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Abstract

Seizures are increasingly understood to arise from epileptogenic networks across which ictal
activity is propagated and sustained. In patients undergoing invasive monitoring for epilepsy
surgery, high frequency oscillations have been observed within the seizure onset zone during both
ictal and interictal intervals. We hypothesized that the patterns by which high frequency activity is
propagated would help elucidate epileptogenic networks and thereby identify network nodes
relevant for surgical planning. Intracranial EEG recordings were analyzed with a multivariate
autoregressive modeling technique (short-time direct directed transfer function - SADTF), based
on the concept of Granger causality, to estimate the directionality and intensity of propagation of
high frequency activity (70-175 Hz) during ictal and interictal recordings. These analyses revealed
prominent divergence and convergence of high frequency activity propagation at sites identified
by epileptologists as part of the ictal onset zone. In contrast, relatively little propagation of this
activity was observed among the other analyzed sites. This pattern was observed in both subdural
and depth electrode recordings of patients with focal ictal onset, but not in patients with a widely
distributed ictal onset. In patients with focal ictal onsets, the patterns of propagation recorded
during pre-ictal (up to 5 minutes immediately preceding ictal onset) and interictal (more than 24
hours before and after seizures) intervals were very similar to those recorded during seizures. The
ability to characterize epileptogenic networks from interictal recordings could have important
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clinical implications for epilepsy surgery planning by reducing the need for prolonged invasive
monitoring to record spontaneous seizures.

Keywords

high frequency oscillations (HFOs); seizure onset zone; epileptic network; epilepsy surgery; brain
mapping; ECoG

1. Introduction

Recent studies provide growing evidence that epileptogenic networks, rather than a single
focal source, contribute to the generation of the ictal state (van Diessen et al., 2013), and that
epileptic networks are complex and heterogeneous (Bower et al., 2012). It has been
suggested that organization of a neural network in which the “epileptogenic zone” would
carry higher “connection weights” than other parts of the network, such as the “irritative
zone” or the “symptomatogenic zone” may underlie focal epilepsy and that the variability of
seizures, may be due to a variation in the location of the seizure onsets within the larger
network (Nair et al., 2004). With the concept of an epileptogenic network, an epileptogenic
zone may be defined as a strongly connected network node (or hub), and its successful
removal may result in degradation of network activity (Frei et al., 2010). Several studies
have demonstrated that network nodes may be identified by network connectivity measures,
and that these nodes correspond with the location of resected cortical regions in patients who
were seizure-free following surgical intervention (Morgan and Soltesz, 2008; Ortega et al.,
2008; Wilke et al., 2011). If accurately identified, disruption or inhibition of these
epileptogenic network nodes may be used for prevention or termination of seizures without
the need for removal of the entire network, which in turn could lead to more effective
medical treatment and better post-treatment outcomes.

Connectivity characteristics of epileptic networks have been found to be frequency-
dependent, with high frequency activity most closely correlated with improved postsurgical
outcome (Wilke et al., 2011). The role of high frequency activity - HFA (Jiruska and Bragin,
2011; Jiruska et al., 2010; Jouny et al., 2007b; Rodin et al., 2009) or high frequency
oscillations - HFOs (Worrell et al., 2008; Worrell et al., 2004) in epilepsy has been
extensively investigated recently, and has been reported to be temporally and spatially
correlated to the seizure onset zone. During ictal recordings, HFOs were recently observed
mostly in the region of seizure onset, and less frequently in areas of secondary spread (Jirsch
et al., 2006). The rates and durations of HFOs were significantly higher in the seizure onset
zone than outside of it. Moreover, resection of brain regions sampled by intracranial
electrodes that recorded ictal HFOs was associated with postsurgical seizure-free outcomes
(Fujiwara et al., 2012; Jacobs et al., 2012; Jacobs et al., 2010; Modur et al., 2011; Nariai et
al., 2011b; Ochi et al., 2007; Zijimans et al., 2012).

Furthermore, recent studies suggest that epileptogenic networks exhibit aberrant dynamics
not only at the time of seizure onset, but also during interictal seizure-free periods (Bragin et
al., 2010; Monto et al., 2007; Zijlmans et al., 2011), and that interictal high frequency
activity can also be used to identify the ictal onset zone (Brazdil et al., 2010; Jacobs et al.,
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2009; Zijlmans et al., 2009). Interictal activity has been shown to have pathologically strong
intrinsic correlations (Monto et al., 2007), and strong coupling in high frequencies (Wilke et
al., 2011) among signals recorded near the epileptogenic zone. It has also been shown that
despite the apparent discrete localization of the ictal onset zone, epileptic brain networks
differ in their global characteristics from non-epileptic brain networks (Horstmann et al.,
2010).

Although, high frequency activity appears to be linked to epileptogenesis (Firpi et al., 2007;
Jacobs et al., 2008; Rampp and Stefan, 2006; Worrell et al., 2008), its role in seizure
generation may depend to a large extent on how it is propagated among sites in cortical
networks. Effective connectivity is a particularly promising conceptual framework for
understanding this propagation. This concept refers to the pattern of causal interactions
between the elements of a network (Friston, 1994; Sporns, 2007). Effective connectivity has
been investigated using multivariate measures related to Granger causality (Baccala and
Sameshima, 2001; Kaminski and Blinowska, 1991; Sameshima and Baccala, 1999) to study
the sources of seizure onset, as well as the neural circuitry of epileptogenic brain tissue
(Ding et al., 2007; Franaszczuk and Bergey, 1998; Franaszczuk et al., 1994; Ge et al., 2007,
Korzeniewska et al., 2012b; Medvedev and Willoughby, 1999; Takahashi et al., 2007; Wilke
et al., 2008; Wilke et al., 2010; Wilke et al., 2009b).

