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Interictal spikes with and without
high-frequency oscillation have different
single-neuron correlates
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Interictal epileptiform discharges (IEDs) are a widely used biomarker in patients with epilepsy but lack specificity. It
has been proposed that there are truly epileptogenic and less pathological or even protective IEDs. Recent studies
suggest that highly pathological IEDs are characterized by high-frequency oscillations (HFOs). Here, we aimed to dis-
sect these ‘HFO-IEDs’ at the single-neuron level, hypothesizing that the underlying mechanisms are distinct from
‘non-HFO-IEDs’. Analysing hybrid depth electrode recordings from patients with temporal lobe epilepsy, we found
that single-unit firing rates were higher in HFO- than in non-HFO-IEDs. HFO-IEDs were characterized by a pro-
nounced pre-peak increase in firing, which coincided with the preferential occurrence of HFOs, whereas in non-HFO-
IEDs, there was only a mild pre-peak increase followed by a post-peak suppression. Comparing each unit’s firing dur-
ing HFO-IEDs to its baseline activity, we found many neurons with a significant increase during the HFO component
or ascending part, but almost none with a decrease. No such imbalance was observed during non-HFO-IEDs. Finally,
comparing each unit’s firing directly between HFO- and non-HFO-IEDs, we found that most cells had higher rates
during HFO-IEDs and, moreover, identified a distinct subset of neurons with a significant preference for this IED sub-
type. In summary, our study reveals that HFO- and non-HFO-IEDs have different single-unit correlates. In HFO-IEDs,
many neurons are moderately activated, and some participate selectively, suggesting that both types of increased
firing contribute to highly pathological IEDs.
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Introduction

Interictal epileptiform discharges (IEDs) are brief bursts of paroxysmal
activity that are not part of a seizure.! They are found in many
patients with epilepsy,>® may help to localize epileptogenic foci* and
possibly reflect disease activity.>* Moreover, IEDs impair learning and
memory.>® However, their role in seizure generation has remained
controversial. Prior to seizures, some patients have an increase in
IEDs, whereas others have stable or even decreased rates.” It has also
been reported that IEDs are followed by a period of reduced excitabil-
ity® and that their rates decrease after withdrawal of anti-epileptic
drugs.’ [EDs, or at least some of them, might thus also protect against
seizures. Several decades ago, the concept of ‘red’ and ‘green’ IEDs
introduced the idea of two separate IED subtypes with different gener-
ation mechanisms and contrary implications for clinical manage-
ment.”® But distinguishing truly epileptogenic from less pathological
or even protective IEDs has remained a major challenge ever since.

One strategy to identify more pathological IEDs might be to focus
on IEDs that carry a high-frequency oscillation (‘HFO-IEDs’, in con-
trast to ‘non-HFO-IEDs’). HFOs are promising biomarkers of epilepto-
genicity: resection of HFO-generating areas was associated with
seizure-free outcome in several collectives,'*™* HFO rates increased
after reduction of anti-epileptic medication,”* and HFOs may be
involved in seizure generation.’'® However, HFOs in general have
limited specificity because ripples (80-250Hz) without co-occurring
IED are also generated physiologically, coupled to a low-amplitude
‘sharp wave’ deflection.”’~° Recent studies suggest that HFO-IEDs
are indeed superior to IEDs and HFOs alone, regarding the delinea-
tion of seizure-generating areas,'**?* identification of patients with
epilepsy®* and prediction of seizure risk.>> Whether HFO-IEDs and
non-HFO-IEDs should be categorized as two distinct events, gener-
ated by different neuronal networks, is as yet unclear. In rodents,
HFO-generating networks have been characterized in great detalil,
and down to the different contributions of pyramidal cells and vari-
ous interneuron subtypes.?* 22 Single-unit data from human subjects
are rarely available and to date, few studies have examined neuronal
firing during IEDs, revealing that a synchronized discharge is fol-
lowed by a period of sustained inhibition? and that firing patterns of
cortical neurons are heterogeneous.” How different IED subtypes
vary in their single-unit composition, and whether particularly epi-
leptogenic IEDs have a distinct signature at the level of individual
neurons, has not to our knowledge been examined.

