between two ad-
jacent channels. (B) Stimulation elicits a response in remote electrodes. The typical waveform has a sharp negative peak 10-50 ms after the stimulus
(N1) and a longer, lower amplitude peak 50-300 ms after the stimulus (N2). (C) In the left panel, a brain region is stimulated. The responses are captured
and used to construct a TFM from the input signal. Next, we construct the Bode plot for the system, identify the resonant peaks and calculate the per-
tinent features (including PW ratio) from the function PW = (apeak — Gmin)/ (@right — @left)-

(Fig. 1C). Note that we used w* as the stimulation frequency to elicit
seizures (see Seizure Stimulation: Retrospective and Prospective
Validation). To quantify the height of the peak in comparison to
the surrounding gains on the log-log Bode plot, we calculated the
gain value of the local minimum to the left (lower frequency) of
the peak gain (named a,), as well as its frequency correlate
(wiere). From that minimum, the gain value on the right side of the
peak (higher frequency) that was closest to am,i, was named the cor-
responding frequency (wyighy). The peak-to-width (PW) ratio was de-
fined as the difference of the gains over the difference of the
frequencies:

. Omax — Oy
PW ratio = "% —mn )
Wright — Wleft

Thus, the PW ratio was maximized with large amplitude differ-
ences and small frequency differences, which would occur
with prominent peaks in the Bode plot. We measured other pertin-
ent features of the Bode plot, such as the DC gain, the roll-off and
the area under the Bode curve. Additionally, because the dynamics

of our TFMs resemble those of coupled mass-spring-
damper systems, we are often able to identify multiple resonant
peaks.?? In some cases, we used secondary peaks for seizure stimu-
lation because the peaks were sharper or in higher frequency
ranges.

Model robustness testing

To ensure the TFMs accurately captured the iEEG responses, we
compared the iEEG data to simulated data that were reconstructed
from the model. First, we calculated the mean and standard devi-
ation of the SPES stimulation trials in every recording electrode.
We then reconstructed the average evoked waveform in each chan-
nel using a 2 ms pulse input and initial condition x(0) = 0. We calcu-
lated the fraction of the model-reconstructed data points that lay
within 1SD of the mean. We recorded the mean concordance of
the reconstructed responses for each stimulation pair and reported
the distributions of the mean concordances for each patient.
Additionally, we compared experimentally measured gains,
which were derived from recorded iEEG data during stimulation,
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to the gains represented by the Bode plots. There were three pa-
tients in which we performed repeated stimulation in one or two
specific electrode pairs at varying frequencies. We first constructed
the Bode plot for that stimulation pair from the TFM. Next, we ex-
perimentally determined the gain by computing the Frobenius
norm of the iEEG responses divided by the norm of the input signal,
which we defined as a square pulse 2 ms in duration with unit amp-
litude at the stimulation frequency. The experimentally derived
gains were compared with the model-derived gains to assess model
accuracy across varying frequencies.

We implemented a threshold-based classifier on Bode plot metrics to
investigate whether they correlated to surgical outcome. We calcu-
lated the difference between the Bode plot features [DC gain, the
peak gain (H,,) norm, the peak frequency (v*), the roll-off, the area un-
der the Bode curve (area) and the PW ratio] for epileptogenic (SOZ, early
propagation and irritative zone) contacts and non-epileptogenic con-
tacts. The difference values were included as features in a logistic re-
gression model. We hypothesized the patient was more likely to
have a successful outcome when the difference in the features of epi-
leptogenic and non-epileptogenic regions was large.

We also categorized surgical outcomes using both the cortico-
cortical evoked potential (CCEP) amplitudes (N1 and N2), as defined
by the z-score of the peak amplitude relative to the prestimulus
baseline data, and cortico-cortical spectral responses (CCSRs), as
defined by the mean power in centre frequencies of the canonical
frequency bands across the epoch after the stimulus.

The N1 peak is an early negative deflection thought to represent
the strength of the direct effective connectivity®® and is a measure
commonly used in SPES analysis to assess epileptogenicity.>*2° For
each stimulation pair in each patient, we calculated the mean z-score
value for included channels. In a similar parameter sweep to test
which channels to include, we tested four situations: including chan-
nels with z-scores in the top 25%, the top 50%, the top 75% and all
channels. We found that surgical outcome was best separated
when the top 25% of z-scores were included in the logistic regression
model (Supplementary Fig. 2). We then tested whether the classifica-
tion accuracy of our algorithm matched the CCEP amplitude metrics
via comparison of the area under the curve (AUC) of each classifier
and the distribution of probability values for each metric.

