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SUMMARY

Objective: Ripples (80-150 Hz) recorded from clinical macroelectrodes have been
shown to be an accurate biomarker of epileptogenic brain tissue. We investigated cou-
pling between epileptiform spike phase and ripple amplitude to better understand the
mechanisms that generate this type of pathologic ripple (pRipple) event.

Methods: We quantified phase amplitude coupling (PAC) between epileptiform elec-
troencephalography (EEG) spike phase and ripple amplitude recorded from intracra-
nial depth macroelectrodes during episodes of sleep in 12 patients with mesial
temporal lobe epilepsy. PAC was determined by (1) a phasor transform that corre-
sponds to the strength and rate of ripples coupled with spikes, and a (2) ripple-trig-
gered average to measure the strength, morphology, and spectral frequency of the
modulating and modulated signals. Coupling strength was evaluated in relation to
recording sites within and outside the seizure-onset zone (SOZ).

Results: Both the phasor transform and ripple-triggered averaging methods showed
that ripple amplitude was often robustly coupled with epileptiform EEG spike phase.
Coupling was found more regularly inside than outside the SOZ, and coupling strength
correlated with the likelihood a macroelectrode’s location was within the SOZ
(p < 0.01). The ratio of the rate of ripples coupled with EEG spikes inside the SOZ to
rates of coupled ripples in non-SOZ was greater than the ratio of rates of ripples on
spikes detected irrespective of coupling (p < 0.05). Coupling strength correlated with
an increase in mean normalized ripple amplitude (p < 0.01), and a decrease in mean
ripple spectral frequency (p < 0.05).

Significance: Generation of low-frequency (80-150 Hz) pRipples in the SOZ involves
coupling between epileptiform spike phase and ripple amplitude. The changes in
excitability reflected as epileptiform spikes may also cause clusters of pathologically
interconnected bursting neurons to grow and synchronize into aberrantly large neu-
ronal assemblies.

KEY WORDS: Mesial temporal lobe epilepsy, High-frequency oscillation, Epileptiform
discharge, Ripple, Intracranial EEG.
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KEY POINTS

o The phase of epileptiform spikes modulates the ampli-
tude of pathologic ripples (pRipples, 80—150 Hz)

e The strength of this form of phase amplitude coupling
is increased in the SOZ of patients with mesial tempo-
ral lobe epilepsy

o The strength and rate of coupling improved the preci-
sion of the pRipples for identifying the SOZ

e The strength of coupling was directly correlated with
ripple amplitude and indirectly correlated with ripple
spectral frequency

e Changes in excitability cause clusters of pathologi-
cally interconnected neurons to expand and synchro-
nize generating pRipples

Mesial temporal lobe epilepsy (MTLE) is the most com-
mon adult form of medically refractory epilepsy and is often
amenable to resective epilepsy surgery.! When the seizure-
onset zone (SOZ) is unilateral and localized to the mesial
temporal lobe, anteromesial temporal lobectomy is the rec-
ommended procedure, and up to 85% of patients are seizure
free after surgery.”

Differentiating MTLE patients with a primarily unilateral
SOZ from patients with SOZs that are bilateral independent,
or also include neocortical regions, would be aided by a
more precise interictal neurophysiologic biomarker of
epileptogenic mesial temporal lobe brain tissue.* High-
frequency oscillations (HFOs) are brief (15-200 msec)
bursts of neurophysiologic activity that range in frequency
between 80 and 600 Hz. They are considered a candidate
biomarker of epileptogenic tissue in intracranial record-
ings.” The epileptogenic zone is not always congruent with
the SOZ, and it may not be fully characterized due to spatial
or limited duration of recordings by the intracranial elec-
trodes during the epilepsy monitoring unit stay.®

Epileptogenic hippocampus and entorhinal cortex can be
identified on the basis of increased interictal high-frequency
(fast) ripple (200-600 Hz) burst rates in experimental
microelectrode recordings, but not usually HFO bursts of
lower frequency ripples (80-200 Hz).”® High frequency,
or fast ripples, are believed to reflect summated action
potentials from clusters of synchronously bursting patholog-
ically interconnected neurons,'” whereas sharp-wave rip-
ples in normal hippocampus are considered important for
memory encoding, consolidation, and recall,”*14 and
reflect summated inhibitory postsynaptic potentials.'>'®
However, in the epileptic brain, some ripple frequency
oscillations are pathologic, and clinical macroelectrode
recordings show that increased rates of both interictal rip-
ples and fast ripples delineate the SOZ.'”"'®

Epileptiform spikes are usually distinct in morphology,
higher in amplitude, and shorter in duration compared to

physiologic sharp waves.'® Thus ripples that occur during
epileptiform spikes are likely to be pathologic, and not nor-
mal phenomenon, that is, pathologic ripples (pRipples). The
underlying mechanisms that generate low-frequency (80—
150 Hz) pRipples on spikes have not yet been fully eluci-
dated. We hypothesize that these pRipples may be generated
when the changes in excitability that are reflected as epilep-
tiform spikes, also cause growth and synchronization of
clusters of pathologically interconnected bursting neurons
in epileptogenic regions. Synchronizability of the neuronal
assembly” should manifest as coupling between the epilep-
tiform spike phase and the ripple amplitude,?"* since the
changes in excitability are related to the spike phase.