Hence, the purpose of this study was to investigate whether HFO-
and non-HFO-IEDs have different single-unit correlates—and if so, to
identify mechanisms that are specific to HFO-IEDs. To this end, we
analysed hybrid depth electrode recordings from human patients
with temporal lobe epilepsy. Our analysis focused on (i) the temporal
relationship between IEDs, HFOs and neuronal firing; (ii) single-cell

firing in HFO- and non-HFO-IEDs compared to baseline; and (iii) sin-
gle-cell firing compared directly between HFO- and non-HFO-IEDs.

Materials and methods

This study was conducted in patients with medically intractable
temporal lobe epilepsy who, as part of their presurgical evaluation,
had hybrid depth electrodes®’ (Ad-Tech) implanted into their an-
terior hippocampus (Fig. 1A; see Supplementary Fig. 1 for represen-
tative MRI sections from each patient) using a stereotactic frame
(Leksell Frame G, Elekta). We included all subjects treated at the
Freiburg Epilepsy Center between March 2018 and June 2019. Two
patients had been implanted bilaterally with hybrid depth electro-
des; in these, data from both hippocampi were analysed. The
study was approved by the Ethics Commission at the University
Medical Center Freiburg and written informed consent was
obtained from all patients.

Stereotactic EEG was recorded with macroelectrode contacts with a
sampling rate of 2kHz using a Neuvo system (Compumedics).
Microelectrode recordings were obtained at 30 kHz using a Blackrock
NeuroPort system (Blackrock Microsystems). Macro- and microelec-
trode recordings were aligned in time using trigger pulses sent simul-
taneously to both recording systems. We thus obtained a maximum
temporal shift of <1 ms between macro- and microelectrode record-
ings. For each patient, a seizure-free 30-min segment of slow-wave
sleep was selected. Further analysis was performed using custom-
written MATLAB (2015b and 2018b, MathWorks, Natick, MA) scripts.

IEDs and HFOs were analysed in a bipolar recording montage from
the two most distal macroelectrode contacts (Fig. 1B). Events were
identified visually using the Harmonie Viewer software (Stellate,
Montreal, QC, Canada). IEDs were identified at a temporal reso-
lution of 10s per screen. We only marked spikes and sharp waves
without their corresponding slow wave. HFOs were identified
based on previously established procedures.’* In brief, we split the
screen vertically and displayed filtered traces (finite impulse re-
sponse filter, order 63) at maximum temporal resolution (0.4s on
each half). Ripples (80-250Hz) and fast ripples (>250Hz) associ-
ated with IEDs were marked simultaneously on the two halves of
the split screen. An event had to consist of at least four oscillatory
cycles to be considered an HFO. Events associated with artificial
sharp transients were excluded meticulously. IEDs with a co-
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occurring HFO were defined as ‘HFO-IEDs’, while those without an
HFO were called ‘non-HFO-IEDs’. To examine inter-rater reliability,
a second reviewer also identified HFOs in randomly selected 3-min
intervals, blinded to the first reviewer’s detections. Cohen'’s kappa
coefficient was 0.75 and thus higher than described in a previous
study.?® For additional analyses, automated detection was per-
formed using the Delphos algorithm®*3* (see Supplementary ma-
terial for a detailed description).

