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Introduction

Abstract

Objective: Interictal biomarkers are critical for identifying the epileptogenic
focus. However, spikes and ripples lack specificity while fast ripples lack sensi-
tivity. These biomarkers propagate from more epileptogenic onset to areas of
spread. The pathophysiological mechanism of these propagations is elusive.
Here, we examine zones where spikes and high frequency oscillations co-occur
(SHFO), the spatiotemporal propagations of spikes, ripples, and fast ripples,
and evaluate the spike-ripple onset overlap (SRO) as an epilepsy biomarker.
Methods: We retrospectively analyzed intracranial EEG data from 41 patients
with drug-resistant epilepsy. We mapped propagations of spikes, ripples, and
fast ripples, and identified their onset and spread zones, as well as SHFO and
SRO. We then estimated the SRO prognostic value in predicting surgical out-
come and compared it to onset and spread zones of spike, ripple, and fast rip-
ple propagations, and SHFO. Results: We detected spikes and ripples in all
patients and fast ripples in 12 patients (29%). We observed spike and ripple
propagations in 40 (98%) patients. Spike and ripple onsets overlapped in 35
(85%) patients. In good outcome patients, SRO showed higher specificity and
precision (p < 0.05) in predicting resection compared to onset and zones of
spikes, ripples, and SHFO. Only SRO resection predicted outcome (p = 0.01)
with positive and negative predictive values of 82% and 57%, respectively.
Interpretation: SRO is a specific and precise biomarker of the epileptogenic
zone whose removal predicts outcome. SRO is present in most patients with
drug-resistant epilepsy. Such a biomarker may reduce prolonged intracranial
monitoring and improve outcome.

lack of methods that measure the EZ directly, this area is
defined indirectly based on data from several noninvasive

For patients with drug-resistant epilepsy (DRE), the best
available treatment is surgery, achieving seizure freedom
in ~60% of cases." The epilepsy surgery outcome depends
upon the epileptogenic zone (EZ) delineation.>” Due to

tests.* ® However, the results of these tests are often non-
concordant. Intracranial electroencephalography (iEEG)
serves as the gold standard for defining the seizure onset
zone (SOZ), the EZ’s most logical approximator.
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However, the SOZ does not always predict outcome’
while its delineation requires several days of recordings at
the expense of human and financial resources. Thus, there
is an ultimate need for a novel interictal EZ biomarker.

Spikes are the primary interictal epilepsy biomarkers.
Spikes networks correlate with surgical outcome.® " Yet,
spikes are limited in localizing the EZ, as they are also
found in physiological areas.'"'* High-frequency oscilla-
tions (HFOs), categorized into ripples (80-250 Hz) and
fast ripples (250-500 Hz), seem to be more specific inter-
ictal biomarkers.>'>!'* Ripples often overlap with hubs
that generate ictal ripples during seizures.'” '’ However,
their clinical value is limited since they also occur in
physiological regions.'® Previous iEEG studies show that
ripples co-occurring with spikes are marginally better,"
or of equal effectiveness,”® in predicting the SOZ com-
pared to all spikes. Fast ripples are more specific bio-
markers of the EZ?'; their resection shows the highest
outcome predictive value and longest time until the first
postoperative seizure.'* However, their resection does not
guarantee seizure freedom.””> Moreover, fast ripples are
challenging to record using macroelectrodes® limiting
their utilization to few patients.*

Similar to seizures, interictal biomarkers propagate
across multiple contacts®**® from onset to spread
areas.”” > Spikes show early peaks which travel to later
propagated activity.”** These spike waves traverse to
both adjacent and distant brain areas” following the same
path and direction as ictal discharges.”’ Regions where
discharges show the earliest peaks are located inside the
EZ, whereas sites with late propagated activity are less
epileptogenic.*”***” Previous studies have shown that
spike onset correlates with the SOZ while its removal is
associated with good outcome.””” Contrarily, other stud-
ies have shown that spike onset is not related to SOZ*
and its resection is not superior to resection of high spike
rate iEEG channels.'’ Similarly, ripples propagate across
iEEG contacts.”® Ripple onset resection is associated with
good outcome though is not superior to resecting chan-
nels with high HFO rates.’® The pathophysiological mech-
anism of these propagations and the spatial relationship
among them is unclear. Moreover, it is unknown whether
these propagation onsets overlap and whether this over-
lapping onset serves as a more specific EZ biomarker
compared to individual onsets.

This study aims to map the spatiotemporal propaga-
tions of spikes, ripples, and fast ripples, examine their
temporal and spatial features, and evaluate the clinical
significance of the spike-ripple onset (SRO) overlap (or
intersection) as an interictal biomarker of the EZ. We
hypothesize that the SRO’s specificity in delineating the
EZ and predicting outcome surpasses that of individual
onsets and the clinically defined SOZ.

Spike Ripple Onset Predicts Outcome

Material and Methods

Cohort

We retrospectively analyzed iEEG data from patients with
DRE who had brain surgery at Boston Children’s Hospital
between 2011 and 2018. The inclusion criteria were
(i) postsurgical follow-up of at least 1 year; (ii) long-term
monitoring using electrocorticography and/or stereotactic
EEG; and (iii) availability of pre- and postsurgical MRI.
The study was approved by North Texas Regional IRB.
Informed consent was not required due to the study’s ret-
rospective nature.

iEEG data acquisition

Long-term monitoring was performed for several days using
subdural grids and/or strips (2-3 mm diameter, 10 mm
inter-electrode distance, Ad-Tech., USA) and/or depth elec-
trodes (6-16 contacts, 0.8 mm diameter, 3-5 mm
inter-electrode distance, Ad-Tech. or PMT, USA). Data
were recorded using XLTEK Quantum NeuroWorks (Natus
Inc., USA) with frequencies between 1000 and 2048 Hz
(Table 1). Positions of implanted electrodes were defined
using an in-house co-registration procedure®’; electrodes
within the white matter were excluded. Video recordings
were performed simultaneously, and segments were chosen
after visual inspection to ensure no apparent REM
activity.’* We selected 5-min epochs from non-REM slow
wave sleep, when feasible, given the high spikes and HFOs

rates’>*® and minimal motion artifacts during this stage.