In the current study, we quantified coupling between the
epileptiform spike phase and ripple amplitude in the interic-
tal depth electrode electroencephalography (EEG) record-
ings from presurgical patients with drug-resistant seizures,
and asked if this form of phase-amplitude coupling was
associated with the SOZ. We also determined whether the
strength of this coupling influenced ripple amplitude and
frequency. We performed computer-aided visual inspection
of the intracranial EEG (iEEG), a novel phasor transform
methodology, and ripple-triggered averaging measures that
derive the waveform and strength of the modulatory signal.

METHODS

Patient selection

The 12 patients involved in this retrospective study
underwent depth electrode evaluation at the University of
California Los Angeles (UCLA) Seizure Disorder Center
between 2010 and 2016, and were selected on the basis of
(1) availability of interictal recordings with a 2 kHz sam-
pling rate, and (2) a mesial temporal lobe SOZ, confirmed
by bilateral depth macroelectrode recordings.

Localization of electrode sites and three-dimensional
reconstructions

All patients were scanned preimplantation using a 3T
magnetic resonance imaging (MRI) scanner (Magnetom;
Siemens Trio, Erlangen, Germany), with a protocol consist-
ing of at least a T{-weighted magnetization prepared rapid
aquisition gradient echo (MPRAGE) sequence. For some
patients, postresection scans were also performed. Postim-
plantation computerized tomography (CT) scans contained
signal artifact corresponding to the contacts of all implanted
depth electrodes. CT images were nonlinearly and manually
coregistered to the preimplantation and postresection T;-
weighted images using FMRIB’s linear image registration
tool (FLIRT) (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT).
Each individual intracranial macroelectrode contact was
manually delineated using the AFNI program (https://
afni.nimh.nih.gov/afni/). Freesurfer software (http://freesur-
fer.net/) was used to segment brain structures and cortical
surfaces, and the three-dimensional (3D) images were

Epilepsia, 57(11):1916-1930, 2016
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displayed using Slicer (https://www.slicer.org/). To differen-
tiate macroelectrode contacts residing in gray or white mat-
ter, the preimplantation T;-weighted MRI was anatomically
segmented into 94 gray and white matter regions of interest
using BrainSuite (http://brainsuite.org) and verified via visual
inspection.

Recording methods and selection of data

Clinical iEEG (0.1-600 Hz; 2,000 samples per second;
reference scalp Fz) was recorded from 7-contact depth elec-
trodes (Ad-Tech Medical Instrument Corp., Racine, WI,
U.S.A.) using a Stellate (XLTEK, San Diego, CA, U.S.A.)
or a Nihon-Kohden 128-channel NK 1200 long-term moni-
toring system (Nihon-Kohden America, Foothill Ranch,
CA, U.S.A)). The recordings were acquired during a 35—
60 min epoch of mixed-stage sleep. Sleep was confirmed
by video-EEG inspection revealing K-complexes, spindles,
slow waves, and a paucity of muscle artifact. We did not
perform concurrent electrooculography (EOG) and elec-
tromyography (EMG) recordings. Antiseizure drug blood
serum levels at the time of the recording were not available.
The SOZ was defined by a consensus decision made among
a team of board-certified epileptologists on the basis of
visual inspection of the iEEG using the criteria of identify-
ing the electrodes first exhibiting the ictal-onset pattern.>

HFO detection and quantification

Muscle and electrode artifacts in iEEG recordings were
reduced using a custom independent component analysis
(ICA) based algorithm (Appendix S1, Fig. S1). After apply-
ing this ICA-based method, ripples were detected in the ref-
erential montage iEEG recordings per macroelectrode
contact by utilizing a Hilbert-detector methodology
(Appendix S1, Fig. S1).

Distinguishing ripples on spikes and reducing ringing
artifact

To distinguish ripples that occur during epileptiform
spikes from all other ripples, we calculated the derivative of
the peri-ripple band-pass filtered (4-30 Hz) iEEG and
applied a threshold of 2 pV/msec. Ripple events that
exceeded this threshold were inspected and categorized as
ripples on spikes (Fig. S1).

