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A B S T R A C T

Objective: The distinction of hypersynchronous (HYP) and low-voltage fast (LVF) onset seizures in mesial tem-
poral lobe epilepsy (MTLE) is well established, but classifying individual seizures and patients is often chal-
lenging. Experimental work indicates a strong association of HYP with fast ripples (250–500 Hz) and of LVF with
ripples (80–250 Hz). We aimed to investigate whether analysis of high-frequency oscillations can be useful for
characterizing the process of seizure generation in human MTLE patients.
Methods: We retrospectively compared 19 HYP and 14 LVF onset clinical seizures from ten and six consecutive
MTLE patients with a predominance of the respective pattern. Five-second intervals of stereotactic EEGs from the
seizure onset zone were selected, each representing the onset of HYP and LVF, the corresponding pre-ictal
periods and, after the large spikes of HYP onsets, the LVF-like pattern that frequently followed.
Results: Pre-ictal fast ripple density and rate were higher for HYP than for LVF seizures (p < .05). This asso-
ciation was also found for initial ictal segments (p < .001). Furthermore, fast ripple density and rate were
higher during the LVF-like pattern after HYP spikes than during LVF without preceding HYP (p < .01). Ripple
density and rate in contrast did not differ significantly (p > .05). Fast ripple (p < .01) and ripple (p < .001)
amplitude was higher during the LVF-like pattern after HYP spikes when compared to LVF without preceding
HYP.
Significance: Our findings indicate a clear connection between experimental findings and human epilepsy. The
association of fast ripples with HYP suggests that out-of-phase firing of different pyramidal cell clusters con-
tributes specifically to generation of these seizures, rather than to LVF onsets. Both during and immediately
before seizures, fast ripple analysis may facilitate classification.

1. Introduction

Epileptic seizures are the key feature defining epilepsy (Fisher et al.,
2005), and the impairment in patients' quality of life is strongly linked
to them. A prerequisite for development of treatments tailored to the
individual patient is to understand the mechanisms underlying seizure
generation. Classification of seizure types is the first step in this process
(Bragin et al., 2005a).

In mesial temporal lobe epilepsy (MTLE), which is currently the
most frequent focal epilepsy (Tellez-Zenteno and Hernandez-Ronquillo,
2012), it is common to distinguish two groups of seizures based on their
stereotactic EEG (SEEG) onset pattern: Hypersynchronous (HYP),

sometimes referred to as ictal spiking or periodic spiking, and low-
voltage fast (LVF) onset seizures (Spencer et al., 1992; Schuh et al.,
2000; Perucca et al., 2014). The occurrence of the HYP pattern is as-
sociated with “classical” hippocampal sclerosis, as evidenced by histo-
pathology (Spencer et al., 1992; Park et al., 1996; Velasco et al., 2000)
or MRI (Ogren et al., 2009), and a focal seizure onset zone (SOZ)
(Velasco et al., 2000) located in the hippocampus (Perucca et al., 2014).
Patients with LVF onset conversely had a more diffuse neocortical
atrophy (Ogren et al., 2009) and a rather widespread SOZ located in
different temporal subregions. The two entities may however not be as
sharply discernible as these findings suggest. A single patient often
shows seizures of the two types and some studies have reported that
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patients can have a strong (Velasco et al., 2000) or weak (Frauscher
et al., 2017) predominance of HYP or LVF onset seizures. Besides, the
LVF pattern has been recorded in temporal and extratemporal regions
but the HYP patterns clearly predominates in temporal regions (Spencer
et al., 1992; Perucca et al., 2014). Comparison of interictal epileptiform
discharges and HFOs from patients with predominantly HYP and LVF
onset seizures revealed only minor differences (Frauscher et al., 2017).
Interestingly, an increase in fast ripple power during a HYP onset sei-
zure has been reported (Weiss et al., 2016), but this link has not been
studied systematically. Moreover, the HYP pattern is frequently fol-
lowed by an LVF-like pattern, and in a recent study, a clinically iden-
tified LVF onset was preceded by a HYP pattern that was only visible in
a simultaneous microelectrode recording (Weiss et al., 2016). It would
thus be desirable to know if there are additional parameters that im-
prove characterization of individual seizures and patients.