Resection and outcome

The resection was defined by co-registering pre- and post-
surgical MRIs. Each electrode was regarded as resected if
it was inside or within 10 mm from resection and
non-resected otherwise.”>””>° The outcome was assessed
during a follow-up visit by an epileptologist (J.B.) using
the Engel scoring system.’’ Patients were dichotomized
into good (Engel I) or poor (Engel >II) outcome.

Spikes and HFOs detection and
Co-occurrence

The data were preprocessed by applying a DC offset
removal, a notch filter (60 Hz) and its harmonics. Signals
were then bandpass filtered between 1 and 70 Hz for
spikes, 80 and 250 Hz for ripples, and 250 and 500 Hz
for fast ripples. Spikes were detected using Persyst 14.0
(Persyst Development Co., CA)*' which was validated
against readings of an EEG expert (C.P.).” HFOs were ini-
tially detected automatically using RippleLab** and were
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further validated visually (Supplementary Material on
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g Sloe ocoo and fast ripples (Fig. 1C). The algorithm sorts spike, rip-
e = ple, and fast ripple events in time and marks the earliest
- event within each propagation as onset. Then, it adds the
_ next event of the same type to the sequence if it occurred
g _ within a specific time window, defined as inter-event
© g ~ E 2®ae latency (Fig. 1A). Inter-event latency for spikes and rip-
;‘L ples are within the range of 3-15 ms'®*® and 10—
32 ms,”*® respectively. Ripples have higher latencies due
) to pyramidal cell synchronization; unlike spikes, which
g —~ o o-on arise from imbalances in inhibitory and excitatory neuro-
e 2 I Yv c transmission. We set the inter-event latency to 10, 30, and
& 15 ms, for mapping spike, ripple, and fast ripple propaga-

6,10,26 . .
No previous studies report

tions, respectively.
inter-event latency for fast ripples. Finally, we discarded

propagations having >50% of their events occurring
44,45

iIEEG
(SE + DE)

within 2 ms from each other.

112+ 10
136 (SE)
212 (DE)
120 (SE)

72 + 40
96 + 10

mesial, O, occipital; P, parietal; PMG, polymicrogyria; Prop., propagation; R, right; Res., resected; SE, subdural electrodes; Sam. Freq., sampling frequency; SUP, superior; T, temporal; TSC, tuber-

A, anterior; CG, cingulate gyrus; CTH: cortical thinning; DE, depth electrodes; F, female; FCD, focal cortical dysplasia; Fr, frontal; gyr., gyrus; HS, hippocampal sclerosis; L, left; M, male; Me,

s Electrodes ranking
w O
g o ©
z Q|-+ 5
- r fuoax Each electrode acquired a normalized electrode rank (ER)
i based on its temporal activity in propagations (Supple-
1] mentary Material on Electrodes Ranking). We computed
% é the normalized ER separately for spike, ripple, and fast
2 ripple propagations for each patient, that is, electrodes
- - o dxEe y with higher normalized ranks contain events that contrib-
z é ute to propagations’ onset (onset electrodes), whereas elec-
3 T2 > trodes with lower normalized ranks contribute to
c (@)} . >
S I = é g propagations’ spread (spread electrodes).
= > ’5 o o
Z|Eg23¢8&7 g
oL 2o § S s s Definition of onset, spread, and spike-ripple
oL £ s sl c
° overlap zones
; ~
g E’ We used the normalized ER to estimate onset thresholds
2z o for categorizing iEEG electrodes into omset and spread
2 o | ~O n < < 0 @ . .
g > - > 2 electrodes for each propagation type. We considered
= [ . .
& %"; resected electrodes in each good outcome patient as
L8y ground truth for defining the EZ. We varied the ER
S| - % & g & threshold between 0 and 100% (5% steps) for each
2lsg|oe @xan~e ESo 7 patient to predict resected electrodes. An electrode with a
= > " “ : 1
é - ; =R normalized rank above threshold was considered as
- £ ?E < true-positive (TP) if the electrode was resected and as
= C C
< §|ss shkrs A o % 2 false-positive (FP) if not resected. An electrode with a
Y S = = < [%) ©
i S |Rx" RSSS 3T normalized rank below the threshold was considered as
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true-negative (TN) if the electrode was not resected and
as false-negative (FN) if resected. For each threshold,
we calculated sensitivity [TP/(TP + EN)], specificity
[TN/(TN + FP)], and Youden’s index 0))
(sensitivity + specificity — 1) and selected the optimum
threshold as the one yielding the maximum J for that
patient. Finally, we calculated the onset threshold as the
average of optimum thresholds over good outcome
patients for each propagation type and defined three
zones for spike, ripple, and fast ripple propagations: (i)
onset zone, that is, electrodes with normalized ranks
above the onset threshold; (ii) spread zone, that is, elec-
trodes with normalized ranks equal to or below the onset
threshold; and (iii) SRO zone as electrodes that contrib-
ute to both onsets of spike and ripple propagations. Also,
electrodes containing spikes, ripples, and fast ripples were
defined as entire zones of these biomarkers.