Microelectrode recordings were obtained from eight of the wires in
each hybrid electrode, with the ninth electrode used as a reference
microwire. Single- and multi-unit activity were extracted using the
spike sorting algorithm Wave_clus® (Fig. 1C). Here, the term ‘spike’
refers to single-unit action potentials, and not to IEDs. Spike detec-
tion was performed on a band-pass (300 Hz-3 kHz) filtered signal.
Single units were identified based on the following previously
established criteria®®: (i) spike shape and its variance; (ii) ratio be-
tween peak of the mean waveform (i.e. spike amplitude) and
standard deviation at the first sampling point (i.e. noise) >3; (iii)
inter-spike interval distribution; and (iv) <1% of the spikes with an
inter-spike interval <3 ms, which takes into account that neurons
have a refractory period (see Supplementary Fig. 2 for quality met-
rics®”). Spike clusters that did not fulfil these criteria were only
considered for multi-unit analyses. Putative pyramidal cells and
interneurons were distinguished based on procedures described in
previous studies: For each single unit, we first calculated the
parameters firing rate, spike symmetry and mean of the autocor-
relation function.*® A k-means algorithm was then applied on the
normalized parameters to cluster our single units into two groups
of putative cell types.*®

T. A. Guth et al.

In general, statistical hypothesis testing was conducted using two-
tailed non-parametric tests. A significance level of 5% was chosen.
Moreover, we performed surrogate data analyses to address add-
itional questions, which are described in detail below.

To identify periods of significantly altered multi-unit activity
during the course of IEDs, we performed cluster-based surrogate
statistics.’®*! First, firing rates were compared to baseline activity:
To this end, we calculated each unit’s firing rate for bins of 20 ms
and then conducted two-tailed paired t-tests against baseline, i.e.
the firing rate during all segments not marked as IEDs. Clusters of
contiguous increased or decreased bins (P < 0.05) were extracted
and the sum of t-values was calculated for each of these clusters
(‘empirical summary t-values’). Next, we randomly flipped each
unit’s firing rate time course over its baseline with a 50% chance*?
and identified the clusters with maximum and minimum sum of
t-values (‘surrogate summary t-value’). This step was repeated
5000 times to obtain a distribution of surrogate summary t-values.
Multi-unit activity was considered significantly altered during a
cluster if its empirical summary t-value ranked >97.5% of all posi-
tive surrogate summary t-values or <2.5% of all negative surrogate
summary t-values. In a second analysis, we directly compared the
time course of multi-unit activity between HFO- and non-HFO-
IEDs. Here, surrogate datasets were created by randomly permut-
ing the group labels ‘HFO-IED’ and ‘non-HFO-IED’ between firing
rate time courses.

To examine whether a unit’s firing rate was significantly
altered during IEDs (Supplementary Fig. 3A), we first computed its
normalized firing rate FRyorm (‘empirical FRporm')

_ FRpgp
FRnorm = FRyasetine (1)

where FRpgp is its firing rate during IEDs and FRyaseline i its firing
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Figure 1 Our approach: IEDs and HFOs were recorded with clinical macroelectrodes, single units were recorded with microwires. (A) Schematic of a
hybrid depth electrode. Top left: Post-implantation MRI. Arrow indicates hybrid depth electrode implanted into the anterior hippocampus. (B) Bipolar
stereotactic EEG recording from the two most distal macroelectrode contacts. IEDs were identified in the wideband-filtered signal (top), HFOs in band-
pass filtered traces [ripples: 80-250 Hz (middle), fast ripples: 250-500 Hz (bottom)]. (C) Microelectrode recordings and identification of single units. Top:
Sixty seconds of microwire data. Horizontal line indicates the threshold used for spike detection. Bottom: Spike shapes of the three units extracted
from this wire. The left unit was classified as a multi-unit, the middle and right units were classified as single units.
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Figure 2 HFOs and neuronal firing are coupled to the ascending phase of IEDs. (A) Example IED with associated HFO (HFO-IED). Boxes in grey indicate
a visually identified ripple (80-250 Hz) and a fast ripple (250-500 Hz) in band-pass filtered traces. (B) Example IED without associated HFO (non-HFO-
IED). (C) Temporal coupling of IEDs and HFOs. Median (bold line) and 25th to 75th percentile (grey-shaded area) of all HFO-IEDs; the two heat maps
above show the percentage of IEDs with a ripple or fast ripple at a specific time relative to the IED peak. Note that HFOs occur preferentially during
the ascending phase of IEDs. (D) Temporal coupling of HFO-IEDs and multi-unit activity (n = 108 units). Histogram shows mean firing rate and stand-
ard error of the mean (error bars) during HFO-IEDs. Asterisks indicate significant changes compared to baseline (horizontal bar, P < 0.001). Note that a
pronounced increase in multi-unit activity occurs before and during the IED peak. (E) In non-HFO-IEDs, there was only a moderate pre-peak increase
(P < 0.01), followed by a post-peak suppression (P < 0.05) of firing. (F) Direct comparison of HFO- versus non-HFO-IEDs reveals significantly higher fir-

