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Summary

Introduction—\We aim to analyze the fast oscillations in the scalp EEG of focal epilepsy patients
with low-to-high rates of interictal epileptiform discharges (IEDs), in order to determine how this
neurophysiological feature influences fast oscillation occurrence and their significance as markers
of the seizure onset zone (SOZ).

Methods—Thirty-two patients were studied, subdivided in four categories based on IED
frequency: groups A, B and C respectively with high, intermediate and low IED rate, and group D
with no IED. Thirty minutes of slow-wave sleep EEG, low-pass filtered at 300 Hz and sampled at
1000 Hz, were reviewed. IEDs and fast oscillations (gamma activity, 40-80 Hz; and ripples, >80
Hz) were marked. Each channel was classified as inside or outside the irritative zone and the SOZ.
We calculated the number and rates of IEDs and fast oscillation, their co-occurrence, their
frequency in the irritative zone and SOZ, and the specificity, sensitivity and accuracy to determine
the SOZ in the overall population and separately for each group.

Results—We analyzed 984 channels. Group A (high IED rate) showed the highest fast
oscillation rate (gamma: 0.37 + 0.73; ripples: 0.17 + 0.26), followed by group B (gamma: 0.08

+ 0.06; ripples: 0.07 £ 0.05), group C (gamma: 0.06 £ 0.06; ripples: 0.04 £ 0.01), and finally
group D, with very low values (gamma: 0.03 £ O; ripples: 0.03 + 0). IEDs co-occurred with
gamma in 9.5% and with ripples in 3.2%; and gamma and ripples co-occurred with IEDs in 46.2%
and 44.4%, respectively. The fast oscillations were more frequent inside than outside the irritative
zone and the SOZ (p < 0.001). Compared to the IEDs, the fast oscillations were less sensitive
(sensitivity: IEDs 78%, gamma 66% and ripples 48%) but more specific (specificity: IEDs 50%,
gamma 76% and ripples 83%) and accurate (accuracy: IEDs 54%, gamma 74% and ripples 77%)
in identifying the SOZ; the same results were reproduced for the different groups separately.

Conclusions—This study confirms that fast oscillations can be recorded from the scalp EEG.
Gamma activity and ripples are more frequent in patients with frequent IEDs and, in general,
inside the irritative zone. However, compared to IEDs, gamma and ripples are less sensitive but
more specific and accurate in identifying the SOZ, and this remains in patients with low fast
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oscillation rates. These findings suggest that IEDs and fast oscillations could share some common
neuronal network, but gamma activity and ripples are a better biomarker of epileptogenicity
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Introduction

Methods

Subjects

Over the last decade, many studies have defined the High Frequency Oscillations (HFOs) as
physiological and pathological entities that can be recorded in the brain of normal rats, in
animal models of mesial temporal lobe epilepsy and in humans. With intracranial stereo-
EEG (SEEG) recordings in epileptic patients, HFOs were found using microelectrodes
(Bragin et al., 1999a,b; Staba et al., 2002) and clinical macroelectrodes, during ictal (Jirsch
et al., 2006) and interictal phase (Staba et al., 2007; Urrestarazu et al., 2007; Worrell et al.,
2008); these studies suggested a possible role for HFOs as EEG biomarkers of
epileptogenicity. However, the necessity of invasive techniques limited HFO analysis to a
subset of patients with drug-resistant epilepsy candidate to a surgical treatment, a small
percentage of the overall epileptic population.

Reports have recently demonstrated the possibility of recording HFOs non-invasively with
scalp EEG. HFOs were described in patients not usually evaluated with intracranial
recording, and reported ictally, at the onset of epileptic spasms (Kobayashi et al., 2004) and
tonic seizures in Lennox-Gastaut Syndrome (Kobayashi et al., 2009), or interictally in
children with continuous spike and wave in slow-wave sleep (Kobayashi et al., 2010), in
idiopathic partial epilepsy (Kobayashi et al., 2011), and in adults with drug-resistant
epilepsy and frequent focal spikes (Andrade-Valenca et al., 2011). These studies were
performed in patient populations characterized by frequent interictal epileptiform discharges
(IEDs), or high a rate of spiking, on scalp EEG, and so far no study analyzed if scalp HFOs
are found and behave differently in patients with low IED rates or even with inactive EEG.