Temporal and spatial propagation features

We defined propagation rates (No./s) as the number of
events over the segment duration and computed the pro-
portion of events participating in propagations. We defined
the propagation duration (ms) as the latency between
onsets of the first and last events in propagation, and
latency variability (ms) as the time difference between con-
secutive events in a propagation. We measured propagation
displacement (cm), as the sum of Euclidian distances
between consecutive electrodes in the propagation, and dis-
placement variability (cm) as the Euclidian distance
between two consecutive electrodes in the propagation. We
also calculated propagation velocity (m/s) as the distance
traveled by the propagation over its duration, and velocity
variability (m/s) as the Euclidean distance between two con-
secutive electrodes in a propagation over the time latency
between their corresponding events, for each patient.
Finally, we extracted the median number of channels that
participated in each type of propagation per patient.

Distance from resection, resection ratio, and
onset variability

We defined the resection ratio of each zone for each
patient as the percentage of resected electrodes in that
zone. Moreover, we calculated the average distance (mm)
of each zone from resection. Finally, we assessed for each
patient the spatial variability of onset zones for each
propagation type, namely the “onset variability,” as the
average of minimum distances (mm) between onset elec-
trodes of each propagation and onset electrodes of other
propagations of the same type. We also quantified the
concordance of SRO and SOZ zones in each patient by
calculating the distance of SRO electrodes from SOZ

S. Jahromi et al.

electrodes and estimating the percentage of SRO elec-
trodes which overlapped with SOZ.

Outcome prediction

We computed outcome predictability for SHFO, SOZ, SRO,
propagation onset and spread, and entire biomarker zones.
We regarded TP as a good outcome patient whose zone was
resected and TN as a poor outcome patient with incomplete
resection. We classified FP and FN as a poor outcome
patient whose zone was resected and a good outcome patient
with incomplete resection, respectively. We computed the
percentage of resected electrodes within a zone and consid-
ered it as resected if this percentage was above a specified
threshold, using 50% as the most lenient condition®® to 75%
as the most rigorous condition with 5% steps. We plotted
the receiver operating characteristic (ROC) curve and com-
puted the area under the curve (AUC) for each zone to assess
their performance in outcome prediction.

We also utilized the logistic regression with leave one
out cross validation method to examine if resection or
non-resection of a zone relates to outcome. We classified
the test patient as TP if correctly predicted as good out-
come, TN if correctly predicted as poor outcome, FP if
incorrectly predicted as good outcome, and FN if incor-
rectly predicted as poor outcome. Thus, we estimated
positive [PPV = TP/(TP + FP)] and negative predictive
values [NPV = TN/(TN + FN)] for each zone.

Statistical analysis

Statistical analyses were performed in MATLAB (The Math-
Works, Inc.). We employed Wilcoxon rank-sum test to com-
pare distances of various zones from resection and their
resection percentages between good and poor outcome
patients. We applied Wilcoxon signed-rank test to compare
sensitivity, specificity, accuracy, and precision of zones in
predicting resection in good outcome patients. This test was
also used to compare distances of SOZ, propagation onset
and spread, and entire biomarker zones from resection and
their resection percentage in good outcome patients. We used
Fisher’s exact test to examine if the resection of each of the
zones had an impact on outcome. We considered p < 0.05
significant and used the false discovery rate method* to cor-
rect for multiple comparisons. We provide statistics as
median (interquartile range) unless otherwise stated.

Results

Cohort

The cohort consists of 41 patients with a median age at
surgery of 13 (6.75-16) years. Twenty-five patients (61%)

2534 © 2024 The Author(s). Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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Figure 1. Sequences of spike, ripple, and fast ripple propagations. (A) Spike propagation in time domain (ms) across depth electrodes implanted
in a 9-year-old female patient with drug-resistant epilepsy (DRE) (patient #8). The first event in propagation is considered as the onset event,
followed by the next events. The time window between two successive events (i.e., inter-event interval) in a spike propagation was set to 10 ms.
Electrodes that participate in propagation are color-coded according to their order in propagation. The propagation sequence is shown
color-coded on electrodes co-registered on patient’s MRI, with the onset electrode colored in red and the last electrode in the propagation
colored in blue. (B) Ripple propagation in time domain (ms) across subdural electrodes implanted on the cortex of a 11-year-old male patient with
DRE (patient #1). The inter-event interval for ripple propagations was set to 30 ms. Time-frequency plots of each of the events in propagation are
also displayed (50-250 Hz); the 80 Hz frequency is indicated to define the lower boundaries of the ripple frequency band. The sequence of this
propagation is showed on patient’s MRI. The electrodes that participate in the propagation are colored according to the order they appear in
propagation. (C) Fast ripple propagation in time domain (ms) across depth electrodes implanted in a 6-year-old female patient (patient #23). The
inter-event interval for fast ripple propagations was set to 15 ms. The time-frequency plot of each of the events in the propagation is plotted
(250-500 Hz). The propagation sequence is shown color-coded on electrodes co-registered on patient’s MRI. The electrodes that participate in
the propagation are colored according to the order they appear in the propagation.
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had seizure freedom at least 1 year after surgery. Nine
patients (22%) had right hemisphere intracranial implan-
tation, while 32 patients (78%) had left hemisphere. Sev-
enteen patients (41%) had only subdural grid and strip
contacts and 6 patients (15%) had only stereotactic con-
tacts; 18 patients (44%) had both types of contacts
implanted (Table 1). The time between the first seizure
and surgery was shorter (p = 0.012) in good [4 (2-9)
years] compared to poor outcome [7.5 (5-12.5) years]
patients. There was no effect of gender, epilepsy localiza-
tion, pathology, implantation side, inter-contact distance,
age at seizure onset, age at surgery, and years of
follow-up on outcome (Table 2).