Here, we investigated whether high-frequency oscillations (HFOs)
might serve this purpose. HFOs are a promising marker of epilepto-
genicity (Zijlmans et al., 2009; Jacobs et al., 2010; Jacobs et al., 2009),
but the majority of studies has focused on interictal data and seizures
have only been investigated sporadically (Perucca et al., 2014; Jirsch
et al., 2006). However, we can rely on thorough experimental work: Co-
occurrence of HYP seizures and fast ripples had been reported almost
two decades ago in the rat kainic acid model of MTLE (Bragin et al.,
1999). More recently, this link was confirmed in the pilocarpine model,
in which an association of LVF seizures with ripples was also demon-
strated (Lévesque et al., 2012). Interestingly, corresponding HFO sub-
type rates were also increased during pre-ictal intervals, i.e. fast ripples
before HYP and ripples before LVF seizures. Following optogenetic
studies it has been hypothesized that the LVF pattern is initiated by
synchronous inhibitory activity, whereas predominance of excitation
leads to HYP discharges (Shiri et al., 2015; Shiri et al., 2016) (see (Avoli
et al., 2016; Weiss et al., 2019) for a review). Thus, in summary, the
HYP and LVF are the only two seizure onset patterns that have been
modeled extensively in animals, yielding a concept of the cellular me-
chanisms underlying their generation.

It has also been suggested that HFOs per se reflect clearly dis-
cernible mechanisms at the cellular level. The two traditionally dis-
tinguished subtypes could be linked to two different modes of local
neuronal activity: While ripples are largely due to rhythmic GABAergic
currents (Ylinen et al., 1995; Klausberger et al., 2003; Schönberger
et al., 2014) (see (Klausberger and Somogyi, 2008) for a review), fast
ripples might rather mirror out-of-phase firing of different pyramidal
cell clusters, each of them synchronized within itself (Foffani et al.,
2007; Ibarz et al., 2010) (see (Jiruska et al., 2017) for a review). Dif-
ferences in ripple or fast ripple expression between to the two types of
seizure onset might thus indicate differences in underlying network
mechanisms. To examine this hypothesis in human patients and thus
bridge the gap between animal model and human data was the main
goal of our study.

2. Methods

2.1. Patient selection

Our patient group largely resembled the one selected for a previous
study comparing interictal discharges in patients with predominantly
HYP and LVF onset seizures (Frauscher et al., 2017). In brief, we con-
sidered all patients with medically intractable MTLE (uni- and bilateral,
lesional and non-lesional) who, as part of their evaluation for epilepsy
surgery, had undergone SEEG recordings at the Montreal Neurological
Hospital between November 2004 and February 2018. From those, we
included subjects with> 75% and at least three clinical seizures of one
type of onset, HYP or LVF, termed “HYP patients” and “LVF patients”.
HYP onset seizures were defined by a low-rate (~ 0.5–2 per s), medium-
to high-voltage spiking activity lasting over 5 s (Spencer et al., 1992;
Perucca et al., 2014). For LVF onset seizures, a clearly visible low-

voltage rhythmic activity over ~ 10 Hz, which could be preceded by a
single spike or slow wave, was required (Bragin et al., 2005a; Memarian
et al., 2015). Selection of patients was performed by a board-certified
neurologist blinded to the purpose of this study. This study was ap-
proved by the Review Ethics Board at the Montreal Neurological In-
stitute and Hospital, and written informed consent was obtained from
all patients.