The aim of the present study is to evaluate how fast oscillations, namely gamma activity and
ripples, correlate with the IED rate, analyzing their occurrence in a cohort of patients with
focal epilepsy presenting with different degrees of spiking activity on scalp EEG. We wish
to determine if fast oscillations and IEDs share a common behavior. We also want to analyze
if the significance of scalp recorded fast oscillations as “marker of epileptogenicity”, as
defined by a previous study from our group (Andrade-Valenca et al., 2011), is affected by
IED frequency.

Between January and September 2011, 111 epileptic patients were admitted in the EEG-
telemetry Unit of the Montreal Neurological Hospital for monitoring. They all had the
second night of recording with the following settings: low pass filtering at 300 Hz, sampling
rate at 1000 Hz. From the overall population, 32 patients were randomly selected. The only
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inclusion criterion was a diagnosis of “focal epilepsy”. Each patient was placed in one of the
following categories, based on the IED rate during the analyzed EEG segment: (1) group A:
> 1 IED/min; (2) group B: < 1 IED/min, but > 1 IED/5 min; (3) group C: <1 IED/5 min; and
(4) group D: no IEDs. All patients gave informed consent in agreement with the Research
Ethics Board of the hospital.

Recording methods and channel classification

EEGs were recorded using the Harmonie monitoring system (Stellate, Montréal, Canada),
and the electrodes placed according to the international 10-20 system, with additional
zygomatic and F9/F10, T9/T10, P9/P10 electrodes, CPz used as reference. Electromyogram
(EMG) and electro-oculogram (EOG) were also recorded. We used the Harmonie software
to compute spectral trends in the delta, alpha, and beta bands for the EEG and the power of
the chin EMG with a 30-s time resolution. The EEG sections with high delta and low EMG
power were visually reviewed in a bipolar montage and selected as slow-wave sleep. After
analyzing all these sections, we randomly selected 30 consecutive minutes of slow-wave
sleep in which no major artifacts occurred. To minimize the influence of seizures, we
selected interictal samples at least 2 h before and after a seizure. All channels were defined
as inside or outside the irritative zone (by definition: channels showing spiking activity, even
if IEDs occurred just once during the 30 min segment) and inside or outside the SOZ (by
definition: channels showing the earliest ictal EEG change from baseline prior or
concomitant with clinical onset). Patients in whom the clinical onset preceded the first EEG
change, or for whom the seizure onset was not lateralizing or localizing, were excluded from
the SOZ analysis. We removed from the evaluation all channels showing continuous artifacts
or malfunction.

IED and fast oscillation marking

The visual marking of IEDs and fast oscillations was performed by a trained
neurophysiologist (F.M.), with the same methodology as described in our previous study on
scalp HFOs (Andrade-Valenca et al., 2011). First, IEDs were marked using the EEG settings
for clinical review (15 s/page, 30 uV/mm, LF: 0.3 Hz and HF: 70 Hz). The following
transients were included in the IED marking process: spikes (sharp transient with a duration
between 20 and 70 ms), sharp waves (duration between 70-200 ms), spike-and-slow-wave
complexes (spike followed by a slow-wave) (Chatrian et al., 1974). The fast oscillations
were subsequently analyzed, separated in gamma activity (40-80 Hz) and ripples (>80 Hz).
The display was split vertically and high-pass filtered at 40 Hz (left side) and 80 Hz (right
side), with a low-pass filtering at 200 Hz for both sides, using a finite impulse response
(FIR) filter to minimize ringing. Timescale was stretched to 264 mm/s (1.6 s/page) and
sensitivity increased to 1 pV/mm. The fast oscillations were defined as at least four
consecutive oscillations with amplitude clearly standing out from the rest of the background.
A gamma activity was marked if an event was visible on the left (40 Hz) and did not occur,
at least with the same shape, on the right (80 Hz), and an event was regarded as a ripple if
visible only on the right (Figs. 1 and 2).
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Artifact identification