Spikes, ripples, and fast ripples
propagations

Table 3 reports the total number of events and their
propagation features. We detected spikes and ripples in
all patients with a median rate of 2.3 (0.8-6.1) and 1.4
(0.8-2.3) events/min, respectively, and fast ripples in 12
(29%) patients with a rate of 0.2 (0-1.7) events/min. Fast
ripples occurred at the lowest rate compared to spikes

S. Jahromi et al.

(p < 0.01) and ripples (p = 0.01). We detected a median
of 46 (7-130) spike propagations at a rate of 7.0 (1.0—
26.0) events/min. We observed spike propagations in 40
(98%) patients with a duration of 19 (15-24) ms, dis-
placement of 8.3 (5.7-10.4) c¢m, and velocity of 4.8 (3.7—
6.3) m/s. We identified a median of 25 (11-59) ripple
propagations in 40 (98%) patients at a rate of 4.5 (1.9
12.0) events/min having a duration of 48 (41-46) ms, dis-
placement of 7.6 (5.1-11.4) c¢m, and velocity of 1.9 (1.5—
2.7) m/s. We found shorter duration (p = 0.03) of ripple
propagations in good (compared to poor) outcome
patients. We detected a median of 25 (12-69) fast ripple
propagations in 7 out of 12 patients (58%) at a rate of
7.8 (2.5-21.3) events/min. Fast ripples showed a duration
of 25 (13-28) ms, displacement of 3.8 (2.2-10.1) cm, and
velocity of 2.8 (1.9-3.9) m/s.

Ripple propagations’ duration was longer than spike
and fast ripple propagations (p < 0.01). Spikes propa-
gated the fastest followed by fast ripples (p < 0.001 for
spike vs. ripple, and p < 0.01 for spike vs. fast ripple
propagations); we found no differences in rate, displace-
ment, and number of channels between spike, ripple, and
fast ripple propagations (Table 3).

Table 2. Patient’s demographic information categorized by postsurgical outcome.

Good outcome

Poor outcome

Characteristic Total (Engel <1) (Engel >1) p
Patients, no. 41 25 16 -
Gender, no. 0.68%
Male 24 14 10
Female 17 11 6
Age at surgery, years, median (IQR) 13 (6.5-16) 11 (5.5-15.5) 13 (10-17.5) 0.13°
Age at seizure onset, years, median (IQR) 4 (1.4-7) 4 (1.25-8) 4 (1.75-7) 0.85°
Years between diagnosis and surgery, years, 5 (3-10) 4 (2-9) 7.5 (5-12.5) 0.01°*
median (IQR)
Follow-up, years, median (IQR). 1.42 (0.96-3.5) 1.42 (0.96-3.8) 1.42 (0.88-2.79) 0.42°
Implantation side, no. 0.71°
L 32 20 12
R 9 5 4
Inter-contact Distance, mm, median (IQR).

Grid and strips 9.2 (8.6-9.5) 9.3 (9.0-9.6) 0.99
SEEG 4.4 (3.5-4.9) 4.8 (4.1-5.0) 0.27
Resected contacts, no. 36 (28.8-41.3) 38 (31.8-52.5) 32 (25.5-38) 0.06°
Eplilepsy localization 0.53

Temporal 5 2
Extra-temporal 20 14
Pathology 0.79°
NL 7 4 3
MCD 28 18 10
ACQ 6 3 3

ACQ, acquired (i.e., stroke, neoplasm, and traumatic brain injury); IQR, interquartile range; L, left; MCD, malformation of cortical development
(i.e., focal cortical dysplasia, polymicrogyria, gliosis, and tuberous sclerosis complex); NL, nonlesional; no., number; R, right.

?Pearson chi-squared test/Fisher’s exact test.
bWilcoxon rank-sum test.
*Significant comparisons with p < 0.05.
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Table 3. Features of individual events and propagations per outcome.