2.2. Seizure selection and definition of analyzed intervals

We excluded seizures that (1) were purely electrographic, (2) arose
from the side contralateral to that of the habitual seizures, (3) arose less
than one hour after a previous seizure or (4) were accompanied by a
disconnection of recording equipment during one of the intervals se-
lected for analysis. A maximum of three seizures per patient was in-
cluded to minimize the risk that group results might predominantly
reflect a few patients with many seizures. If more seizures fulfilled in-
clusion criteria, we selected those recorded at the end of the im-
plantation period to minimize the possibly confounding effects of tissue
irritation related to surgery and of antiepileptic medication, which had
been tapered during the evaluation period in some patients.

We defined two 5 s intervals, one representing the pre-ictal and
another representing the initial ictal period (Fig. 1A, B). Seizure onset
was defined as the onset of either HYP or LVF according to the criteria
specified above (see “Patient selection” for details) by two EEG re-
viewers, one of them a board-certified neurologist blinded to the pur-
pose of this study. If the HYP pattern was followed by an LVF-like
pattern (Spencer et al., 1992), which we termed “HYP-LVF”, the initial
5 s of these HYP-LVF sections were also analyzed as a third interval. We
analyzed the HYP-LVF sections because it is sometimes considered that
the HYP pattern is pre-ictal and that the seizure really starts with the
subsequent LVF activity (Lévesque et al., 2012). LVF activity was
sometimes quickly replaced or superimposed by another pattern within
5 s of onset, in which case the HYP-LVF or LVF section was shortened
accordingly. If this occurred within the first second after onset, the
HYP-LVF interval (HYP group) or the whole seizure (LVF group) was
excluded to ensure that only “stable” patterns of at least one second
duration were analyzed.

2.3. SEEG recordings and HFO identification

Based on their estimated value for clinical decision-making in the
individual patient, at least two (anterior hippocampus and amygdala)
and often three (additional posterior hippocampus) intracerebral elec-
trodes had been implanted orthogonally through the second temporal
circumvolution. SEEG was acquired using the Harmonie system
(Stellate, Montreal, QC, Canada). Recordings were band-pass filtered
from 0.3 to 500 Hz, and seizures were only included if SEEG had been
sampled at 2 kHz.

HFOs were visually identified based on previously established pro-
cedures (Zijlmans et al., 2009; Jacobs et al., 2010; Zijlmans et al.,
2011). In brief, we used the Harmonie Reviewer software to review
bipolar montages of neighboring SEEG electrode contacts. The screen
was vertically split, and finite impulse response-filtered traces were
displayed at maximum temporal resolution (0.4 s on each half) to mark
ripples (80–250 Hz) on the left and fast ripples (> 250 Hz) on the right.
An event was only regarded as an HFO if consisting of at least four
oscillatory cycles above baseline activity. Two events were regarded as
distinct if separated by at least two non-HFO cycles. If HFOs occurred
within 100ms of seizure onset, they were also marked and included
into analysis of the initial ictal interval. HFOs associated with spikes
during the baseline segment were excluded to provide evidence of their
presence irrespective of the possible filtering effect of sharp transients
(Schönberger et al., 2014).
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2.4. Data analysis

Further computations were performed with custom-written routines
in Matlab (Mathworks, Natick, MA). HYP spike rate was determined for
each inter-spike interval (rate is inverse of inter-spike interval). For
each HYP onset seizure, we could thus, in addition to a median rate,
calculate a seizure-specific interquartile range (IQR) of rates to obtain
an indicator of the periodicity of the HYP spikes. A low IQR indicates
that events recur at more or less the same rate, whereas an irregular
pattern results in a high IQR.

Power spectral density estimates were calculated to analyze the
main frequency components of the EEG signal. We applied Welch's
method, with segments of 0.5 s and a Hamming window of the same
length. We thus obtained a frequency resolution of 2 Hz. The most
prominent peak above or equal to 6 Hz was determined to estimate LVF
frequency.