Careful attention was paid to reject any possible artifact during the process of marking,
mostly due to the partial overlap of the frequency band between muscle activity and fast
oscillations. The EMG bursts, after high pass filtering, had peculiar features distinguishing
them from the fast oscillations: irregular morphology, very high amplitude compared to
background, and great variations in amplitude and frequency inside the burst (Fig. 3A). The
question of separating cerebral activity from EMG artifact represents a technical challenge,
as already pointed in previous studies (Otsubo et al., 2008; Andrade-Valenca et al., 2011;
Zijlmans et al., 2012).

Another possible artifact source was the oscillations resulting from the process of epileptic
spike filtering. The shape was more regular in frequency than muscle activity and resembled
the morphology of the non-EMG oscillations. However, the artifact due to the filtering was
usually brief, with only two-three consecutive oscillations, and a high amplitude sharp
central component preceded and followed by smaller oscillations (Fig. 3B). These features
allowed to identify and to reject those artifacts during the marking process.

The EEGs were reviewed a second time after marking all the events, with standard display
parameters, to remove all marks corresponding to oscillations associated with artifacts
(muscle activity and patient movements) as defined in the standard EEG.

Statistical analysis

Results

After marking all events, a MATLAB program (The Math-works Inc., Natick,
Massachusetts, USA) calculated in the 30 min segment for each channel the total number of
events and rates (events/min) of IED, gamma and ripple. The co-occurrence between IEDs
and fast oscillations was defined as an occurrence of gamma or ripple marker within 50 ms
before or after an IED marker. The rates of occurrence were reported as means with standard
deviation. The Kruskal-Wallis one-way ANOVA was used to compare the IED/gamma/
ripple median rates in the four patient groups, and the Mann—Whitney U analysis was used
to compare the rates of fast oscillations between the channels inside/outside the irritative
zone and the SOZ. We calculated the sensitivity, specificity and accuracy of IEDs, gamma
and ripples to identify the SOZ. Sensitivity was defined as [SOZ channels with fast
oscillations/(SOZ channels with fast oscillations + SOZ channels without fast oscillations)]
x 100; specificity was [non-SOZ channels without fast oscillations/(hon-SOZ channels
without fast oscillations + non-SOZ channels with fast oscillations)] x 100; accuracy was
[(SOZ channels with fast oscillations + non-SOZ channels without fast oscillations)/total
channels] x 100. The level of significance was set at 0.05.

Patient and EEG channel distribution

We studied 32 patients with focal epilepsy (18 males, mean age at evaluation: 40 + 13 years;
mean age at seizure onset: 18 + 15 years; and mean duration of epilepsy: 21 + 14 years), and
analyzed 984 channels (31 patients with 31 channels, and one with 23 channels). Forty-four
channels were excluded due to artifacts (8 channels in 3 patients of group A; 11 channels in
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3 patients of group B; 21 channels in 4 patients of group C; 4 channels in one patient of
group D); the excluded channels were equally distributed over the zygomatic, frontopolar,
parietal and temporal regions. Brain MRI was normal in 14 patients, and the most common
pathological finding consisted of hippocampal atrophy or mesial temporal sclerosis (other
significant electro-clinical characteristics are reported in Table 1). The distribution among
the four categories was as follows: group A (high IED rate): 12 patients (364 channels);
group B (mid-IED rate): 8 patients (248 channels); group C (low IED rate): 7 patients (217
channels); and group D (no IEDs): 5 patients (155 channels).