Oscillatory events can arise due to Gibb’s phenomenon
as a result of high-pass filtering sharp transients such as an
epileptiform spike.”* We developed a custom algorithm to
exclude these events (Appendix S1, Fig. S3). The perfor-
mance of this method was confirmed with visual inspection.

Quantifying ripple detection accuracy

In a subset of the macroelectrode recordings (N =4
patients) the detector results were used to annotate the iEEG
recording and were compared to the gold standard of
visual inspection. The overall sensitivity of the detector for
ripples events during epochs containing artifact was

Epilepsia, 57(11):1916-1930, 2016
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96.7 £+ 2%, and the overall precision of the detector was
88.7 £ 6.5%.

The ratio of the ripple rates detected from macroelec-
trodes positioned in gray matter relative to the ripple rates
detected from macroelectrodes in white matter was
4.03 £ 1.9 (n = 7, paired Student’s t-test p < 0.05).

Utilization of ripple phasors

To examine and quantify coupling between spike
phase and ripple amplitude, we transformed each ripple
on spike event into a ripple phasor calculated on the
basis of the instantaneous phase ¢(t) of the low fre-
quency iEEG recording and the corresponding instanta-
neous amplitude a(t) during the duration of the ripple
event (Fig. S2).

Each ripple phasor was calculated using Equation 1:

T

vel? = Z a(t)e'*V, (1)

t

where v is the vector strength of the phasor, theta its phase
angle, and a(t) and ¢(t) are the respective instantaneous rip-
ple amplitude and low frequency iEEG phase during the rip-
ple across its duration [t..T] (Fig. S2).

Phase locking among the multiple HFO phasors [n..N]
detected from individual macroelectrodes was performed
using Rayleigh’s test for circular nonuniformity by calculat-
ing the mean vector strength (r) using Equation 2.

N .
|32 vae™|
r=—r—, (2)
> Va

n
and deriving the Rayleigh Z-statistic Equation 3.
Z = Nr’. (3)

Rayleigh’s test for circular nonuniformity assumes a null
hypothesis of uniformity (or bimodal opposing directions),
and is based on determining the mean phase angle and angu-
lar spread across the individual phasors.

We calculated the phase-locked ripple phasor rate on the
basis of (1) identifying electrodes in which the ripple pha-
sors for all the detected ripple events exhibited statistically
significant phase locking (Rayleigh’s test for circular non-
uniformity, p < 0.05) and (2) tallying the number of ripple
phasors that were within 90 degrees of the mean phase
angle of the total population of ripple phasors. By conven-
tion, 0 degrees is the peak of an oscillation, and 180 degrees
is the trough.

Ripple-triggered averaging
To identify and characterize the low-frequency wave-
forms and oscillations that modulate ripple amplitude, we
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used a ripple-triggered coupling methodology.* Trials of
unfiltered iEEG, 1 s in duration, aligned by the time of the
maximum instantaneous amplitude of the ripple events at
0.5 s were summated to derive a modulatory signal. The sta-
tistical significance of the modulatory signal was derived by
computing 300 surrogates using phase shuffling, and calcu-
lating the peak-to-peak amplitude of the randomized sig-
nals. The modulated signal was calculated by convolving
each 1 s unfiltered iEEG trial, with a ripple occurring at
~0.5 s, with complex Morlet wavelets with a width of seven
cycles, and a standard deviation of three cycles using Field-
trip (http://www fieldtriptoolbox.org/). The time-frequency
representations for each trial were then averaged and nor-
malized (using a z-score) to account for (1/f) spectral
power.

Statistics
The SOZ rate ratio for ripple events and phase-locked rip-
ple phasor events was calculated using Equation 4.

Mean Event Ratesoz — Mean Event Ratensoz
ITsoz = .
S0z Mean Event Ratesoz + Mean Event Ratensoyz

(4)

The correlation between ripple rates, Rayleigh score, and
phase-locked ripple rates and the likelihood an electrode
was positioned in the SOZ was calculated by (1) rank order-
ing of the rates and scores within each subject, (2) assigning
the rank-ordered electrode a binary value based on its loca-
tion, (3) summating these assigned values for the
rank-ordered channels across patients, and (4) performing a
linear regression analysis between rank order and the result-
ing SOZ probability. Paired and unpaired student’s #-tests
were two tailed, with a 0.05 significance level. The Kuiper’s
test was performed using the circular statistic toolbox
in Matlab (http://www.mathworks.com/matlabcentral/
fileexchange/10676-circular-statistics-toolboxdirectional-
statistics-).