The spectral response to SPES has also recently been used to iden-
tify epileptogenic brain tissue.”” To obtain the CCSRs, we adapted
methods from Mitsuhashi et al.?® First, we constructed Morlet wave-
lets according to the centre frequencies of the canonical frequency
bands [theta (5-7 Hz) =6 Hz; alpha (8-12 Hz) =10 Hz; beta (14-30 Hz)
=22 Hz; gamma (31-60 Hz)=45 Hz and high gamma (61-100 Hz) =
80 Hz].*® The wavelets were each constructed with four cycles and
were convolved over the entire trial window (2-s epoch) in 1ms
steps.”® We removed stimulation artefact by replacing the data
4 ms before and 8 ms after stimulus onset with a linearly spaced vec-
tor between those voltage values. We computed the wavelet time-
frequency decomposition for each trial and then averaged across
all trials for the given stimulation pair. To obtain a single CCSR amp-
litude value in each frequency band per stimulation pair, we com-
puted the mean across the trial time and recorded the square root
of the averaged power.?® In a similar way to the Bode metrics, we con-
structed features from the CCSR values by computing the difference
between CCSRs in epileptogenic (SOZ, early propagation and irrita-
tive zone) regions and non-epileptogenic regions. We permuted all
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possible combinations of three of the five frequency bands to find
which set gave the highest accuracy in predicting surgical outcome
and compared this to the model with Bode features.

In five patients, seizures were elicited during cortical stimulation map-
ping or during the SPES procedure. In these patients, we retrospectively
gathered SPES data from the sites that produced a SIS if it was avail-
able. With the SPES data, we built TFMs and analysed the Bode plots
for resonant peaks at the frequency that stimulated the seizure.

In six patients, we prospectively tested whether our TFM could pre-
dict which brain regions and at what frequencies to stimulate to trigger
a seizure or epileptiform activity. These patients underwent the SPES
procedure, TFMs were built using the evoked responses immediately
after the stimulation session concluded and Bode plots were created
for each stimulation pair. Once the Bode plots were created, the
most resonant nodes (nodes with the highest PW ratios and/or sharp
secondary peaks) were identified and the peak frequency, o*, was re-
corded. A stimulation plan was developed for the clinicians to attempt
to induce epileptiform activity, with nodes outside the suspected SOZ
to be tested first and suspected SOZ nodes to be tested last. Stimulation
was then administered in a bipolar manner to the resonant node pair
using square biphasic pulses (0.15 ms/phase) at frequency * for a dur-
ation of 3-5 5.%° The iEEG recordings were visually inspected for epilep-
tiform discharges, high-frequency activity or seizure activity. If it was
observed that a seizure was not induced, the next stimulation pair
was tested after a 30-s rest period. If a full seizure occurred, the stimu-
lation procedure was terminated. If the seizure was successfully
aborted by the clinical team, the stimulation procedure continued.

We defined the condition as the absence or presence of a stimu-
lated seizure, and test as the output of the Bode plot (negative or
positive). Therefore, a true positive test result was one which the re-
search team told the clinical team to stimulate at w* and a seizure or
aura was elicited. A false positive test result was one that the re-
search team told the clinical team to stimulate »*, but no seizure
or aura was elicited. In several cases, if a seizure was not elicited
from the TFM predictions, the clinical team would stimulate for sei-
zures on the basis of their clinical expertise. A false negative test re-
sult was defined as stimulations in which the clinical team elicited
a seizure or aura when that stimulation parameter set was not
predicted by the research team. Because of the longevity of the
experiments and the rarity of SIS events, we did not stimulate
regions that did not have a resonant peak; thus, true negatives
were not fully assessed. In the three patients in which we
performed frequency titrations (see Model Robustness Testing);
we used the non-symptomatic, off-peak stimulations from those
experiments as true negative stimulations.

SPES data and all analysis algorithms will be provided on request by
the corresponding author.