HFO density was defined as the percentage of time occupied by
HFOs, as described previously (Perucca et al., 2014; Zijlmans et al.,
2009). In seizures with HFOs, we also calculated HFO amplitude. This
feature is not taken into account by traditional HFO parameters, such as
rate, duration or frequency. “Ripple amplitude” was computed as fol-
lows: First, SEEG was band-pass filtered at 80–250 Hz. Zero-phase fil-
tering was realized by application of a third order Butterworth infinite
impulse response filter in forward and reverse directions. This signal
was used during identified ripple intervals to calculate a subtype-spe-
cific root mean square (RMS), called “ripple amplitude” in this case.
“Fast ripple amplitude” was similarly computed after 250–500 Hz band-
pass filtering. For both HFO subtypes, we also calculated separate RMSs
for intervals without HFO activity (RMSnon-ripple and RMSnon-fast ripple).
Finally, all of these variables were also computed after filtering the
SEEG at 0.5–30 Hz, 30–80 Hz, 80–250 Hz and 250–500 Hz, and their
ratios (RMSHFO / RMSnon-HFO) compared.

2.5. Statistical hypothesis testing

The data was considered to be not normally distributed. Therefore
we specified the median as a measure of central tendency and the range
as a measure of dispersion. Seizure onset patterns frequently varied not
only between, but also within individual patients, indicating that sei-
zures from the same patient could be considered as - at least being close
to – statistically independent. Therefore the Wilcoxon rank sum test was
applied for unpaired data and a Wilcoxon matched-pairs signed-ranks
test for paired data. For key findings we also performed a more con-
servative permutation test, which does not assume independence be-
tween seizures from the same subject (Table S1).

A significance level of 5% was chosen. The Holm-Bonferroni method
was used to correct for multiple comparisons.

3. Results

3.1. Seizure and patient characteristics

Nineteen HYP onset seizures from ten patients (7 females, 3 males;
age: median 35 years, range 21–60 years) and 14 LVF onset seizures
from six patients (no females, 6 males; age: median 36, range
29–46 years) fulfilled inclusion criteria. The SOZ never extended be-
yond the three deepest electrode contacts, which were located in the
mesial temporal structures, and was smaller in HYP than in LVF (HYP:
median 3 channels, range 1–6 channels from 1 to 2 electrodes; LVF:
median 6 channels, range 3–6 channels from 1 to 2 electrodes;
p= .002, Wilcoxon rank sum test). A HYP-LVF pattern was observed
after the hypersynchronous spikes in 15 of the 19 HYP onset seizures.
Its duration did not differ significantly from the LVF without preceding
HYP spikes (HYP-LVF: median 5.0 s, range 1.8–5.0 s; LVF: median 3.4 s,
range 1.0–5.0 s; p= .06, Wilcoxon rank sum test).

Fig. 1. Analyzed intervals, intra-group heterogeneity and inter-group similarity. (A, B) SEEG recording from the deepest hippocampal electrode bipolar channel of a
representative HYP (A) and LVF (B) onset seizure. Intervals were defined as indicated. Pre-ictal spikes (*) were excluded from HFO analysis. (C) Seizure-specific
median and interquartile range (IQR) of HYP spike rates, the latter being an indicator of periodicity. Each dot represents one seizure. Within the HYP group, a broad
range from slow to fast and from more to less periodic patterns was observed. (D) (Left) One second interval of HYP-LVF (top) and LVF (bottom) from SEEG traces
depicted in A and B, respectively. The two patterns appear very similar at first glance. (Right) Power spectral density estimates, computed for the whole HYP-LVF
(top) and LVF (bottom) interval shown above. In this case, both patterns are characterized by a prominent peak at ~ 10 Hz. We usually found no distinct peak in the
HFO frequency range (80–500 Hz). (E) LVF frequency, defined based on the power spectral density peak shown in (D). Each dot represents data from one seizure. We
found a considerable spread inside the two LVF subgroups, and no significant difference between them (p= .86, Wilcoxon rank sum test).
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3.2. Intra-group diversity of spike rate and spectral measures