RESuULTS

Description of patients and recordings

Patients with suspected temporal lobe epilepsy during
scalp EEG in the epilepsy monitoring unit were selected for
depth electrode EEG monitoring due to (1) bilateral interic-
tal and ictal findings, (2) a normal brain MRI or positron
emission tomography (PET) study, or (3) concern for a pos-
sible lateral temporal SOZ (Table 1). Only 12 of these
patients were included in this study due to the availability of
30 min of artifact-free interictal recordings sampled at
2 kHz during sleep. We analyzed recordings from between
2 and 9 macroelectrode contacts on 7-10 depth electrodes
per patient (Table 1). We did not analyze recordings from
every macroelectrode contact due to excessive artifact that

interfered with HFO detection. Overall, across the 12
patients, recordings from 640 distinct macroelectrode con-
tacts were analyzed. Of the 640 distinct macroelectrode
recordings, 147 were located in the SOZ.

Of the 12 patients, a diagnosis of unilateral mesial tem-
poral SOZ was made in three patients; bilateral mesial tem-
poral SOZ in four patients; mesial and lateral (i.e.,
neocortical) temporal SOZ in four patients; and mesial, lat-
eral temporal, and extratemporal SOZ in one patient. All
three patients with unilateral MTLE were offered an ante-
rior temporal lobectomy, but conclusive postresection sei-
zure outcomes are not yet available (Table 1). One patient
had a mesial temporal and temporal neocortical SOZ and
was seizure free after a mesial and neocortical resection,
whereas another had independent SOZs in the right and left
mesial temporal structures, but underwent a palliative right
anterior temporal lobectomy with an Engel class II
outcome.

Ripple amplitude is coupled with epileptiform spike
phase

Visual inspection of the iEEG recordings demonstrated
that ripples could occur with or without epileptiform
EEG spikes (Fig. 1A,B). Using the recordings from all
640 macroelectrodes, we detected a total of 28,957 rip-
ples, and of these, 14,502 ripples were associated with
an epileptiform spike. For each ripple, we calculated a
“ripple phasor” (Figs. S1 and S2), a new measure that
corresponds to the magnitude and phase angle between
the instantaneous amplitude of the band-pass (80—
150 Hz) filtered ripple and the instantaneous phase of
the Hilbert-transformed, band-pass (4-30 Hz) filtered
epileptiform spike or low-frequency EEG in the absence
of an epileptiform spike (Fig. 1C1,C2). In many cases,
ripple phasors indicated that ripples occurred within a
relatively narrow range of phase angles when associated
with an epileptiform spike (Fig. 1C1), compared to when
ripples occurred in the absence of a spike (Fig. 1C2).
Subsequently, for each macroelectrode we determined if
all the ripples on spikes (RonS) transformed to phasors
were phase-locked (Fig. 1D1, Rayleigh’s test for circular
non-uniformity, p < 0.05). If the ripple phasors exhibited
phase locking, we tallied the number of ripple phasors
with a respective phase angle within +90 degrees of the
mean phase angle of the distribution (i.e., phase-locked
ripple phasors).

To verify the strength of coupling indicated by the ripple
phasor methods, as well as the spectral frequency profile,
we calculated the ripple-triggered average to evaluate the
modulating signal (i.e., epileptiform spike) and the mean
time-spectral frequency representation of the ripples. In the
analysis of macroelectrode recordings that exhibited phase-
locked ripple phasors, the maximum ripple amplitude
occurred near either the peak (Fig. 2A1,A2) or the trough
(Fig. 2A3,A4) of the epileptiform spike. In 13 of 16 of the

Epilepsia, 57(11):1916-1930, 2016
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Figure 1.

Ripples can occur during epileptiform spikes or superimposed on the background EEG. (A) Four examples of the band-pass filtered (4—
30 Hz, top) EEG and corresponding band pass (80-600 Hz, middle) for ripples recorded from the hippocampus in the SOZ (left) and neo-
cortical temporal contact (right) located contralateral to the SOZ. The traces are aligned to ripple events (gray bar). The ripples recorded
from the hippocampus occurred during interictal epileptiform EEG spikes, whereas neocortical ripples occurred during absence of EEG
spikes. (B) Expansion of the aligned HFOs illustrated by the gray bar in A. (C) Polar plot of color-coded ripple phasors corresponding to
ripples illustrated in panels A and B. Note the narrow range of phase angles associated with ripples associated with EEG spikes compared
to ripples that occurred in the absence of EEG spikes. (D) Polar plots of the ripple phasors (blue) and phase-locked ripple phasors (red)
for events recorded from the right amygdala in the SOZ (D1); green dashed line represents the mean phase angle of all the phasors,
dashed black line represents the division between phase locked (red) and non—phase-locked ripple phasors. The coupling strength of the
ripple phasors recorded from the left amygdala in the NSOZ was comparatively weaker (D2).
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Ripple-triggered averaging demonstrates that ripple and gamma amplitude is coupled with the epileptiform spike. The unfiltered iEEG dur-
ing ripples was aligned temporally with the maximum ripple amplitude, the resulting ripple-triggered averaged signal (white trace) had a
peak-to-peak amplitude corresponding to the strength of coupling and a phase at time 0.5 s corresponding to the preferred phase of cou-
pling. The superimposed normalized averaged time-frequency representation of the aligned unfiltered ripple events was calculated by
wavelet convolution. (A) Ripple-triggered averaging results are shown for four electrodes that exhibited phase-locked ripple phasors. In
example Al and A2, the preferred phase angle of coupling is near the trough of the epileptiform spike; in examples A3 and A4 the pre-
ferred phase angle is near the peak. In A1-A3, epileptiform spike phase is also coupled with gamma amplitude as well as ripple amplitude.
(B) Ripple-triggered averaging results for two electrodes that did not exhibit phase-locked ripple phasors. Note the weaker coupling and