Spike Ripple Onset Predicts Outcome

Individual events p
Feature Outcome Spike Ripple Fast ripple Svs. R Svs. FR Rvs. FR
No. of events Good+Poor 730 (318-1843) 459 (262-721) 63 (1-514) 0.06 <0.01* 0.01*
Good 564 (318-1772) 471 (262-829) 59 (1-466) 0.27 <0.01* 0.02*
Poor 1033 (388-2281) 432 (274-670) 168 (43-1521) 0.13 0.32 0.4
p' 0.50 0.84 0.57
Rate of events per channel Good-+poor 2.3(0.8-6.1) 1.4 (0.8-2.3) 0.2 (0-1.7) 0.10 <0.01* 0.02*
[No./min] Good 1.8 (0.9-5.9) 1.4 (0.8-2.3) 0.2 (0-1.6) 0.22 0.12 0.29
Poor 2.6 (0.8-6.3) 1.3(0.8-2.2) 0.6 (0.1-5.1) 0.30 0.44 0.42
pf 0.76 0.97 0.58
Propagations p
Feature QOutcome Spike Ripple Fast ripple Svs. R Svs. FR R vs. FR
Rate of propagations Good-+poor 7.0 (1.0-26.0) 45 (1.9-12.0) 7.8 (2.5-21.3) 0.70 0.80 0.48
[No./min] Good 3.8 (0.8-25.6) 5.0 (2.0-12.5) 7.8 (1.4-17.5) 0.94 1 0.89
Poor 9.7 (1.9-25.5) 3.6 (1.9-11.1) 22.2 (5.2-39.2) 0.42 0.72 0.26
o' 0.49 0.77 0.57
Percentage of propagating Good-+poor 18 (6-34) 24 (13-43) 51 (44-64) 0.13 0.01%* 0.02*
events [%] Good 18 (6-33) 25 (12-44) 49 (37-57) 0.83 0.66 0.17
Poor 17 (9-36) 23 (14-40) 61 (54-68) 0.35 0.66 0.89
o' 0.85 0.97 0.38
Duration [ms] Good-+poor 19 (15-24) 48 (41-46) 25 (13-28) <0.001* 0.33 <0.01*
Good 15 (15-25) 44 (34-57) 23 (9-25) <0.001* 0.88 <0.01*
Poor 20 (16-23) 56 (44-82) 36 (28-44) <0.001* 0.06 0.16
o' 0.41 0.03* 0.09
Displacement [cm] Good-+poor 8.3 (5.7-10.4) 7.6 (5.1-11.4) 3.8 (2.2-10.1) 0.68 0.33 0.24
Good 7.8 (5.5-10.2) 6.9 (5.3-9.3) 3.8(1.8-9.8) 0.94 0.27 0.26
Poor 9.3(8.0-13.2) 8.4 (4.5-12.1) 9.9 (2.6-17.2) 0.68 0.94 0.94
o' 0.11 0.73 0.57
Velocity [m/s] Good-+poor 4.8 (3.7-6.3) 1.9 (1.5-2.7) 2.8(1.9-3.9) <0.001* <0.01* 0.11*
Good 4.5 (3.2-5.5) 2.2 (1.6-3.0) 2.7 (2.3-3.7) <0.001* 0.05 0.17
Poor 5.9 (4.4-6.6) 1.7 (1.2-2.0) 2.6(1.0-4.2) <0.001* 0.13 0.84
o' 0.13 0.13 1
Latency variability [ms] Good-+poor 5 (5-8) 12 (8-19) 6 (5-8) <0.001* 0.56 <0.01*
Good 5 (4-8) 9 (7-16) 5 (4-6) <0.001* 0.91 <0.01*
Poor 5 (5-8) 15 (11-21) 9 (8-10) <0.001* 0.18 0.07
o' 0.18 <0.02% 0.1
Displacement variability [cm] Good-+poor 2.8(1.8-3.8) 2.2 (1.6-3.6) 1.0 (0.9-2.0) 0.12 0.02 0.04
Good 2.4 (1.8-3.1) 2.1 (1.4-3.0) 1.0 (0.8-2.0) 0.40 0.02 0.03
Poor 3.7 (2.9-4.2) 2.9 (1.7-3.8) 2.3(0.9-3.7) 0.07 0.44 0.64
o' <0.01%* 0.22 0.57
Velocity variability [m/s] Good-+poor 4.6 (3.5-6.8) 2.3(1.8-3.4) 3.8(2.1-4.3) <0.001* 0.05 0.17
Good 4.3 (3.3-5.4) 2.5(2.0-3.6) 3.8(2.54.2) <0.01* 0.24 0.34
Poor 6.7 (4.8-7.5) 1.8 (1.4-2.5) 3.1 (1.5-4.7) <0.001* 0.18 0.73
o' 0.02% 0.02% 1
Number of channels in Good-+poor 4 (3-5) 5 (4-5) 5 (4-6) 0.02 0.34 0.88
propagations Good 3 (3-6) 5 (4-6) 5 (4-5) 0.14 0.76 0.82
Poor 4 (3-4) 4 (4-5) 5 (4-7) 0.05 0.44 1
pf 0.88 0.85 0.72
FR, fast ripple; R, ripple; S, spike.
*Significant comparisons with p < 0.05.
p-values for comparisons between good versus poor outcome patients.
© 2024 The Author(s). Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 2537
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Figure 2. Electrodes ranking based on spike, ripple, and fast ripple propagations and spike-ripple onset overlap (SRO) zone in a good and a poor
outcome patient. (A) Normalized ranks of electrodes contributing to spike propagations in a 9-year-old female patient (patient #8) with subdural
and depth electrodes (good outcome) and a 10-year-old female patient (patient #27) with depth electrodes (poor outcome). Electrodes are
depicted as color-coded spheres; the color reflects normalized ranks from 100% (propagation onset) to 0% propagation end. Outlier electrodes
or electrodes that did not contribute to propagations are depicted in white. (B) Electrodes’ normalized ranks based on their participation in
generating ripple propagations. (C) Electrode’s normalized ranks based on fast ripple propagations. The optimal threshold to differentiate
between onset and spread zones were calculated as 18.2%, 30.8%, and 13.0% for spike, ripple, and fast ripple propagations, respectively. (D)
Electrodes present in both spike and ripple propagation onsets [i.e., the spike-ripple onset overlap zone (SRO)].

Onset, spread, and SRO overlap

We mapped onset and spread zones for spike, ripple, and
fast ripple propagations based on optimum thresholds
obtained for each propagation type (18.2%, 30.8%, and
13.0% for spike, ripple, and fast ripple onsets, respec-
tively). Figure 2 shows examples of onset, spread, and
SRO and the extent they overlap with resection in a good
and a poor outcome patient.

2538

Predicting resection in good outcome
patients

We considered resection of good outcome patients as
gold standard for estimating sensitivity, specificity,
precision, and accuracy of different zones in predict-
ing resection. Both spike and ripple onsets showed
higher sensitivity in predicting resection, compared to

spread zones and SRO (p < 0.001). SRO showed

© 2024 The Author(s). Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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Figure 3. Statistics for prediction of resection in good outcome patients. (A) Sensitivity, specificity, precision, and accuracy of the onset and spread
zone of spike propagations, the entire zone of spikes, the spikes co-occurring with HFOs (SHFO) zone, and spike-ripple onset overlap zone (SRO) in
predicting the resection zone of good outcome patients with SRO (21 patients). (B) Statistics for ripple onset and spread zones, the entire ripple
zone, the SHFO, and the SRO in predicting resection zone of good outcome patients with SRO (21 patients). (C) Statistics for fast ripple onset and
spread zones, the entire fast ripple zone, the SHFO, and the SRO in predicting resection zone of good outcome patients (5 patients). In the boxplots,
the cross indicates the mean value, and the horizontal lines indicate the median value, lower and upper edges represent the 25th and 75th
percentiles, whiskers extend to the Oth and 100th percentiles (excluding outliers) and points outside the whiskers represent the outliers (i.e., values
that are at least 1.5 times the interquartile range below the 25th percentile or above the 75th percentile). The multiple comparisons issue was
accounted for using the false discovery rate (FDR) correction. Pairs of significant differences are indicated by horizontal lines with asterisks above
them: **p < 0.01, and ***p < 0.001. The effect size in significant comparisons is calculated as the ratio of the higher median value to the lower
median value and is reported in parentheses after the asterisks.
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higher specificity in predicting resection compared to
onset and zones of spikes and ripples (p < 0.001)
and SHFO (p < 0.05). SRO was more precise in pre-

dicting resection compared to SHFO (p < 0.05),
onsets (p < 0.01), ripples spread (p < 0.01), and
zones (p < 0.01) of spikes and ripples. SRO