Fast oscillation and IED rates

For the overall population, the IEDs were the most common events marked, followed by
gamma activity and then by ripples (number of events reported in Table 2). The rates of
occurrence in the channels where the events were recorded were as follows (mean + SD):
IEDs (0.72 + 1.31), gamma (0.25 + 0.58), and ripples (0.12 £+ 0.21). Performing a separate
analysis for each group, the fast oscillations were recorded in all patients of groups A, B and
C and only in one out of five patients of group D (Table 2); gamma and ripples were found
in all regions (frontal, parietal, central, temporal, occipital), with no preferential regional
distribution. The rates of the fast oscillations reflected the IED frequency in each group, with
group A showing the highest frequency values (gamma rate: 0.37 = 0.73 per min; ripple rate:
0.17 + 0.26 per min), followed by group B (gamma: 0.08 + 0.06; ripple: 0.07 + 0.05), group
C (gamma: 0.06 + 0.06; ripple: 0.04 £ 0.01), and then by group D with very low values
(gamma: 0.03 + 0; ripple: 0.03 £ 0). The fast oscillation rates were statistically different
between all four groups (gamma: p < 0.001; ripples: p< 0.001, Kruskal-Wallis ANOVA)
(Fig. 4). IEDs and fast oscillations occurred most frequently independently of each other: the
IEDs co-occurred with gamma and ripples in 9.5% and 3.2% of cases, respectively; the co-
occurrence with IEDs was 46.2% for gamma and 44.4% for ripples.

Correlations between fast oscillations and the irritative zone

We studied 27 patients from groups A, B and C; group D was excluded from this analysis
because, by definition, no irritative zone in this group could be identified. A total of 829
channels were analyzed, 453 belonging to the irritative zone. Considering the overall
population, the fast oscillations had much higher rates in the irritative zone (gamma: 0.14

+ 0.48; ripple: 0.04 £ 0.15) compared to the non-spiking channels (gamma: 0.01 + 0.04;
ripple: 0.01 + 0.03) (p < 0.001, Mann-Whitney U analysis) (Fig. 5A). Performing the same
analysis for each group, the rates (mean * SD) in the irritative zone versus non spiking
channels were as follows: for group A, gamma (0.24 + 0.62 vs 0.02 + 0.06; p< 0.001) and
ripples (0.07 £ 0.20 vs 0.02 + 0.04; p< 0.01); for group B, gamma (0.03 + 0.06 vs 0.01
+0.03; p<0.001) and ripples (0.02 = 0.04 vs 0.01 + 0.04; p < 0.05); and for group C,
gamma (0.02 £ 0.06 vs 0.004 + 0.01; £ < 0.001) and ripples (0.006 + 0.01 vs 0.002 + 0.01; p
= 0.11). Therefore, except for ripples in group C, the fast oscillations in the other two groups
were statistically more frequent in the irritative zone.

Correlations between fast oscillations and the seizure onset zone

The SOZ was identified in 18 patients (group A, 7 patients; group B, 6 patients; group C, 5
patients; and group D, none). A total of 558 channels were analyzed, 86 were inside the
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SOZ. The rates, for all the events marked, were much higher in the SOZ channels (spike:
0.96 + 1.75; gamma: 0.30 + 0.83; ripple: 0.09 + 0.27) than in non-SOZ channels (spike: 0.21
+ 0.65; gamma: 0.05 + 0.25; ripple: 0.02 £ 0.06) (p < 0.001, Mann-Whitney U analysis)
(Fig. 5B). The IEDs were more sensitive to identify the SOZ (sensitivity: IEDs 78%, gamma
66%, and ripples 48%), but gamma activity and ripples were more specific (specificity: IEDs
50%, gamma 76%, and ripples 83%) and accurate (accuracy: IEDs 54%, gamma 74%,
ripples 77%). This result was confirmed also performing the same analysis specifically
evaluating the fast oscillations occurring without spikes: specificity and accuracy were still
higher for gamma and ripples outside the spikes than for the IEDs (specificity: IEDs 50%,
gamma outside spikes 81%, ripples outside spikes 86%; accuracy: IEDs 54%, gamma
outside spikes 76%, ripples outside spikes 79%). The same results were obtained when
analyzing separately each group (Fig. 6).