absence of well-defined ripple power at the preferred phase.
Epilepsia © ILAE

macroelectrodes, gamma amplitude as well as ripple ampli-
tude was coupled with the epileptiform spike (Fig. 2A1-
A3); however, in the other three macroelectrode recordings,
only ripple amplitude was coupled to the peak of the epilep-
tiform spike (Fig. 2A4). By contrast, in macroelectrode
recordings that contained high rates of ripples that were not
phase locked with spikes, the corresponding ripple-trig-
gered averaging analysis showed a weak modulating signal

Epilepsia, 57(11):1916-1930, 2016
doi: 10.1111/epi.13572

(Fig. 2B1) and relatively reduced ripple power during the
epileptiform spike (Fig. 2B2).

Coupling between epileptiform spike phase and ripple
amplitude is increased in the SOZ

Across the 12 patients, ripple phasors derived from RonS
were phase locked in 93 (63.3%) of 147 macroelectrodes in
the SOZ, and 137 (27.8%) of 493 of the macroelectrodes in
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the NSOZ. In certain patients, ripple rates were elevated
both in the SOZ and NSOZ, but phase-locked ripple rates
were elevated exclusively in the SOZ (Fig. 3).

An analysis of ratios of total ripple occurrence in the SOZ
to total ripple occurrence in NSOZ showed ratios >0 in all
patients (Fig. 4A). Similarly, ratios derived from the rates
of RonS irrespective of coupling were also >0, but in most

patients, the highest ratios were those calculated from the
phase-locked ripple phasors (Fig. 4A, Student’s paired
t-test, n = 12, p < 0.05). The rates of total ripples, RonS,
and phase-locked ripple phasors were also higher in the
SOZ electrodes compared to respective rates in the NSOZ
electrodes (Fig. S4, Student’s paired #-test, n = 12,
p < 0.01). On the basis of visual review of several days of
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Figure 3.

Ripples on spikes that are transformed to phasors can unambiguously lateralize the mesial temporal seizure-onset zone (SOZ). Coregis-
tered CT-MRI of patient 4 with a left mesial temporal SOZ; the rates of ripples on spikes are shown in blue (above), and the rate of the
phase-locked ripple phasors after transforming the ripples on spikes are shown in red (below). Dark gray macroelectrodes indicate con-

tacts excluded due to poor recording quality.
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Coupling between epileptiform spike phase and ripple amplitude can be used to identify the seizure-onset zone. (A) The ripple rate ratio
calculated on the basis of mean event rates measured from electrodes in the SOZ, and non-SOZ (NSOZ). Both raw ripples, ripples on
spikes, and ripples on spikes transformed to phase-locked ripple phasors were overly represented in the SOZ in all 12 patients. Across
the 12 patients, the SOZ rate ratio for phase-locked ripple phasors (yellow) exceeded the ratio for ripples (blue), and ripples on spikes
(Student’s paired t-test, n = 12, p < 0.05). (B) Comparison between rank-ordered total rate of ripple occurrence (Bl), rank-ordered
Rayleigh Z-statistic for the phase- locked ripple phasors (B2), and rank-ordered of rate of phase-locked ripple phasors (B3) and the prob-
ability that a given macroelectrode lay within the SOZ. (C) Polar histogram of the mean phase angle of the ripples on spikes transformed
to phase-locked ripple phasors measured in the SOZ (red, Cl) and the NSOZ (green, C2). (D) Scatter plot of the mean phase angle and
Rayleigh Z-statistic of these ripple phasors identified in electrodes in the SOZ (red), and in the (NSOZ).
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iEEG recording, interictal epileptiform discharges (IEDs)
also occurred at a higher rate in the SOZ in the majority of
patients (Table 1). However, in patients 6 and 11, IED rates
were greater or equal in the mesial temporal lobe electrodes
contralateral to the SOZ, respectively, whereas ripple rates
were greatest in the SOZ electrodes.