Nine out of ten HYP patients (Table S2) and all six LVF patients
(Table S3) had also been included in a previous study from our group
(Frauscher et al., 2017). We consistently observed a pronounced di-
versity within these two classically defined groups - ranging from
slower to faster and from rhythmic to rather chaotic variants. To
quantify this observation, the HYP spike median rate and the IQR of
spike rates as an indicator of spike periodicity were plotted for each
HYP onset seizure (Fig. 1C; see above, “Data analysis” in the Methods
section, for details). The diagram illustrates that within our HYP group,
both spike rate and periodicity varied considerably, with only a weak
correlation between them.

HYP-LVF and LVF could not be distinguished at first glance
(Fig. 1D). Power spectral density estimates showed a prominent peak in
the alpha-beta range for both patterns. The frequency at which this
peak was located (“LVF frequency”) varied considerably inside the
HYP-LVF and LVF subgroups, but did not differ significantly between
them (Fig. 1E).

3.3. Pre-ictal HFO densities and rates

We found that 15–10 s prior to seizure onset, HYP and LVF patients
had different HFO subtype profiles (Fig. 2). While ripple density
(Fig. 2C) and rate (pre-HYP: median 0.53 per s, range 0–2 per s; pre-
LVF: median 0.20 per s, range 0–1.5 per s; p= .09, Wilcoxon rank sum
test) did not differ significantly, fast ripple density (Fig. 2D) and rate
(pre-HYP: median 0.16 per s, range 0–1.2 per s; pre-LVF: median 0 per
s, range 0–0.47 per s; p= .04, Wilcoxon rank sum test) were higher
before HYP than before LVF seizures. This difference did not reach
significance with a more conservative permutation test (Table S1). To
provide solid evidence for a role of pre-ictal fast ripples irrespective of
spikes, spike-associated HFOs were excluded from the analyses pre-
sented above. Nonetheless, in these pre-HYP sections, we observed that
HFOs tended to co-occur with pre-ictal spikes, even though we took
great care to exclude “false” HFOs that are due to filtering of sharp
transients (Bénar et al., 2010). If HFOs associated with spikes were also
included, differences in fast ripple density (pre-HYP: median 1.4%,
range 0–28%; pre-LVF: median 0%, range 0–2.2%; p= .005, Wilcoxon
rank sum test) and rate (pre-HYP: median 0.4 per s, range 0–1.5 per s;
pre-LVF: median 0 per s, range 0–0.47 per s; p= .001, Wilcoxon rank
sum test) became more pronounced.

3.4. Ictal HFO densities and rates

During the initial 5 s after seizure onset (Fig. 3), we found, in ana-
logy to our findings from the pre-ictal sections, no significant differ-
ences in ripple density (Fig. 3D) and rate (HYP: median 1.3 per s, range
0.5–3 per s; LVF: median 1.1 per s, range: 0–2.6 per s; p= .35, Wil-
coxon rank sum test) between HYP and LVF onsets. Ripple density and
rate were also similar in the two LVF subgroups (rate HYP-LVF: median
1.1 per s, range 0.3–5.5 per s; HYP-LVF vs. LVF p= .35, Wilcoxon rank
sum test). Fast ripple density (Fig. 3E) and rate (HYP: median 1.1 per s,
range: 0.33–2.7 per s; LVF: median 0.05 per s, range 0–2.9 per s;
p < .001, Wilcoxon rank sum test), on the other hand, were higher
during HYP onset than during LVF onset. Interestingly, higher rates and
density of fast ripples were also found for the HYP-LVF pattern, when
compared to LVF (Fig. 3E; rate HYP-LVF: median 1.75 per s, range
0–5.7 per s; HYP-LVF vs. LVF p= .008, Wilcoxon rank sum test).