ing in HFO-IEDs from -80 to +60ms (P < 0.001).

the median ripple occurred from —42 ms until +22ms. Fast ripples
started on average at -25ms and ended at -1 ms. The highest pro-
portion of IEDs carrying an HFO was found at -13ms for ripples
and at —27 ms for fast ripples. On average, 62.7% of each ripple and
61.5% of each fast ripple occurred before the IED peak, which in
both cases was significantly different from the 50% expected by
chance (P < 0.001, Wilcoxon signed-ranks test). In summary, these
findings suggest that both ripples and fast ripples occur preferen-
tially during the ascending phase of HFO-IEDs.

Coupling of neuronal firing to the ascending phase
of IEDs

Hypothesizing that coupling of HFOs to IED phase is accompanied
by an increase in neuronal firing, we characterized the temporal
course of multi-unit activity during IEDs. Firing rates were higher
during the ascending than during the descending phase of IEDs,
both for HFO-IEDs (P < 0.001, Wilcoxon signed-ranks test, n =108
units) and non-HFO-IEDs (P < 0.001). Cluster-based surrogate test-
ing was then performed to identify periods of significantly altered
multi-unit activity (see the ‘Materials and methods’ section). For
HFO-IEDs, there was a pronounced increase from baseline before
the peak of the IED, which was significant from -160 to +20ms
(P < 0.001, cluster-based surrogate test; Fig. 2D). This increase was
found in both ripple- and fast ripple-IEDs (Supplementary Fig. 6).

In non-HFO-IEDs, there was only a moderate pre-peak increase
(from -60 to —20 ms; P < 0.01), and, moreover, a post-peak suppres-
sion of neuronal firing, which was significant from +20 to +60ms
(P < 0.05). Next, we compared multi-unit activity directly between
HFO- and non-HFO-IEDs and found significantly higher firing in
HFO-IEDs from -80ms to +60ms (P < 0.001, cluster-based permu-
tation test). Additional analyses revealed that neuronal firing in
IED-ripples was significantly higher than in ripples without clearly
visible IED (Supplementary Fig. 7). In summary, these data suggest
that especially in HFO-IEDs, there is an increase in neuronal net-
work activity, with onset clearly before the peak of the IED.