(p < 0.001) was more accurate compared to spikes
spread in predicting resection. Ripples onset and SRO
were more accurate compared to spread (p < 0.01 for
both comparisons) (Fig. 3A,B). We did not find any
differences between fast ripples and SRO in predicting
resection (Fig. 3C).

Distance from resection and resection
percentage of SOZ, onset, SHFO, and SRO

We provide statistics of distance from resection and resec-
tion percentage as mean =+ standard deviation. In good out-
come patients, SRO was closer to resection (7.7 + 3.6 mm)
compared to SHFO zone (10.7 £ 5.8 mm, p = 0.008), spike
(109 + 6.1 mm; p = 0.007), and ripple (10.4 + 4.2 mm;
p = 0.02) onset zones. SOZ was also closer to resection
(6.5 £ 2.9 mm) compared to SHFO (p = 0.03), spike
(p = 0.02), and ripple (p = 0.003) onset zones [Fig. 4A(1)].
The distance of SHFO and SRO as well as spike and ripple
onsets were shorter in good (spikes: 10.7 £ 6.3 mm; ripples:
12.2 + 10.4 mm; SHFO: 11.0 & 5.7; SRO: 7.7 + 3.6 mm)
compared to poor outcome patients  (spikes:
20.1 & 10.0 mm, p = 0.003; ripples: 21.9 £+ 12.1 mm,
p = 0.013; SHFO: 21.4 £ 9.9 mm, p = 0.002; SRO:
18.1 & 10.7 mm, p = 0.003). There was no difference in
distance of fast ripple onset to resection for good versus poor
outcome patients [Fig. 4A(ii)].

In good outcome patients, average resection was higher
for SRO (79 %+ 22%) compared to spike (66 + 25%;
p = 0.01) and ripple (68 £ 18%; p = 0.01) onsets. The
average resection of SOZ (83 £ 19%) was also higher
than ripples onset (68 + 18%, p = 0.02). No differences
were observed for resection between SHFO and other
zones [Fig. 4A(iii)]. Resection of spike and ripple onsets
as well as SHFO and SRO were higher in good (spikes:
68 £ 25%; ripples: 66 £ 23%; SHFO: 61 £ 29%; SRO:
78 + 22%) compared to poor outcome patients (spikes:
39 £ 30%, p = 0.006; ripples: 36 + 30%, p = 0.003;
SHFO: 40 + 32%, p = 0.04; SRO: 40 £ 38%, p = 0.005).
Fast ripple onsets did not show differences between resec-
tion in good versus poor outcome patients [Fig. 4A(iv)].
We also studied distance from resection and resection
percentages by considering only Engel I-a as good out-
come (Fig. S1). Also, considering the low fast ripples rate
per channel (0.2 events/min, Table 3), we further investi-
gated whether analysis of longer iEEG data will affect our
findings: the analysis did not show differences in the

S. Jahromi et al.

distance of fast ripples zone from resection (Supplemen-
tary Material and Table S3). We also investigated the dis-
tance from resection and resection percentage of SRO
using different cut-off distances for defining resected elec-
trodes (Supplementary Material on Defining Resected
Electrodes and Fig. S2).

Variability of spike, ripple, and fast ripple
propagation onsets

Spike, ripple, and fast ripple propagations had a median
onset variability of 3.6 (2.0-4.2), 2.5 (1.7-3.3), and 2.3
(0.7-3.4) mm, respectively [Fig. 4B(i)]. The onset vari-
ability was higher in spike propagations compared to rip-
ple propagations (p = 0.032). There was no difference of
onset variability for spike [good: 3.1 (1.9-3.8) mm, poor:
4.1 (2.9-4.4) mm], ripple [good: 2.6 (1.9-3.2) mm, poor:
2.4 (1.1-3.3) mm], and fast ripple propagations [good:
2.3 (0.6-3.2), poor: 2.8 (0.7-4.8)] [Fig. 4B(ii)].

Concordance of SRO and SOZ

Overlap between SRO and SOZ was higher in good [22.2
(6.2-46.3) %] compared to poor outcome patients [0 (0—
25.0) %, p = 0.049] [Fig. 4B(iii)]. The distance of SRO
from SOZ was lower in good [10.3 (6.5-22.7) mm] com-
pared to poor outcome patients [17.5 (14.4-34.9) mm,
p = 0.039] [Fig. 4B(iv)].

Outcome prediction

The AUC of SRO for predicting outcome was higher than
the AUC of the SOZ, zones of spikes and ripples, their
onsets and spreads, and fast ripple zones and spreads
(Fig. 5A). By considering resection threshold of 50%, we
observed that the resection of onsets of spikes and ripples,
the spikes zone, SOZ, SHFO, and SRO predicted outcome
(Fig. 5B,C). By applying stricter criteria (threshold 75%),
only resection of SRO predicted outcome (p = 0.01)
(Fig. 5B-D and Table S2). We also evaluated the outcome
predictability of different zones by considering only Engel
I-a as good outcome (Fig. S3).