3.5. HFO amplitude

During visual inspection of SEEG traces, we noticed that HFOs in
HYP-LVF tended to have larger amplitudes than in LVF. To quantify this
observation, we analyzed a parameter that we termed “HFO ampli-
tude”, which was defined as a frequency band-specific RMS (see above,

“Data analysis” in the Methods section, for details). Both ripple and fast
ripple amplitudes were consistently higher in HYP-LVF than in LVF
(Fig. 4A, B). The amplitude of “background” activity in the ripple
(80–250 Hz; RMSnon-ripple) or fast ripple (250–500 Hz; RMSnon-fast ripple)
band, on the other hand, was not significantly different between the
two subgroups.

Finally, we calculated the ratio (RMSHFO / RMSnon-HFO) for ripples
(Fig. 4C) and fast ripples (Fig. 4D) associated with HYP-LVF and LVF,
thus comparing epochs with HFOs to epochs without HFOs not only for
the ripple and fast ripple frequency bands, but also across a wide range
of other spectral components. This ratio was highest in the 80–250 Hz
band at the time of ripples and in the 250–500 Hz band at the time of
fast ripples, as expected if our visually identified HFOs were indeed
events characterized by an amplitude increase in their specific fre-
quency band, and not resulting from a wideband effect. A progressive
decrease was observed in neighboring to more distant spectral com-
ponents; in the wide delta-to-gamma band, which is exclusively con-
sidered for routine EEG, no relevant HFO-associated amplitude increase
was found.

4. Discussion

The main novel finding of this study is that in human MTLE patients,
fast ripples are associated specifically with the HYP onset, in compar-
ison to LVF onset seizures. This link was observed in pre-ictal intervals
and not only during the HYP and LVF periods, but also when the low
voltage fast activity that follows the hypersynchronous spikes (HYP-
LVF) was compared to the standard LVF onset pattern. Furthermore, we
report that both ripple and fast ripple amplitude are higher in HYP-LVF
than in LVF.

4.1. Comparison with findings from animal models

We established that the association of fast ripples with HYP seizures,
previously reported in two established rat models (Bragin et al., 1999;
Lévesque et al., 2012; Bragin et al., 2005b), also exists in MTLE pa-
tients. However, we found no significant differences in ripple density or
rate between HYP and LVF, as described in rodent models. Inferring a
cellular mechanism from this finding is not trivial because, possibly due
to differences in methodology, experimental data is heterogeneous. On
the one hand, an increase in integrated amplitude of ripple range fre-
quencies during the first second of HYP, but not of LVF seizures, was
reported in the kainic acid model (Bragin et al., 2005b). On the other
hand, in the pilocarpine model, more ripples than fast ripples were
found during LVF seizures (Lévesque et al., 2012). Overlapping ripple
and fast ripple events were discarded in that study; however, more
recent work indicates that overlapping events were a minority
(Lévesque et al., 2018). Interestingly, the main increase in ripple rate
during LVF seizures occurred ~ 20–60 s after seizure onset in the pi-
locarpine-treated rats (Lévesque et al., 2012). During the initial 20 s
after seizure onset, however, ripple rates were similar in LVF and HYP
seizures, as is now also found in our data from humans. To analyze
HFOs during the further course of HYP and LVF onset seizures may be
an interesting objective of further investigations.

4.2. Impact on seizure classification in human MTLE patients

Classifying individual seizures and patients in human MTLE can be
challenging. Although the distinction between HYP and LVF onsets is
well accepted, individual expressions are diverse (Frauscher et al.,
2017) and this was now confirmed by our quantitative results. We
showed that the frequency of the rhythmic EEG discharge during the
LVF pattern, HYP spike rate and a spike periodicity estimate varied
considerably inside the two groups and frequently even within a single
patient. This is consistent with previous reports of individuals with a
variety of coexisting seizure onset patterns (Perucca et al., 2014;
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Spanedda et al., 1997). If only HYP and LVF are distinguished, the
percentage of MTLE patients having both patterns ranges from 9%
(Velasco et al., 2000) to 40% (Frauscher et al., 2017). This hetero-
geneity may be due to different inclusion criteria. For instance, in this
study although we selected patients in order to get relatively homo-
geneous groups, both groups comprised a variety of etiologies and
sometimes a bitemporal pathology.