Single-unit firing during HFO- and non-HFO-IEDs:
comparison to baseline

Next, we aimed to characterize the behaviour of individual neu-
rons during HFO- and non-HFO-IEDs. Forty of our units were clas-
sified as single units (see Supplementary Fig. 2 for details on
quality metrics). Of these, 35 were classified as putative pyramidal
cells and five as putative interneurons (Fig. 3A). We found that sin-
gle-unit firing rate was significantly higher during HFO-IEDs than
during non-HFO-IEDs (P <0.05, Wilcoxon signed-ranks test;
Fig. 3B). For each single unit, we also determined a normalized fir-
ing rate (FRporm), Which compares a unit’s firing during IEDs to its
baseline firing rate. Ranking our single units according to FRyorm,
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median firing rates. Values > 0 are plotted on a logarithmic scale, the y-axis is broken to show single units that did not fire at all. (C) Single-unit firing
during HFO-IEDs (top) and non-HFO-IEDs (bottom), comparison to baseline firing rates. Single units are ranked in ascending order according to their
normalized firing rate FRyom. The vertical line separates single units firing below baseline from those firing above baseline. During HFO-IEDs, 40%
fired below baseline and 60% above. During non-HFO-IEDs, 60% fired below baseline and only 40% above. (D) Two example single units. Left: Unit #22
with significantly increased firing (P < 0.001) during HFO-IEDs. Right: Unit #36 with significantly decreased firing (P < 0.001) during non-HFO-IEDs. To
identify such units, we compared each unit’s FRyom, (‘empirical FRpom', bold orange and blue vertical lines) to a distribution of surrogate FRyorm
(histogram). Insets: Mean (bold black line) and individual (grey lines) spike shapes. (E) Summary of units with significantly altered firing during differ-
ent parts of HFO- and non-HFO-IEDs. Note that many units increased firing specifically during the HFO component (44 units, only two decreased) or
ascending phase (31 units, only four decreased) of HFO-IEDs (P < 0.001). The numbers of significantly increased and decreased units were different
between HFO- and non-HFO-IEDs (P < 0.05, n = 108 units). Small inset bars indicate numbers of single units.

we found that single units behaved differently during HFO- and (Fig. 3D; see the ‘Materials and methods’ section and

non-HFO-IEDs (P < 0.05, two-sample Kolmogorov-Smirnov test):
during HFO-IEDs, 60% of the single units had higher firing rates
than at baseline and 40% fired less (Fig. 3C). In contrast, during
non-HFO-IEDs, only 40% increased their firing rate and 60% were
suppressed. Similar results were obtained as we performed this
analysis on all our units (Supplementary Table 1).

Comparison to baseline II: units with significantly
altered firing

To identify neurons with significantly altered firing during HFO- or
non-HFO-IEDs, we then performed surrogate data analyses

Supplementary Fig. 3A). During HFO-IEDs, 28 units with a signifi-
cant increase in firing were found (26%; P < 0.001, binomial test;
six of them single units; Fig. 3E and Supplementary Figs 8A and
9A), compared to seven with a decrease (6%; three single units).
This trend of identifying more units with significantly increased
firing became more obvious when we focused on the HFO compo-
nent; here, we identified 44 such units (41%; P < 0.001; nine single
units), compared to only two with a decrease (2%, one single unit).
A similar finding was obtained for the ascending part of HFO-IEDs
[31 units increased (29%; P < 0.001; seven single units), four units
decreased (4%, one single unit)]. During non-HFO-IEDs, in contrast,
there was no clear imbalance between positively and negatively
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modulated neurons [10 units increased (9%; four single units), 12
decreased (11%; five single units)], which was significantly differ-
ent from HFO-IEDs (P < 0.05, Fisher’s exact test; n=108 units).
Focusing on the ascending phase of non-HFO-IEDs did not yield
substantially different results. There was no obvious difference be-
tween putative pyramidal cells and interneurons regarding their
involvement in HFO- and non-HFO-IEDs. In a control analysis, we
found that increased firing did not alter spike shapes systematical-
ly, which excludes a major confounding effect on spike sorting
(see the Supplementary material for details). In summary, these
data not only underline that HFO-IEDs are associated with
increased neuronal firing—they moreover demonstrate that we
can identify participators at the level of individual cells.