Results

We first assessed whether the TFMs were able to accurately recon-
struct the SPES evoked responses by calculating the fraction of data
points that lay within 1 SD of the mean, calculated from all stimu-
lation trials. We found that 97.7 +7.3% of the model-reconstructed
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data points lay within 1SD of the mean when assessed across all
patients, indicating that our models were able to accurately capture
the input-output behaviour of iEEG responses under SPES
(Fig. 2A).%>*? When stratified by individual patients, we found the
lowest median concordance across all stimulation pairs in an indi-
vidual patient was 96.2% (Fig. 2B).

We next confirmed that the Bode plot output matched the neural
physiology resulting from brain stimulation at various frequencies.
Experimentally derived gains generally matched TFM-predicted
gains represented by the Bode plots; the median (interquartile
range) of the absolute value of the deviance of the experimentally
derived gains from the Bode plot was 1.34 (interquartile range
0.54) when assessed across all patients (Fig. 3). We also plotted
the experimental gains against the theoretical gains predicted by
the Bode plot. In P027 and P031, the trajectories of the experimental
gains closely followed the theoretical gains, with Pearson correl-
ation coefficients of 0.99 and 0.88, respectively (Fig. 3A and B). In
P032, the range of experimental gain values more closely matched
the range of theoretical gains values in channels LABT5-6, but this
was not true for LAI4-5 (Fig. 3C and D). It is worth noting that P032’s
SPES responses had strong artefacts that could not be entirely re-
moved, probably leading to poorer TFMs and predictions.

We tested whether the TFMs were able to localize the SOZ and an-
ticipate surgical outcomes. We proposed that pathological reson-
ance would be most prevalent in SOZ electrodes, thus we
assessed whether our metric of resonance in the Bode plot, the
PW ratio, was larger in SOZ nodes when compared to non-SOZ
nodes in successful surgical outcomes. Further, we expected that
the SOZ PW ratios would be less distinguishable from non-SOZ
PW ratios in failed surgical outcomes. A representative example
of a successful surgical outcome case is shown in the top panel of
Fig. 4A, and a failed surgical outcome is shown in the bottom panel
of Fig. 4A. SOZ regions have higher DC gains and higher peaks in the
successful case. In the failure case, the SOZ region Bode plots are in-
distinguishable from the non-SOZ Bode plots, indicating an inabil-
ity to differentiate seizure-generating tissue. The DC gain is the
left-most point on the Bode plot and describes the magnitude of
the output in response to a constant input.

We used a logistic regression model to distinguish successful ver-
sus failed outcomes with the PW ratio and other Bode plot features.
We calculated the DC gain, the peak gain (max over all frequencies
of the 2-norm of vector H), the peak frequency (*), the roll-off, the
AUC (area) and the PW ratio (see Fig. 1C). We found that the inclusion
of the PW ratio and the DC gain, modulated by whether the seizure
onset was in neocortex or mesial temporal regions, best distin-
guished surgical outcomes (AUC of 0.83) (Fig. 4B). The probability va-
lue, p, for surgical successes were significantly higher than those of
surgical failures (Wilcoxon rank-sum test, P=0.008) (Fig. 4C).

In a similar way, we used a logistic regression model to distinguish
successful and failed outcomes using metrics derived purely from
CCEP amplitudes and spectral responses, which have been shown
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to localize SOZ regions.?>?®3* We found that the best CGEP model
included the Z-scores of the N2 amplitudes, and the Z-scores of
the N1 amplitudes modulated by whether the seizure onset region
was in neocortex or mesial temporal regions. The AUC for this
curve was 0.76 and the p values were also statistically significantly
different between successful and failed surgical outcomes
(Wilcoxon rank-sum test, P=0.045) (Fig. 4B and C). For CCSRs, the
inclusion of the theta, alpha and beta frequency bands as features
in the logistic regression model provided the greatest separation
between surgical successes and failures, with an overall AUC of
0.70 (Fig. 4B). However, the p values were not statistically signifi-
cantly greater in the patients with surgical success (Wilcoxon rank-
sum test, P=0.07) (Fig. 4C). Thus, our Bode features compared to
and slightly outperformed current state-of-the-art SPES-derived
metrics in distinguishing surgical outcomes (Fig. 4B). We note, how-
ever, that an additional advantage of the Bode plot features is that
the frequency at which to induce seizures is predicted.