Discussion

The role for HFOs as potential EEG biomarkers of epileptogenicity has emerged during the
last decade from the evaluation of patients with invasive SEEG recordings, and recently, a
possible similar role has emerged also for the HFOs recorded form scalp EEG. They have a
relationship with the period of active seizure occurrence in idiopathic partial epilepsy
(Kobayashi et al., 2011); they are associated with the lesional zone in patients with
symptomatic West syndrome (lwatani et al., 2012); they co-localize with the ictal onset sites
in a pediatric cohort of patients (Wu et al., 2008); and they are a marker of the SOZ in adults
with focal epilepsy (Andrade-Valenca et al., 2011).

In the present study, we confirmed in a new group of patients compared to Andrade-Valenca
et al. (2011) that fast oscillations can be recorded non-invasively using scalp EEG in patients
with focal epilepsy. An important and new finding is the demonstration that the occurrence
of the fast oscillations directly reflects the degree of epileptic activity of the EEG: patients
with high IED frequency also show high rates of gamma and ripples while patients with low
IED rates show the lowest fast oscillation rates and patients without IEDs have most often
no recordable fast oscillations.

Moreover both gamma activity and ripples are significantly more frequent in the channels
belonging to the irritative zone, although about half of the events occurred independently of
IEDs. This spatial overlap between the brain areas generating spikes and fast oscillations
suggests that the generators involved in those two entities share neuronal networks, but they
differ in their spatial extent. Differences in the size of generators may explain the higher
rates for IEDs compared to the fast oscillations, the latter being issued from a volume of
tissue most often not sufficiently extended to be visible on the scalp. Interestingly, in a
previous study on SEEG patients, we found similar results (higher rates of ripples and fast
ripples in spiking than in non-spiking channels), suggesting that IEDs and HFOs are
partially independent hypersynchronous events (Jacobs et al., 2008). Not only the generator
size but also different cellular mechanisms may be involved in the origin of spikes and fast
oscillations: IEDs are considered to reflect large excitatory postsynaptic potentials (de Curtis
& Avanzini, 2001) from abnormally hypersynchronous neurons; intracranial HFOs most
probably reflect synchronized co-firing of small clusters of principal cells, pathologically
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interconnected within local areas (Bragin et al., 2002). These different mechanisms could
involve similar “hyperactive” neuronal networks; studies with simultaneous surface and
intracranial EEG recordings should be able to provide answers to these issues.

IEDs and fast oscillations differ in their ability to define the SOZ. In our first study looking
at gamma activity and ripples in scalp EEGs (Andrade-Valenca et al., 2011), we
demonstrated that spikes are more sensitive, but gamma activity and ripples more specific
and accurate to determine the regions of the brain participating in seizure generation. In this
study similar results confirmed these original findings, but this time across the spectrum of
different fast oscillation rates: patients with high (group A), as well as with intermediate and
low gamma and ripples frequency (group B and C), showed lower fast oscillation sensitivity
but higher specificity and accuracy, compared to IEDs, thus indicating again a strong
correlation between fast oscillations and the SOZ. These results were confirmed also
performing a separate analysis for the gamma activity and ripples outside the spikes,
showing that they were not potentially biased by the co-occurrence of IEDs.

Similar findings could not be replicated for group D, as none of the patients had a clear
SOZ, due to the fact that no seizures were recorded or to the EEGs having no localizing
features (sudden bilateral changes or muscle artifacts covering the traces at seizure onset).
Moreover, only one of the five patients showed gamma activity and ripples, with a number
of events that was too low for statistical analysis. Future studies specifically addressing large
populations of patients with no IEDs on scalp EEG could add clinical knowledge on the
behavior of gamma activity and ripples in this group, clarifying their potential role in
patients with no irritative zone.