Single unit firing in HFO-IEDs versus non-HFO-IEDs

Finally, we aimed to investigate whether there are neurons that
are specifically associated with one IED subtype, i.e. with either
HFO-IEDs or non-HFO-IEDs. To this end, we computed a preference
indicator I.f for each single unit, which quantifies to what extent
that unit fired more during HFO- or non-HFO-IEDs [Fig. 4A(i) and
Supplementary Fig. 10]. At the network level, two possible
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mechanisms could be hypothesized, which would both result in
higher average firing rates during HFO- than during non-HFO-IEDs
[Fig. 4A(ii)]: there might be a mild, rather unspecific increase across
the whole network (hypothesis 1) or only some neurons might spe-
cifically increase firing during HFO-IEDs, but not during non-HFO-
IEDs (hypothesis 2). Of note, these two hypotheses are not mutually
exclusive.

Ranking our single units according to their I.r, we observed
that 65% had an Ir > 0, i.e. they were more active during HFO-
IEDs than during non-HFO-IEDs (Fig. 4B). A similar result was
obtained when we performed this analysis on all our units (71%
with Iper > 0; Supplementary Table 2). Many single units had a
moderate preference for HFO-IEDs, as reflected by a median Iper of
0.12 (P < 0.01, permutation test). These findings support hypoth-
esis 1. On the other hand, some single units also had a clearly
higher I, of ~0.5 or almost 1, meaning that their firing rate dur-
ing HFO-IEDs was three or more times higher than during non-
HFO-IEDs. We thus also conducted a permutation test to examine
for each unit whether its firing rate differed significantly between
HFO- and non-HFO-IEDs (Fig. 4C; see the ‘Materials and methods’
section and Supplementary Fig. 3B). Thirty-nine such units (eight
single units) were found, of which 30 (28% of all units; six single
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Figure 4 Comparison HFO-IEDs versus non-HFO-IEDs: evidence for two complementary mechanisms. [A(i)] For each single unit, we calculated a pref-
erence indicator I .., which quantifies to what extent that unit fired more during HFO-IEDs (I, almost 1, red) or more during non-HFO-IEDs (Ipef al-
most -1, green). [A(ii)] Two hypotheses on neuronal firing in HFO- versus non-HFO-IEDs. Hypothesis 1: The presence of an HFO on IEDs is
accompanied by a mild, rather unspecific increase in firing across the whole network. Hypothesis 2: Only some neurons specifically increase firing
during HFO-IEDs, but not during non-HFO-IEDs. (B) Comparison of single-unit firing during HFO-IEDs to firing during non-HFO-IEDs. Single units are
ranked according to their I.f (left). The vertical line separates single units firing more during non-HFO-IEDs (35%) from those firing more during HFO-
IEDs (65%). Red horizontal line indicates median I s, which was higher than expected by chance (P < 0.01). Distribution of surrogate median I,ref
(histogram) is shown for comparison (right). (C) Example single unit (#34) with preferential firing during HFO-IEDs. A comparison of this unit’s Icr
(‘empirical Iref, bold red vertical line) to the distribution of surrogate I.r (histogram) reveals that this unit fired significantly more during HFO-IEDs
than during non-HFO-IEDs (P < 0.001). Inset: Mean (bold black line) and individual (grey lines) spike shapes of this unit. (D) Summary of units with sig-
nificantly different firing between HFO- and non-HFO-IEDs. Note that of 39 such units (from n = 108 units in total), 30 had a significant preference for
HFO-IEDs (P < 0.001). Small inset bars indicate numbers of single units.
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units) fired significantly more during HFO-IEDs (P < 0.001, bino-
mial test; Fig. 4D and Supplementary Figs 8B and 9B), suggesting
that they were specifically associated with HFO-IEDs rather than
non-HFO-IEDs. Thus, we also provide evidence for hypothesis 2.
Again, no obvious differences were observed between putative
pyramidal cells and interneurons. It can be concluded that our
data provide evidence for both hypothesized mechanisms—and
that these mechanisms might act in a complementary fashion.