Discussion

By mapping the spatiotemporal propagations of different
interictal biomarkers, we show that SRO is a highly specific
and precise predictor of the EZ and surgical outcome in
patients with DRE. SRO presents higher predictive perfor-
mance compared to fast ripples and is more advantageous
because it can be seen in most patients (SRO in 85% vs.
fast ripples in 29%). Moreover, it holds higher outcome
predictability when stricter resection criteria are considered
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Figure 4. Distance from resection, resection percentage, and onset variability of different zones in predicting the epileptogenic zone. [A(i)]
Comparing the distance of spike onset, ripple onset, seizure onset zone (SOZ), spike co-occurring with HFOs (SHFO) zone, and spike—ripple onset
overlap zone (SRO) from the resection zone in good outcome patients with SRO (21 patients). (i) The distance from resection in good versus poor
outcome patients for spike onset (good: 25 patients, poor: 15 patients), ripple onset (good: 24 patients, poor: 16 patients), fast ripple onset
(good: 5 patients, poor: 2 patients), SHFO (good: 21 patients, poor: 15 patients), and SRO (good: 21 patients, poor: 14 patients). (i) Comparing
the overlap with resection for spike onset, ripple onset, SOZ, SHFO, and SRO in good outcome patients with SRO. (iv) The overlap with resection
for spike onset, ripple onset, fast ripple onset, SHFO, and SRO in good versus poor outcome patients. [B(i)] comparing the onset variability of
spike, ripple, and fast ripple onsets in good outcome patients. (i) The onset variability of spike onset, ripple onset, SOZ and SRO in good versus
poor outcome patients. (iii) Distance of SOZ from SRO and (iv) the percentage of overlap between SRO and SOZ in good versus poor outcome
patients. In the boxplots, the cross indicates the mean value, and the horizontal lines indicate the median value, lower and upper edges represent
the 25th and 75th percentiles, whiskers extend to the Oth and 100th percentiles (excluding outliers) and points outside the whiskers represent the
outliers (i.e., values that are at least 1.5 times the interquartile range below the 25th percentile or above the 75th percentile). The multiple
comparisons issue was accounted for using the false discovery rate (FDR) correction. Pairs of significant differences are indicated by horizontal
lines with asterisks above them: *p < 0.05, **p < 0.01. The effect size in significant comparisons is calculated as the ratio of the higher median
value to the lower median value and is reported in parentheses after the asterisks.
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Figure 5. Outcome prediction results. (A) From left to right: receiver operating characteristic (ROC) curve and their area under the curve (AUC)
for onset, spread, and entire zones of spike (40 patients), ripple (40 patients), and fast ripple propagations (7 patients), spike co-occurring with
HFOs (SHFO) zone (36 patients), the spike-ripple onset overlap zone (SRO, 35 patients), and the seizure onset zone (SOZ, 41 patients) as
predictors of postsurgical outcome. (B) Confusion matrices for each of the zones in predicting the surgical outcome at resection threshold of 50%
and resection threshold of 75% using the logistic regression with leave one out cross validation method. (C) from left to right: positive predictive
value (PPV), negative predictive value (NPV), sensitivity, specificity, and accuracy of each of the zones for predicting the outcome corresponding to
the resection threshold of 50%. (D) Spider plot of PPV, NPV, sensitivity, specificity, and accuracy of each of the zones for predicting the outcome
corresponding to the resection threshold of 75%.

compared to previous studies.””® This notion derives from propagations in good outcome patients; (ii) SRO is closer
our main findings: (i) SRO is closer to resection compared to resection in good versus poor outcome patients; (iii)
to SHFO and individual onsets of spike and ripple resection of SRO is higher compared to resection of
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individual onsets of spike and ripple propagations in good
outcome patients; (iv) SRO has higher resection in good
versus poor outcome patients; (v) SRO predicts resection of
good outcome patients with higher specificity and precision
compared to individual onsets of spike and ripple propaga-
tions; (vi) SRO predicts resection of good outcome patients
with higher accuracy compared to areas of spread for spike
and ripple propagations; (vii) onset zones of spike and rip-
ple propagations as well as SOZ, SHFO and SRO predict
outcome; (viii) when stricter criteria are used for defining
resection, the spike and ripple onsets as well as SOZ and
SHFO lose outcome predictability while only SRO remains
to predict outcome; and (ix) resection of spread zones and
zones of spikes and ripples do not predict outcome.

SRO delineates the EZ and predicts surgical
outcome

Previous studies examined the propagation of interictal
biomarkers, such as spikes™* or ripples.”>*” Studies on
spikes found that iEEG electrodes with earlier peaks are
more epileptogenic (compared to spread areas) and related
to the EZ.*>*° By using a similar strategy, other studies
related iEEG electrodes with higher early ripples rates to
the EZ.%° Yet, results of this body of literature are contra-
dictory and inconclusive.'™** Studies from our group with
iEEG®® as well as noninvasive electrophysiological
methods® have shown that ripple propagations onset is pre-
dictive of the EZ and outcome. Our study confirms these
findings using the same parameters defining resection (per-
centage >50%). Yet, when stricter criteria (percentage
>70%) are used, these findings do not hold significance
(Fig. 5B,C and Table S2). While the SOZ and individual
spike or ripple propagation onsets pointed to the EZ, their
near-complete resection (percentage >70%) did not predict
outcome (Fig. 5B,C and Table S2). This may indicate that
individual onsets either miss parts of the EZ or include
excessive resection areas, whereas SRO predicts the EZ with
the highest specificity and precision as it focuses on com-
mon onset generators of spike and ripple propagations,
thereby predicting outcome. We observed a higher degree
of concordance between SRO and SOZ in good outcome
patients; the two zones were closer to each other and had a
higher overlap [Fig. 4B(iii,iv)]. However, this overlap was
marginal (~20%) even in good outcome patients. This mar-
ginal overlap may arise from the limited iEEG coverage.
Fast ripples originate from fixed and focal pathologi-
cally interconnected neuronal clusters,”” which form
networks.*® These fast ripples are reported to prime spike
propagations,” yet, removing fast ripple areas preceding
spikes does not guarantee seizure freedom.*” Fast ripples

also propagate’”*®; and networks of propagating fast
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ripples may increase the likelihood of triggering epilepti-
form spikes. However, these networks resection is not
related to outcome.*” Here, we found no strong associa-
tion between outcome and the SHFO zone. We also
found no association between resection of different fast
ripple zones and outcome.