The detection of fast oscillations with scalp EEG carries multiple technical challenges due to
many sources of artifact. A major problem is the muscle activity recorded at frequencies that
overlap with the HFO frequency band. In order to identify the morphologic characteristics
differentiating EMG bursts from genuine oscillations, the visual marking of the scalp EEGs
requires even more careful evaluation than for invasive records. Selecting the EEG segments
during slow-wave sleep reduced the occurrence of muscle artifacts. Moreover, we routinely
reviewed a second time the traces and removed all the oscillations associated with clear
artifacts as identified in the standard recording. Another source of artifacts is the process of
spike filtering. Sharp transients can be constituted of a broad frequency spectrum, and when
band pass-filtered result in a short-duration oscillation close to the impulse response of the
filter leading to “false” fast oscillations (Bénar et al., 2010). This effect can be reduced but
not completely eliminated using FIR filters. In addition, we required a minimum number of
cycles for the “genuine” fast oscillations (Jacobs et al., 2009; Urrestarazu et al., 2007).
Considering all the above-mentioned technical precautions, we were quite confident that our
results were not influenced by artifacts.

Conclusions

This study confirms that fast oscillations can be recorded with scalp EEG, routinely
performed in epileptic patients. In contrast to intracranial EEG recordings, more technical
awareness is required due to several artifact sources. High rates of gamma activity and
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ripples are more likely to be found in patients with frequent IEDs, indicating that it is better
to focus on such patients when performing studies on fast oscillations. In patients without
IEDs, the likelihood of recording gamma activity and ripples is very low. Both fast
oscillations, even at low rates, are more specific and accurate to identify the SOZ compared
to IEDs.

This suggests a possible future role for the scalp-recorded fast oscillations in clinical
practice as a diagnostic tool to delineate the epileptogenic areas, of potential use in
presurgical evaluation as an additional method to guide and better define the area to remove.
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Figure 1.
Examples of gamma (A) and ripples (B), co-occurring with IEDs. In both cases, the left part

shows the unfiltered EEG (LF: 0.3 Hz, HF: 70 Hz); the outlined sections are shown in the
middle part unfiltered with expanded time (264 mm/s), and in the right part expanded in
time and high-pass filtered at 40 Hz (A) and 80 Hz (B). Note that the fast oscillations can
already be noticed before filtering, in the middle expanded section, over the ascending slope
of the IEDs (highlighted in the ellipses).
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Examples of gamma (A) and ripples (B), independent from IEDs. The unfiltered EEG (LF:
0.3 Hz, HF: 70 Hz) is shown on the left; the outlined sections are shown in the right part
expanded in time (264 mm/s) and high-pass filtered at 40 Hz (A) and 80 Hz (B). The fast
oscillations are highlighted in the ellipses.
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Figure 3.

Examples of possible artifact sources. (A) EMG bursts, presenting with irregular
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morphology and variations in amplitude and frequency inside the burst. (B) Oscillations
resulting from spike filtering: note that, compared to the genuine fast oscillations, they are
brief in duration, with a single sharp central component with higher amplitude. Left part:
unfiltered EEG (LF: 0.3 Hz, HF:70 Hz); right part: outlined sections, expanded in time and
high-pass filtered at 40 Hz.
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M IEDs
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(Il SSESSE.

Group A Group B Group C Group D

Graphs showing the rates of IEDs, gamma and ripples in the four groups separately. Group
A, with frequent IEDs (>1/min), also shows higher rates of fast oscillations (p < 0.001).
Mean rates across channels are reported.
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Wsoz
ONon-s0z

Graphs showing in the overall population higher rates of events in the channels inside the

irritative zone (A) and SOZ (B) (p < 0.001). Mean rates across channels are reported.
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Values of sensitivity (A), specificity (B) and accuracy (C) to identify the SOZ, calculated
separately in group A, B, and C (group D excluded because no patient had a defined SOZ).
For each group the IEDs were more sensitive, but gamma and ripples were more specific and

accurate.
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Table 2

Number of event marked.

Spikes Gamma  Ripples

(A) Overall population 10103 2098 731
(B) Different groups

Group A (12/12 pts) 9370 1882 588
Group B (8/8 pts) 551 146 116
Group C (7/7 pts) 181 69 23
Group D (1/5 pt) 0 1 4
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