Nevertheless, we consistently found that fast ripples are related to
HYP rather than to LVF seizures. Importantly, when compared with
LVF, fast ripple density and rate were also higher during the following
HYP-LVF pattern. Moreover, ripple and fast ripple amplitude was
higher during HYP-LVF than during LVF - possibly reflecting the in-
volvement of larger neuronal assemblies, or a higher degree of syn-
chrony. Our data may not exclude that some LVF onset seizures are

initiated by HYP-like “microseizures” which are not seen due to limited
spatial sampling or sensitivity of the macroelectrode recordings (Weiss
et al., 2016; Stead et al., 2010). However, we provide evidence in-
dicating that the HYP-LVF and LVF patterns are clearly different - in
spite of appearing very similar upon visual examination. This conclu-
sion is especially relevant if the onset of the HYP-LVF pattern is con-
sidered as the “true” seizure onset and HYP spikes are considered “pre-
ictal”, which has been proposed (Lévesque et al., 2012). Our findings
rather support the view of HYP and LVF onset seizures as two entities,
characterized by different initiation mechanisms: The association with
fast ripples indicates out-of-phase firing of different pyramidal cell
clusters (Foffani et al., 2007; Ibarz et al., 2010; Demont-Guignard et al.,
2012) (see (Jiruska et al., 2017) for a review) with a predominance of
excitatory currents (Shiri et al., 2016; Salami et al., 2015) in HYP

Fig. 2. Fast ripples are associated with HYP seizures before their actual onset. (A, B) SEEG recording from the deepest hippocampal electrode bipolar channel,
10–15 s prior to onset of the HYP (A, “pre-HYP”) or LVF (B, “pre-LVF) pattern. (Top) Wideband (0.3–500 Hz), (middle) ripple band (80–250 Hz) and (bottom) fast
ripple band (250–500 Hz) filtered traces. Horizontal bar above marks a visually identified ripple (A, B; middle) and fast ripple (A; bottom). Insets show a 50 ms
interval selected from the wideband recording. Note that a mixed ripple (arrow) and fast ripple (arrowhead) is clearly visible in the pre-HYP sample, whereas the pre-
LVF recording only has a “pure” ripple (arrow) without fast ripple component. (C, D) HFO density after exclusion of events associated with pre-ictal spikes. Each dot
represents data from one seizure. Values greater than zero are plotted on a logarithmic scale and the y-axis is broken to visualize sections without HFOs. (C) Ripple
density does not differ significantly between pre-HYP and pre-LVF (p= .35, Wilcoxon rank sum test). (D) Fast ripple density is higher in pre-HYP than in pre-LVF
(p= .04, Wilcoxon rank sum test). This difference did not reach significance with a more conservative permutation test (Table S1). Note that prior to more than half
of the LVF seizures, we found no fast ripples at all.
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onsets. This mode of network activity seems to persist during sub-
sequent HYP-LVF, whereas “pure” LVF is apparently generated by other
mechanisms such as increased interneuron firing (Shiri et al., 2015;
Shiri et al., 2016; Elahian et al., 2018).