Studies have shown that the morphology or spectral content of evoked
responses to SPES and cortical stimulation can depend on a variety of
factors such as the recording electrode type,* the proximity to white
matter,’>* the proximity to highly functional regions,”>*”*¢ epilepsy
type®*® and others. We tested whether the probability of success, as
defined by the logistic regression model with Bode features, was sig-
nificantly modulated by several of these factors.

The probability of success generated by the Bode model was sig-
nificantly lower if the patient had a previous resection (Fig. 5A)
(Wilcoxon rank-sum test P=0.037); it was more likely that a patient
would be seizure-free if they had not had a previous epilepsy sur-
gery. The probability of success was not significantly correlated to
whether the SOZ was mesial temporal or extratemporal onset
(Fig. 5B), the recording electrode type (SEEG or ECoG) (Fig. 5C and
Supplementary Fig. 3), a lesional or non-lesional MRI (Fig. 5D), the
patient’s age (Fig. 5E) or the patient’s gender (Fig. 5F). Thus, al-
though the SPES evoked waveform may differ due to these clinical
and recording factors, our neural resonance metric remained ro-
bust to most of these factors in this small cohort of patients (Fig. 5).

We found that periodic stimulation of resonant nodes in the iEEG
network elicited seizure activity or triggered seizures. Table 2 lists
the retrospective patients in which seizures were induced by either
SPES or functional mapping procedures and the prospective pa-
tients in which we tested whether seizures/auras could be elicited
by stimulating predicted nodes at o*.

In 7 of the 11 patients, the periodic stimulating frequency that
elicited the seizure, aura or after-discharges matched the Bode
peak frequency, »* (Table 2). For example, P003 and P011 underwent
functional mapping at 50 Hz as a presurgical work-up. The stimula-
tion pairs that were tested were labelled within the SOZ, and stimu-
lation of these sites induced the patient’s native seizure. The Bode
plots for each show a sharp peak at 50 Hz (Supplementary Fig. 4B
and C). The two patients that did not have a matching Bode peak ei-
ther elicited a non-native seizure (P025) or had a seizure onset re-
gion that was too broad for resection (P029) (Table 2).

On average, we stimulated 8.7 + 3.7 pairs of electrodes at the res-
onant frequency, »*, to elicit seizures or trigger epileptogenic activ-
ity. In four of the six patients, prospectively stimulating at o*
induced at least one seizure or aura, which we defined to be true
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positives (Fig. 6, Table 2, bottom). One caveat to this number is that
when we built the TFMs for P032, there was substantial stimulation
artefact remaining in the data and the model did not fit the data
well. We prospectively stimulated based on this inaccurate model
and seizures were elicited at two values of *.

We defined true positives as a seizure or aura elicited at a reson-
ant frequency, o*, predicted by the research team (Fig. 6A, C and E).
For example, patient P028 underwent SPES and was investigated
prospectively for seizures. One channel pair, LPH1-2, elicited an
aura after 3s of a 20 Hz stimulation period and another channel
pair, RAH1-2, elicited a seizure after 3 s of an 18 Hz stimulation per-
iod (Fig. 6C). Sharp peaks in the Bode plots occur at these frequen-
cies. Another true positive patient, Patient P031, was tested for SIS
twice over 2 days (Fig. 6E). We performed the SPES procedure in the
morning of the first day and tested for seizures in the afternoon.
The frequency of stimulation was titrated from 1 Hz to the resonant
frequency (13 Hz) in 1-Hz increments, and seizure was elicited at a
15 Hz stimulation frequency. The next day, we tested the same pair
of electrodes and elicited another seizure at a 13-Hz stimulation
frequency (Fig. 6E). Last, patient P024 was considered a true

positive. This was the first patient we tested for prospectively
stimulating SIS. Although the Bode plots suggested stimulating at
6 Hz (Fig. 6A), which is the resonant frequency, we stimulated at
20 Hz because previous literature indicated high frequencies may
increase the chances of eliciting SIS."* We elicited two native auras
in this patient, and it is unknown whether we would have triggered
a seizure by stimulating at »*. However, we considered this case a
true positive because stimulation channel LSM01 was not indicated
as SOZ, early propagation or irritative zone, but stimulation of this
area induced a native aura. This indicated that our resonance met-
ric identified an epileptogenic region that may have remained hid-
den if only evaluated with current clinical practices (Fig. 6A).