Discussion

This study shows that ‘HFO-IEDs’ and ‘non-HFO-IEDs’ are different
at the single-unit level. We report that HFOs and neuronal firing
are coupled to the ascending phase of IEDs and identified several
single units with significantly increased firing during the HFO
component and ascending phase of HFO-IEDs. During non-HFO-
IEDs, in contrast, single-unit activity was similar to baseline and
frequently even decreased. Moreover, we provide evidence for two
complementary mechanisms underlying increased firing during
HFO-IEDs: our data suggest that there is both a mild increase
across the whole network and a pronounced increase in some, se-
lectively participating neurons. We discuss various aspects of
these key findings below.

Our data suggest that ripples and fast ripples occur preferentially
during the ascending phase of IEDs. This finding is in line with pre-
vious reports on fast oscillations preceding IEDs.?**3*> Moreover,
we observed an increase in neuronal firing before the peak of the
IED, which was significantly higher in HFO-IEDs. This increase was
found in both ripple- and fast ripple-IEDs. It could be hypothesized
that HFO-IEDs are generated close to the recording site, whereas
non-HFO-IEDs mainly reflect propagated events. If this were true,
recording HFO-IEDs with increased firing would indicate that the
electrode was located at or near to an epileptic generator, which
would be useful information for clinical evaluation. Our data clear-
ly suggest that HFOs and an increase in firing contribute to the
generation of at least many IEDs. Such a concept would be compat-
ible with the proposed mechanism of a paroxysmal depolarizing
shift, which involves bursts of action potentials at up to
~400Hz.***8 To verify the impact of this mechanism in patients
with epilepsy, however, more detailed analyses of single-unit fir-
ing sequences will be indispensable.

It can be concluded from our results that HFOs and increased neur-
onal firing are involved in the generation of many IEDs, those that
we call ‘HFO-IEDs’. A second line of evidence supporting this con-
cept comes from the single-unit analyses we performed. The ma-
jority of our units fired above baseline during HFO-IEDs and, even
more noteworthy, approximately one-third increased firing signifi-
cantly during the HFO component or ascending part of HFO-IEDs.
It may be tempting to speculate that some of these cells could be
‘hub cells’ found in animal and model studies,**° but at least
there seem to be neurons that participate with some consistency
in a distinct type of network event, in our case HFO-IEDs. In non-
HFO-IEDs, in contrast, the majority of single units fired below
baseline. A concept synthesizing these results would be that HFO-
IEDs are a distinct subtype of IEDs, characterized by increased fir-
ing—which is facilitated by rhythmic inhibition that orchestrates
local hypersynchrony for ripples®®*! and sequential activation of
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small clusters for fast ripples.”>>? From a mechanistic perspective,
it thus seems plausible that HFO-IEDs are closely linked to epilep-
togenicity, and that they could be a better biomarker than IEDs or
HFOs alone, as recent studies suggest.'"?»%22>

Several decades ago, it was hypothesized that there are multiple
types of IEDs and that different types may have different implica-
tions for clinical management.’® More recent studies have under-
lined such variability, showing for example that no more than
~30% of the significantly modulated cells participate in individual
IEDs*® and that network events in a rodent model of epilepsy are
generated by variable combinations of several small assem-
blies.** So, is it appropriate to categorize IEDs and to classify
them into only two groups? We followed such an approach be-
cause recent clinical studies suggested that IEDs with HFOs form a
distinct class—and our data support this view because we identi-
fied single-unit behaviour that is specific to HFO-IEDs and not
found in non-HFO-IEDs. One last finding illustrating this concept
is that approximately one-third of our units had a significant pref-
erence for either HFO- or non-HFO-IEDs, i.e. they selectively
adapted their firing rate according to whether or not an IED carried
an HFO. This indicates a specific involvement in one of the two
network events. A major conclusion from our study therefore is
that HFO- and non-HFO-IEDs have clearly different single-unit cor-
relates, or ‘fingerprints’, which supports the concept of categoriz-
ing IEDs based on their association with HFOs.