4.3. Insights into the dynamics of HYP seizure generation

Interestingly, the association of fast ripples with HYP seizures was
already found in our pre-ictal interval, i.e. 15–10 s prior to seizure
onset. It would be desirable if this finding could be reproduced because
differences did not reach significance with a more conservative per-
mutation test, but it is at least consistent with a previous study re-
porting fast ripples of incrementally increasing power prior to HYP
onsets (Weiss et al., 2016). Importantly, we defined seizure onset as the
onset of the HYP and not, as is frequently preferred (Lévesque et al.,
2012), the onset of the following HYP-LVF pattern. Therefore, and
because pre-ictal spikes were excluded from our analysis, fast ripples
might be regarded as events that are part of a genuine activity that
builds up before HYP seizures. The fact that they do not predominate in
interictal segments remote from seizures (Frauscher et al., 2017) also

supports this view. In conclusion, the emergence of fast ripples may
reflect the formation of a network activity that is closely linked to
seizure generation. Whether parameters quantifying fast ripples corre-
late with the likelihood of occurrence of HYP seizures, as might be
expected, would be an interesting question to tackle in future studies.

4.4. A note on “true” and “false” HFOs

HFO identification may be complicated by muscle artifacts and,
more generally, by any wideband amplitude increase, which may be
associated with sharp transients (Bénar et al., 2010). This applies
especially to ictal EEG. Muscle artifacts, which can be visually identi-
fied based on their morphology (Zijlmans et al., 2011), were not ob-
served in our dataset. This may be due to the fact that we analyzed
SEEG and, importantly, only the three deepest bipolar channels. Sharp
transients did occur. However, we reduced the risk of “false” HFO in-
clusion by analyzing only events with at least four oscillatory cycles.
This strict criterion is well established (Perucca et al., 2014; Jacobs
et al., 2010; Zijlmans et al., 2011), but more recently, only three cycles
have been considered as also sufficient (Chu et al., 2017). We also show

Fig. 3. Fast ripples are associated with the HYP and HYP-LVF patterns rather than with LVF. (A, B, C) SEEG recording from the deepest hippocampal electrode bipolar
channel, during the HYP (A), HYP-LVF (B) and LVF (C) pattern. (Top) Wideband (0.3–500 Hz), (middle) ripple band (80–250 Hz) and (bottom) fast ripple band
(250–500 Hz) filtered traces. Horizontal bar above marks visually identified ripples (A, B, C; middle) and a fast ripple (A, B; bottom). (D, E) HFO density. Each dot
represents data from one seizure. A logarithmic scale is used to plot values greater than zero and the y-axis is broken to visualize sections without HFOs. (D) Ripple
density does not differ significantly between HYP or HYP-LVF and LVF (HYP vs. LVF p= .37, HYP-LVF vs. LVF p= .09, Wilcoxon rank sum test). (E) Fast ripple
density is higher in HYP and in HYP-LVF than in LVF (HYP vs. LVF p < .001, HYP-LVF vs. LVF p= .007, Wilcoxon rank sum test). Note that we found no fast ripples
at all in half of the LVF seizures.
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examples of unfiltered SEEG with clearly visible HFOs without co-oc-
curring sharp transients. Finally, we demonstrate that during HYP-LVF
and LVF, marked HFOs were characterized by a pronounced amplitude
increase in a characteristic rather narrow frequency band, contrary to
what would be expected if the HFOs resulted from filtering a fast
transient. Thus, in summary, we are confident that the vast majority of
analyzed events were indeed “true” HFOs.

5. Outlook

If seizure-generating activity is accompanied by pre-ictal fast rip-
ples, they might be useful for seizure prediction. However, from our
data, an algorithm that solely relies on fast ripple density, rate or am-
plitude would not likely be sufficiently performant for clinical appli-
cation. In multivariate approaches, though, fast ripples might be worth
considering. To study the transition from HYP to HYP-LVF and the role
of HFOs in this process might also be an interesting objective of future
investigations.

Furthermore, correct classification of seizure onset patterns may be
of relevance for individual patients. Evidence is scarce, but the HYP
group seems to have a better post-surgical outcome (Schuh et al., 2000)
and a smaller tendency to secondary generalization (Velasco et al.,
2000; Bragin et al., 1999). Finally, dissection of the neuronal me-
chanisms underlying seizure generation might unveil novel targets for
medical therapy and thus stimulate antiepileptic drug design.
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