Features of spikes, ripples, and fast ripples
spatiotemporal propagations

Several studies have examined spatiotemporal characteris-
tics of propagating interictal biomarkers.”** 2**>*° How-
ever, a gap exists in the literature for studies that
comprehensively examine and utilize these features within
the same cohort. Here, we quantify several spatiotemporal
features for spikes, ripples, and fast ripples, and examine
the clinical significance of combining these features into a
single biomarker.

Previous studies on spike propagations report a range
of velocities; at the cellular (or source space) level, spikes
propagate with a velocity of ~0.1 up to 0.5 m/s,”** while
at the sensor level, higher propagation values are reported
(>2 m/s).>%>1°% Here, we observed a velocity of ~5 m/s in
line with these previous findings. We found that spikes
propagate ~2.5 times faster than ripples®® (median veloc-
ity of 1.9 m/s) and ~ 1.7 times faster than fast ripples
(median velocity of 2.8 m/s) (Table 3). Studies on spike
and fast ripple generation mechanisms have shown that
these two biomarkers are caused by increased excitability
both at the pyramidal cells level and at broader network
levels, with different pathological discharge patterns at the
pyramidal cells triggering either spikes or fast ripples.”
Fast ripples precede and prime spikes that tend to
propagate.”>*” In accordance with these studies, we
observed here no differences for duration and latency,
displacement, and velocity variability between spike and
fast ripple propagations. Contrarily, ripple propagations
lasted longer than spike and fast ripple propagations and
had greater latency and velocity variability compared to
spike propagations. Spikes are known to arise from a brief
imbalance between excitatory (glutamatergic) and inhibi-
tory (GABAergic) neurotransmission,”* leading to a sud-
den, synchronous discharge of a group of neurons;
similar to fast ripples that seem to occur during transitory
hyper synchronization of neuronal activity.”” Ripples on
the other hand originate from synchronous firing of pyra-
midal cells, such as in slow-wave sleep or quiet wakeful-
ness, followed by suppression of inhibitory interneurons.
These differences in underlying mechanisms of spike, rip-
ple, and fast ripple propagations may explain the
observed differences in their propagation features.

© 2024 The Author(s). Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 2543



Spike Ripple Onset Predicts Outcome

Spike, ripple, and fast ripple propagation onsets
showed low onset variability of ~4 mm; this indicates a
probable uniform and interconnected epileptogenic net-
work at the source level. Spike propagations showed
larger onset variability compared to ripple propagations
[Fig. 4B(i)]. Spikes may propagate across lobes or hemi-
spheres via association and commissural fibers, which
cover short and long paths.”*** Studies have reported fast
ripples and their propagation to be more spatially
constrained.”>”® Ripples were found to propagate in
larger networks compared to fast ripples.’> Here, we
found propagation displacement of ~8 cm for spikes and
ripples, and ~ 4 cm for fast ripples. Such a displacement
is physiologically relevant considering fibers’ lengths
reaching up to ~16 cm.” It should be noted that these
displacements were obtained from Euclidian distances
between electrodes, which may not represent the actual
length of anatomical propagation pathways.

Both seizures and interictal spike propagations are
more spatially organized in good outcome patients,**”®
implying that spike generating regions are clustered
together in seizure-free patients. Here, we found that
spike propagations have a lower displacement variability,
in good (compared to poor) outcome patients (Table 3).
Our findings may suggest a more focal and highly inter-
connected EZ in seizure-free patients. Moreover, we
found shorter ripple propagation duration and latency
variability of ripple propagations in good outcome
patients, which is in accordance with the presumption of
higher inter-connectivity and recruitment of surrounding
neurons in the epileptogenic tissue in seizure-free
patients.”* The current study contributes to the existing
literature by offering a comprehensive analysis of spatio-
temporal features of interictal biomarkers in a large
cohort of 41 patients with DRE.

Limitations

We examined a heterogeneous single-center cohort encom-
passing various pathologies. Larger scale, multicenter stud-
ies are warranted to facilitate patient stratification into
more homogenous subgroups. Moreover, iEEG has limited
spatial resolution and coverage, which can lead to over-
sighting critical epileptogenic sites. Future investigations
examining spike and HFO propagations at source level
may mitigate challenges related to iEEG inherent limita-
tions. Due to iEEG spatial resolution constraints, we were
unable to investigate propagation throughout brain
entirety. Future studies may leverage noninvasive neuroim-
aging techniques having full coverage. Electrode implanta-
tions consisted of stereotactic contacts and grid/strip
electrodes or combinations of both. Yet, grid/strip
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electrodes measure cortical surface activity while stereotac-
tic contacts measure activity across distant cortical struc-
tures traversing white matter. Future studies should
examine whether current results hold for both electrode

types.

Conclusion

Spike and ripple propagations, originating from the same
generator (SRO), are precise predictors of the EZ and
surgical outcome in most patients with DRE. The SRO’s
specificity and precision are comparable to fast ripples,
but SRO is more advantageous because it can be seen in
most patients with DRE. Our findings highlight the
potential clinical utility of SRO as an EZ biomarker in
children with DRE. Prospective studies are required to
confirm these findings and fully establish the effectiveness
of SRO in improving surgical outcome.
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