The differences in mean ripple rates in the SOZ and
NSOZ do not explicitly assess how the rate at individual
electrodes accurately delineates the SOZ. To examine this
question in more detail, we correlated the rank-ordered rip-
ple rates with SOZ probability. Analysis showed a higher
total ripple rate correlated with increased probability that
the electrode was located in the SOZ (R* = 0.66, p < 0.001,
n = 30; Fig. 5B1). In 11 of the 12 patients, the macroelec-
trode with the highest ripple rate was observed inside the
SOZ (Fig. 4B1). Similarly, we evaluated the rank-ordered

Epilepsia, 57(11):1916-1930, 2016
doi: 10.1111/epi.13572

Rayleigh’s Z-statistic, a measure of phase-locking strength,
in relation to the SOZ. We found a larger Z-statistic corre-
lated with increased likelihood the recording sites was in the
SOZ (R? = 0.44,p < 0.001, n = 30; Fig. 4B2). Finally, our
analysis showed that higher rates of phase-locked ripple
phasors—which combine aspects of rate of occurrence and
coupling strength—correlated with a greater likelihood that
the recording sites were in the SOZ (R* = 0.67, p < 0.001,
n = 30; Fig. 4B3).

We also examined if the properties of coupling between
the phase of the epileptiform spike and ripple amplitude dif-
fered between electrodes located in the SOZ and NSOZ.
Polar histograms of the mean phase angle of the phase-
locked ripple phasors measured across all the macroelec-
trodes located in the SOZ revealed a preferred phase
angle just after the trough of the epileptiform spike and
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The strength of coupling between epileptiform spike phase and ripple amplitude is positively correlated with mean ripple amplitude and
negatively correlated with mean ripple frequency. In recordings from macroelectrodes in the SOZ, the presence of coupling between
epileptiform phase and ripple amplitude (PAC) was associated with a greater mean normalized ripple amplitude (Al), and a decreased
mean ripple frequency (A2) (Student’s unpaired t-test, n = 93, 54 electrodes, p < 0.01, error bars = standard error of the mean [SEM]).
(B) Among the recordings from macroelectrodes in the SOZ that exhibited PAC, the strength of coupling was associated with increased
mean normalized ripple amplitude (BI, R? = 0.0742, d.f. = 92, p < 0.01) and decreased mean ripple frequency (B2, R? = 0.053,
d.f. = 92, p < 0.05). (C) lllustrative examples of mean ripple-triggered averaged waveforms prior to (bottom) and after band-pass filtering
(80200 Hz; top) demonstrating relationship between modulation strength and ripple amplitude and frequency.
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during the upstroke (Fig. 4C1), whereas, in the NSOZ,
the preferred phase angle approached the peak of epilep-
tiform spike (Fig. 4C2). Comparing the Rayleigh Z-sta-
tistic with the mean phase angle for each macroelectrode
revealed that phase-locking strength was greatest when
the mean phase angle was near the peak or the trough of
the epileptiform spike (Fig. 4D). Across adjacent macro-
electrodes positioned in mesial limbic structures, the pre-
ferred phase angle of ripple coupling to spikes shifted by
over 75 degrees in ~30% of cases. When this phase shift
occurred, the ripples recorded by the most-mesial hip-
pocampal and entorhinal cortex contact were coupled
with the peak of the epileptiform spike. Phase shifts
>150 degrees were observed when comparing the pre-
ferred phase angle of coupling measured from contacts
in mesial limbic structures with that measured from dis-
tal electrodes located in neocortex on the same depth
probe in ~66% of cases. No phase shifts were evident
for adjacent electrodes positioned in white matter.

The strength of coupling between epileptiform spike

phase and ripple amplitude influences ripple properties
We asked if the spectral frequency and amplitude of

ripples differed between ripples significantly coupled with

epileptiform spikes and those that were not coupled. In
the SOZ, we found that ripples coupled with epileptiform
spikes exhibited a greater normalized mean amplitude
(4.26 £ 0.05 vs. 3.87 = 0.06, Fig. 5A1) and lower mean
spectral frequency (100.83 £ 0.97 vs. 106.71 + 1.97 Hz,
Fig. 5A2), compared to the ripples uncoupled with epilep-
tiform spikes (Student’s unpaired #-test, n = 93, 54 elec-
trodes, p < 0.01). There was no correlation between mean
amplitude and spectral frequency (R* = 0.0023, d.f. = 92,
p < 0.65). However, increased coupling strength corre-
lated with larger mean normalized ripple amplitude
(Fig. 5B1, R? = 0.0742, d.f. =92, p <0.01), and lower
mean ripple spectral frequency (Fig. 5B2, R* = 0.053,
d.f. =92, p <0.05). Finally, ripple-triggered averages
showed greater modulation strength of the epileptiform
spike correlated with higher ripple amplitude and lower
ripple spectral frequency (Fig. 5C). In 3 of the 12 patients
with both postresection MRI and outcome data available,
we asked if ripples coupled with spikes exhibited different
properties in the resected and unresected regions. We
found that in patients 2 and 6, with seizure-free outcomes
following resection, mean ripple coupling strength was
increased, and spectral content was slightly decreased in
the resected region, compared to the unresected regions

Epilepsia, 57(11):1916-1930, 2016
doi: 10.1111/epi.13572
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(Fig. S5). We did not observe differences in ripple ampli-
tude.