In Table 2, the ‘Number of Pairs Tested’ indicates the number of
tested resonant peaks that the clinical team, guided by the research
team, prospectively stimulated at o*. The total number of false po-
sitives were the stimulations that only elicited after-discharges or
no symptoms. In total, there were 47 false positive stimulations
(Table 2, bottom).

There were three cases of false negatives. The clinical team
stimulated seizures or auras based on their clinical hypotheses,
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but these stimulation parameters did not match a resonant
peak in the corresponding Bode plot (Fig. 6B and D, Table 2, bot-
tom). However, patient P0O30 was in the hospital for >2 weeks
and had no spontaneous seizures captured. Therefore, it is un-
known whether the seizure elicited in P030 was native to the
patient (Fig. 6D). Additionally, although we did not prospective-
ly list channel RHG1/3 to test, the frequency that elicited a seiz-
ure is not far away from the secondary resonant peak at 16 Hz
(Fig. 6B).

Last, seizures or auras were only elicited in P031 while perform-
ing the frequency titrations used in the gain matching experiments
(Fig. 3), thus we included the 26 off-peak stimulations as true nega-
tives, the four on-peak stimulations that did not elicit seizures as
false positives (included in the 47 total) and the one on-peak stimu-
lation that elicited a seizure as a true positive.

Discussion

In this study, we investigated whether neural resonance, as mea-
sured by TFMs derived from SPES response data, could identify

epileptogenic brain regions to target for stimulation to induce sei-
zures in drug-resistant epilepsy patients. We first showed that
pathologically resonant regions corresponded to seizure onset re-
gions such that the presence or absence of resonance correlated
with surgical outcomes. We further showed that our TFMs retro-
spectively and prospectively uncovered neural resonance by reflect-
ing and predicting where and at what frequency epileptiform
activity could be induced in four out of six patients.

Our novel resonance hypothesis is based on the presence of
strong oscillators in the human brain.***? In the well-studied visual
cortex, electrophysiological experiments have shown that neurons
synchronize their firing to the frequency of flickering light, leading
to EEG responses that oscillate at the same frequency as the stimulus
(steady-state visual evoked potentials).** Interestingly, it was shown
that although the brain exhibits responses at all frequencies from 1 to
100 Hz, the oscillations evoked at specific frequencies were higher
amplitude than what was expected by the 1/f nature of EEG oscilla-
tions.** This implied that the visual cortex exhibits resonance phe-
nomena, i.e. the brain responds more strongly to some frequencies
over others. Such a phenomenon is not unique to the visual cortex:
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the alpha frequency range (8-12 Hz) also exhibits resonance during a
variety of perceptual and cognitive functions from primary sensory
coding to memory representations.*>*® The resonance proposition
has also been investigated computationally: in a model of the cortical
column, one research study showed that neuronal tissue displays
epileptic-like activity when exposed to enhanced stimulation of cer-
tain frequencies.”’

We used data collected from patients that underwent SPES. In
the past 10-15 years, SPES has become increasingly used as a tool
to investigate functional and pathological connectivity in epilepsy
and to localize epileptic networks.?*?>334849 SPES defines effective
connections in the human brain because the neural evoked poten-
tials are measured in direct response to the stimulation (Fig. 1B).>°

SPES has been used to map language®® and motor networks,* as
well as functional connections in a variety of brain structures.”*™’
In patients with epilepsy, it was found that the SPES evoked po-
tentials, also known as CCEPs, were higher amplitude in the seiz-
ure onset and early spread regions when compared to healthy
brain regions, indicating a decreased threshold of excitabil-
ity.?>?539 It has also been reported that stimulation of epilepto-
genic regions trigger ‘delayed responses’, such as spikes or
after-discharges, that occur 100 to 1 ms after stimulus onset.?**®
Most importantly, it was shown that removal of areas that con-
sistently exhibited these epileptiform features resulted in good
outcomes, supporting the idea these evoked response biomarkers
can be localizing for the SOZ.>**®
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Figure 5 Bode models are robust to several clinical factors. The probability of success generated by the Bode model (A) was significantly higher if the
patient had not had a previous resection. The probability of success was not significantly modulated by (B) a mesial temporal or extratemporal SOZ
onset, (C) recording electrode type (ECoG or SEEG), (D) a lesional MRI, (E) patient age or (F) gender.