Ripple oscillations also occur physiologically. An extensive body of
evidence suggests that they play an important role in memory
consolidation. Especially in rodent hippocampi, such physiological
ripples often occur coupled to a sharp wave.'”:'®% Given that these
‘sharp wave-ripple’ complexes are also associated with increased
neuronal firing,"”"*® it cannot be excluded that some HFO-IEDs
might not reflect epileptic, but merely physiological activity.
However, several lines of evidence suggest that the majority of our
HFO-IEDs do not correspond to typical sharp wave-ripples: (i) we
identified IEDs as done by clinical epileptologists, with amplitudes
of ~5-10 times higher than physiological sharp waves®®; (ii) the in-
crease in multi-unit firing during IED-ripples was significantly
higher than in ripples without clearly visible IED; and (iii) addition-
al analyses in our patients confirmed that HFO-IEDs were specific-
ally associated with epileptic activity. This does not exclude
that HFO-IEDs and physiological sharp wave-ripples are based
on similar mechanisms. In fact, our findings would be consistent
with the concept that epilepsy exploits the neuronal machinery
underlying physiological sharp wave-ripples to generate HFO-
IEDs.”®

We analysed IEDs and HFOs in macroelectrode recordings because
those are widely used for clinical investigation. Besides, key prior
studies on the diagnostic value of these biomarkers have also been
based on macroelectrode data. But it is not trivial to disentangle
interactions between IEDs and HFOs because IEDs often spread
across large brain volumes, whereas HFOs are typically generated
by smaller neuronal networks.>”**® Moreover, as single-unit activ-
ity is correlated to these macroelectrode IEDs and HFOs, the spatial
distance between microwires and macroelectrode contacts should
be considered. This distance may in situ be negligible for some
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of our wires, but up to several millimetres for others.
Macroelectrodes probably detect activity up to a few millimetres
from their tip,”® whereas microwires only ‘see’ action potentials
within a radius of ~100 pm.®®®! With this in mind, it seems note-
worthy that many of our units were significantly modulated by the
analysed macroelectrode events—and that we found clear differ-
ences between HFO- and non-HFO-IEDs. Our study thus comple-
ments previous work on IEDs from microelectrodes.?**%*? It can be
concluded that combined macro- and microelectrode recordings
are a powerful tool, enabling us to dissect EEG patterns known
from clinical practice at the single-unit level.

Limitations and outlook

This study is limited in several ways, and additional work is
needed to further investigate the mechanisms underlying IEDs at
the single-cell level. We focused on temporal lobe epilepsy and the
anterior hippocampus to obtain a fairly homogeneous dataset.
Such a study may have model character, but one should remain
cautious about generalizing to other brain regions. Single-unit
identification was performed based on strict criteria, but at the
cost of being left with a lower number of unequivocal single units.
We were able to reproduce our findings in a complementary ana-
lysis of all our units. With regard to possible differences between
pyramidal cells and interneurons, however, we propose that a
larger sample be examined before we draw a conclusion. Further
studies will be required to dissect how individual cells are tempor-
ally coupled to HFOs, and whether they form reoccurring assem-
blies, or rearrange in a more chaotic fashion. Such questions have
already been addressed in animal models,?®*%>° but clearly require
further investigation in human patients. Finally, a specific increase
in HFO-IEDs prior to seizures has to our knowledge only been
reported once.®” An interesting aim of future studies could be to
demonstrate that only a distinct subgroup of IEDs (e.g. those with
an HFO or a specific single-unit ‘fingerprint’) systematically reoc-
curs during the transition to seizures or impairs cognition. Such
evidence would confirm a direct link between such network activ-
ity and disease burden, possibly opening a door for clinical
application.

Conclusion

This study shows that HFO- and non-HFO-IEDs are different at the
single-unit level. In HFO-IEDs, many neurons are moderately acti-
vated, and some participate selectively. It can be concluded that
these two variants of increased firing contribute to the generation
of a highly pathological subtype of IEDs.
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