DiScuUSSION

The major novel findings from this study show the fol-
lowing: (1) robust coupling between the phase of epilepti-
form spikes and the amplitude of ripples, (2) evidence that
this form of phase-amplitude coupling is increased in
strength in the SOZ, and (3) increased coupling strength cor-
relates with ripples larger in amplitude and of a relatively
lower spectral frequency.

Epileptiform spike phase is coupled to ripple amplitude

We used a new ripple phasor method and conventional
event-triggered averaging to demonstrate that epileptiform
spike phase is coupled to ripple amplitude. Both methods
were in general agreement and found phase amplitude cou-
pling (PAC) in the macroelectrode iEEG recordings.

Coupling between epileptiform spike phase and ripple
amplitude is not equivalent to other forms of PAC described
in the literature.?® For example, in the human neocortex,
robust coupling is evident between the phase of theta oscil-
lations and the amplitude of high gamma oscillations. This
form of phase amplitude coupling is increased during cogni-
tion and decreased in the SOZ.?’ Theta high-gamma cou-
pling is canonical because both the modulating and the
modulated signals are true oscillations. In the case of cou-
pling between epileptiform spike phase and ripple ampli-
tude, the epileptiform spike and ripple are both brief
transient events, and furthermore, the spike is not a true
oscillation. Coupling due to Gibb’s phenomenon, that is, fil-
ter ringing,?* is artifactual or noncanonical, since in this
case neither the modulated or modulating signals are true
oscillations.'**

The results of the ripple phasor and ripple-triggered aver-
aging methods were also in agreement regarding the pre-
ferred phase angle of coupling as near the peak or the trough
of the epileptiform spike. This preferred phase angle relates
the maximum changes in excitability associated with the
interictal discharge to the synchronization of the neuronal
assembly generating the pRipple (80—-150 Hz). The bimodal
distribution of preferred phase angles, near the peak or the
trough of the spike, results from the spatial geometry of the
dipole relative to the recording electrode. In accord with this
concept, we observed shifts of >150 degrees in the preferred
phase angle of coupling between mesial contacts and neo-
cortical contacts on the same depth probe. However, we also
observed smaller shifts >75° across adjacent electrodes
located in mesial temporal structures, suggesting that spike
propagation and the cellular and dendritic composition of
the tissue adjacent to the macroelectrode contact may also
influence the preferred phase angle of coupling.

The ripple phasor method was advantageous in that it was
rapid and robust; however, it did not provide information

Epilepsia, 57(11):1916-1930, 2016
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regarding the morphology of the modulating signal or the
spectral frequency content of the modulated events. The rip-
ple-triggered averaging method required increased compu-
tation, but provided these details.

The ripple-triggered averaging method showed that
epileptiform spike phase often modulates ripple, and in some
cases, gamma amplitude. The onset of ripple*® and gamma29
oscillations can precede interictal epileptiform discharges,
whereas gamma can occur after interictal discharges as well
as fast ripples, that is, fast-ripple tail gamma.” The signifi-
cance of the gamma oscillations coupled with epileptiform
spike phase is unclear, but perhaps may be generated by
increased activity among inhibitory interneurons, coordi-
nating a large assembly of synchronized principal neurons to
generate the pRipple.'®'? Alternatively, the co-occurrence of
ripple and gamma frequencies during interictal discharges
may be coincidental, and the mechanisms generating these
two frequencies may be independent.

The strength of coupling between epileptiform spike
phase and ripple amplitude is increased in the SOZ

We found that the strength of coupling between epilepti-
form spike phase and ripple amplitude was increased in the
SOZ over NSOZ. In addition, compared to ratios derived
from total ripples and ripples on spikes (RonS), for most
patients, larger ratios of phase-locked ripple phasors indi-
cated relatively higher rates of ripples coupled with spikes
in the SOZ than rates in NSOZ. Although the differences
between ratios were small, phase-locked RonS could
improve the localization of SOZ in appropriately powered
studies. Because only two of the seven patients who under-
went resective epilepsy surgery had a sufficient postopera-
tive observation period, that is, >12 months, it remains
uncertain if ripples, RonS, and coupled RonS rates can also
serve as a biomarker of the epileptogenic zone.