Although SPES responses have been shown to hold pertinent in-
formation about the epileptogenic network, the current clinical
workflow does not include SPES for localization purposes. In fact,
especially in the USA, electrical stimulation is almost solely used
for functional mapping to define eloquent areas and not used in
the definition of the epileptogenic network itself.>> We posit that
dynamical analysis of SPES data can provide novel insights into
the epileptogenic network that may improve the efficacy of SIS
for seizure onset localization.

We found that TFMs derived from the SPES data were physiolo-
gically relevant; the models closely predicted both iEEG responses
to stimulation and output system gains. The Bode plots derived
from the TFMs carried information that identified epileptogenicity,
as revealed by the retrospective development logistic regression
model. We found that a model constructed from two specific fea-
tures of the Bode plot, the PW ratio and the DC gain, best distin-
guished surgical successes and failures. The DC gain was
modulated by an indicator function, whether the clinically defined
SOZ regions were in the mesial temporal structures or not. This

distinction was derived from our previous work that showed that
the mesial temporal structures have hub effects on the CCEP wave-
form, and this effect is accentuated if the mesial temporal region is
epileptogenic.®® Indeed, the PW ratios gleaned from stimulating
mesial temporal regions were greater than stimulating in grey or
white matter and significantly higher than stimulating regions
that were outside these designations (Supplementary Fig. 5).

We benchmarked our resonance metric with state-of-the-art
SPES algorithms that relied on the CCEP waveform or spectral sig-
nature. Currently, computational approaches that compute iEEG
features on individual channels, such as the N1 or N2 peak ampli-
tudes, latencies or spectral responses (Fig. 1B), often focus on wave-
form or power differences in individual channels to identify
epileptogenic regions.?**® On the other hand, there are network-
based computational approaches that compute static pairwise cor-
relations and derive graph-theoretic measures from the adjacency
matrices.®® While these approaches can compute summary statis-
tics of interest such as clustering coefficients and modularity and
network hubs, such measures can have identical summary
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statistics for drastically different networks. We found that our
TFM-derived metrics was comparable to the CCEP and CCSR me-
trics in distinguishing to surgical outcomes (Bode AUC 0.83 versus
CCEP AUC 0.76 versus CCSR AUC 0.70), but our metric provides res-
onant frequency information that the CCEP response alone cannot
provide.

Our average rate of symptomatic stimulations (either seizure or
aura) was 17% with all patients combined, which is comparable to
earlier investigations of SIS.** Additionally, because we tested elec-
trodes that were least likely to produce seizures (not in the hy-
pothesized SOZ) to most likely (within the hypothesized SOZ), the
seizure induction rate may have been higher if we chose to
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stimulate the most suspect nodes first. We also found that higher
stimulation frequencies (>10 Hz) exhibited a higher likelihood of
eliciting seizures, corroborating previous studies.**®*

There were some instances where the resonant peaks of our Bode
plots did not align with the frequency used to stimulate the seizures
(Supplementary Fig. 4). Interestingly, out of the five retrospective pa-
tients with surgical outcomes, the two patients that did not have res-
onant peaks in the stimulated areas (i) had seizure onset regions that
were too broad for resection (P029); or (ii) stimulated a non-native
seizure in the patient (P025). This possibly indicates that core SOZ
nodes possess more resonant properties than fringe nodes, or there
was possibly an under sampling of the true epileptogenic zone.