Previous studies showed rates of ripples that were associ-
ated with epileptiform spikes irrespective of PAC may,”"
or may not,>” be superior to rates of ripples in the absence of
epileptiform spikes to delineate epileptogenic tissue. Differ-
ences between these studies could result from possible con-
tamination of ripples with artifact due to the Gibb’s
phenomenon, especially in recordings that contain epilepti-
form spikes.>*** In the current study, we excluded putative
RonS that were most likely produced by filter ringing, and
found that in most patients, phase-locked RonS served as a
more useful biomarker of the SOZ.

It should also be considered that physiologic sharp-wave
ripples may have been misclassified as RonS in our study.
However, the specificity of the RonS for the SOZ makes this
possibility less likely, since sharp wave ripples occur only
in the bilateral hippocampi simultaneously."®

Although coupling between epileptiform spike phase and
ripple amplitude will require additional studies to determine
whether it could be used clinically to help localize the SOZ,
the direct correlation between the strength of coupling and
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the probability that a macroelectrode site was in the SOZ
has important mechanistic implications, since the coupling
may be related to the underlying capacity for synchroniza-
tion’” among the assembly of neurons generating the

pRipple.

Coupling strength influences ripple properties

In recordings from macroelectrodes in the SOZ, greater
coupling strength correlated with higher ripple amplitude
and lower ripple spectral frequency. It has been demon-
strated in studies using computer modeling of normal
HFOs® and optogenetic manipulation of normal tissue'®
that the larger the size of the HFO-generating network, the
lower the spectral frequency of the HFO. Thus, it is possible
in epileptogenic tissue that if this relationship holds true,
when epileptiform spike phase is strongly coupled with rip-
ple amplitude, a large assembly of synchronized neurons
could generate a pRipple that contains spectral power
between 80 and 150 Hz.

The pathologically interconnected neuron (PIN) cluster
hypothesis'® predicts that in epileptogenic tissue, very small
(1 mm?) clusters of neurons produce synchronized bursts of
action potentials that result in fast pRipples (200600 Hz).
It is possible that the size of a PIN cluster in epileptogenic
sites could expand in the context of changes of excitability.
This possibility was clearly established in the context of
bathing slices of hippocampus from kainic acid—treated rats
in the y-aminobutyric acid receptor A (GABA 4) antagonist
bicuculline.' Perhaps the changes in excitability responsi-
ble for the epileptiform spike also cause a massive increase
in the size of a synchronized PIN cluster, thereby generating
a slower pRipple (80-150 Hz) that occurs at a preferred
phase angle. Evidence that ripple frequency oscillations can
be pathologic is derived from the findings that they can arise
during epileptogenesis in the dentate gyrus that does not
usually generate ripple oscillations,*® and during ictogene-
sis, in the hippocampus, entorhinal cortex,>’ and
neocortex.**

Clear evidence for synchronized bursting among princi-
pal neurons during RonS is lacking. Recordings from single
neurons in mesial temporal structures using microelec-
trodes,**™* or calcium imaging,*® have shown that during
interictal discharges, just 20-40% of neurons show a change
in firing rate:,30’40’41 that only ~30% of the modulated neu-
rons increase their firing rate or show burst firing,‘m’41 and
that synchronous firing rarely occurs across regions of
500 um.*' Yet, burst firing in principal neurons is known to
be phase-locked to the ripple oscillations,**** suggesting
that synchronized bursting may indeed occur across more
restricted spatial regions.

SUMMARY

Results of interictal phase-locked ripples on epileptiform
spikes could reflect that epileptogenic regions exhibiting

hyperexcitability responsible for epileptiform spikes also
synchronize and enlarge clusters of pathologically bursting
neurons manifesting as low-frequency pRipples. Further-
more, these results are also consistent with the hypothesis
that interictal phase-locked ripples on spike are a biomarker
of the SOZ.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article:

Figure S1. Flowchart of iEEG signal processing used to
exclude artifact, detect ripple events, derive ripple on spike
phasors, and test for coupling between epileptiform spike
phase and ripple amplitude.

Figure S2. Tllustration of the derivation of individual rip-
ple phasors from intracranial EEG recordings, and the deter-
mination of phase locking across the population of ripple
phasor events captured during the entire recording epoch.

Figure S3. Distinguishing true ripples on spikes from
false ripples on spikes that result from filter ringing.

Figure S4. Mean event rates in the SOZ and NSOZ for
each of the 12 patients.

Figure S5. Comparison of ripple on spike properties
within (blue) and outside resected brain regions (orange).

Appendix S1. Supplementary methods.