The robustness of our algorithm to temporal and brain state
changes must be determined in a future study. For example, if
the Bode plots show resonant peaks when SPES was performed,
will that region be resonant at the same frequency the next day?
In our study, patients were stimulated for seizures ~1 h after com-
pleting the SPES procedure for the subset of electrode pairs.
However, in patient P031, we performed the SPES procedure in
the morning and tested for seizures both in the afternoon and the
following day. We were able to specifically elicit a seizure at or close
to the resonant frequency over 24 h apart (Fig. 6A). This example
suggests a robustness of these resonant regions and frequencies
across time, but a larger validation study will be required to exam-
ine this directly. Future work is also warranted to determine the
range of frequencies around a peak frequency that may also trigger
a seizure. For example, stimulation of specific regions with large
resonant peaks in patient P024 triggered native auras, but the fre-
quency was not at the peak frequency, o*. It is unknown whether
a stronger response, i.e. a seizure, could have been elicited if w*
had been stimulated. The sensitivity of the brain to slightly off-peak
frequencies will be a subject of future study.

Another question that emerges from this study is whether this
type of resonance also occurs in healthy brain tissue. If so, it is pos-
sible that our resonance algorithm may identify resonant regions re-
gardless of whether these regions are in pathological brain tissue. It
can be hypothesized that if a resonant brain region is stimulated
and it does not induce the patient’s native seizure, perhaps that re-
gion is not part of the SOZ. Whereas, if a resonant region that was
not originally included in the SOZ triggers a seizure that looks similar
to the native seizure, perhaps it can be concluded that this region
may bring seizure freedom if removed. For example, patient PO30
had no spontaneous seizures before we elicited a seizure by stimulat-
ing contacts INF09-10. Thus, we cannot determine whether or not
this seizure was native to the patient beyond anecdotal semiology
from the family. A prospective study that evaluates outcome on
the basis of stimulated seizures that were predicted from the TFMs
will be necessary to investigate whether physiological resonance
may interfere with our algorithm. A spatial map of physiological
peak resonant frequencies across different brain regions would aid
in identifying pathologically resonant regions, but a larger prospect-
ive study will be needed to answer this question. Additionally, a next
step is to investigate whether the resonant frequencies identified in
the Bode plots are present in the patient’s seizure dynamics. If the
Bode plot presents a strong peak at 10 Hz, is there a strong accom-
panying spectral signature at 10 Hz in the patient’s ictal iEEG? We be-
lieve this could help characterize the spectral dynamics of the
underlying network on a patient-specific basis.

This work may also translate to other fields of neuroengineer-
ing. We speculate that Bode plots could not only guide clinicians
in what frequency to stimulate to elicit a seizure, it would also pro-
vide which frequencies to avoid when programming stimulating

R.J. Smith et al.

devices for seizure control. Also, given that certain stimulation fre-
quencies can inhibit neuronal activity in certain areas such as with
Parkinson’s cases,®” we may hypothesize that this phenomenon
could be due to stimulation at off-peak frequencies.

This study pioneers the use of TFMs of SPES responses to iden-
tify resonant regions in the human brain that can be targeted to in-
duce SIS to localize epileptogenic regions. TFMs are part of a unique
branch of dynamical models that capture how nodes in a network
dynamically interact with each other, and can be used to uncover
internal properties of the underlying system including bandwidth,
stability, controllability and system gain.®*®> We showed that
TFMs can be used to reveal resonant regions of the patient’s epi-
leptogenic network without the need to capture seizures before-
hand. Currently, in the USA, the practice of stimulating to induce
seizures is not often used due to uncertainty that the stimulated
seizure is the patient’s native seizure.’*%%¢ Additionally, even if
the clinical team wants to perform stimulation to elicit a seizure
as part of the SOZ localization investigation, there are no current
methods that guide where or at what frequency to stimulate. To ad-
dress these issues, these results indicate that SPES-derived TFMs
can reveal resonant nodes, identify resonant frequencies at which
to stimulate, and elicit the patient’s native seizure. Incorporation of
these methods into the clinical workflow would remove the need to
passively wait on the patient’s seizures to occur naturally.

The identification of the SOZ is a manual, team-based process
that seeks to synthesize large amounts of disparate neural data.
Although there are software tools that indicate when a seizure
has occurred, there are currently no FDA-approved software tools
used in the clinical workflow that identify where the seizures oc-
cur.”’ In this work, we have proposed a biomarker of neural reson-
ance that can guide clinicians in eliciting native seizures to localize
seizure onset regions. We believe incorporation of these computa-
tional methods into current clinical practice will improve the cur-
rent gold standard in intracranial monitoring for SOZ localization
by reducing the length of stay for patients and improving their
chances of seizure freedom after surgery.
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