Mapping the propagation of high frequency ictal and interictal activity may provide an
important means of defining epileptic networks, in turn contributing crucial information for
the selection of brain regions for resective surgery. In particular, understanding of the
functional architecture of epileptogenic networks may allow for selective disruption or
modulation of key components (nodes or hubs) of these networks to halt seizures without
removing the entire network. This approach could potentially improve post-operative seizure
control and help prevent post-operative functional deficits. Moreover, if this approach
consistently shows a high correspondence between interictal and ictal patterns of effective
connectivity, it may be possible to use interictal recordings alone to estimate the
epileptogenic zone in patients that would otherwise not be surgery candidates because ictal
recordings could not be captured during intracranial monitoring. Finally, this could also
reduce the length of stay and the risk of surgical morbidity.

2. Material and methods

2.1. Participants

Data were obtained from six epilepsy patients (3M, 3F, ages 14-50 years, two admissions
for Patient #1) with medically resistant partial onset seizures who required implantation of
intracranial electrodes for epilepsy surgery planning. The exact placement of electrodes was
dictated by clinical necessity alone. The study was approved by the Johns Hopkins Medicine
Institutional Review Board, conforming to relevant regulatory standards. Patients were
selected with a broad spectrum of seizure patterns with different numbers of available
seizure recordings (3-86), different types of arrays (grid and/or depth) and configurations of
implanted electrodes, and different underlying pathologies (Table 2). Two of these patients
differed from the others in that their ictal patterns were widely distributed at onset. The
reasons for this, however, were very different in these two patients and were also reflected in

Neuroimage. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Korzeniewska et al.

Page 4

their post-surgical outcomes. In one, patient #3, the temporal lobes were sparsely sampled
with electrode strips, and based on a lateralized ictal onset, the patient underwent a right
temporal lobectomy with amygdalohippocampectomy and had pathological confirmation of
right mesial temporal sclerosis. This patient had an ILAE 1 outcome at 5 years. This
patient's ictal pattern, beginning in several right temporal strip electrodes, was likely
captured only after widespread propagation of the seizure. Patient #6, on the other hand, had
a large, infiltrating oligodendroglioma involving left frontal and temporal lobes, anterior
insula, and anterior hippocampus. She had frequent multifocal interictal epileptiform
discharges arising from left frontal, anterior temporal, hippocampal, and basal temporal
regions, and thus her epileptogenic zone was likely widely distributed. Several complex
partial seizures appeared to arise from a large region that included anterior aspects of the
planum temporale and left superior and middle temporal gyri, with rapid spread to left
amygdala, anterior temporal tip, and posterior hippocampus. Due to cortical stimulation
maps of language and motor function, and concerns that memory function depended on the
left hippocampus, only the anterior tip and anterior half of the left superior and middle
temporal gyri were resected, understanding that this might only be palliative but would
likely avoid harm. The patient's outcome a few months after surgery was ILAE Class 3, and
at 4 years it was ILAE Class 5.

2.2. Selection of ictal and interictal intervals

Epileptologists (KB, MCC) identified the time of seizure onset and electrodes involved
(defined as the ictal onset zone) for multiple seizures (3—-86) in each patient by visual
inspection of the ECoG recordings. Electrographic changes were correlated with clinical
seizure semiology based on patient report and review of simultaneously recorded video.
Electrographic seizures were defined as rhythmic evolving ictal patterns or low voltage fast
activity lasting 10 or more seconds with no accompanying clinical changes (Sanchez
Fernandez et al., 2014). Propagation of epileptiform activity was analyzed during ictal,
preictal and interictal intervals;

- ictal - 60-260 sec, depending on the seizure duration, recorded immediately
after seizure onset,

- preictal - 60-240 sec, depending on the availability of ECoG recordings,
recorded immediately before seizure onset,

- interictal (inter-1) - depending on the availability of ECoG recordings (not all
interictal segments were saved for review in all patients), 300-500 sec, recorded
at least 1 hour before a first seizure, or at least 24 hours before seizure onset and
24 hours after a seizure cessation (visual inspection of ECoG recordings did not
revealed any evidence of sleep),

- interictal (inter-2) - depending on the availability of ECoG recordings (not all
interictal segments were saved for review in all patients), 300-500 sec, recorded
at least 1 hour before seizure onset and 1 hour after seizure cessation (visual
inspection of ECoG recordings did not revealed any evidence of postictal
slowing or sleep).
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Since there is ongoing debate regarding the assumed duration of the postictal period, and
some research has shown that a postictal state can persist for 24 hours, we selected two types
of interictal epochs for the patients in whom these interictal recordings were available. The
interictal epochs were chosen randomly, and we did not limit them to, or exclude any
specific patterns e.g. spikes or sharp waves. This was done with a view towards the ease of
using the method.

2.3. Implanted electrodes and data recording

Electrode configurations were determined based on results of pre-operative evaluation.
Implanted electrodes included only grid electrodes in two patients (Patients #2 and #3), only
depth electrodes in one patient (Patient #4), and a combination of grid and depth electrodes
in two patients (Patient #5 and #6). One patient (Patient #1) was hospitalized twice and had
grid electrodes implanted during the first admission (no resection during the first admission),
and a combination of grid and depth electrodes implanted during the second admission
(resection performed during the second admission). Electrode positions were determined
through co-registration of pre-implantation MRI (Sinai et al., 2005) with post-implantation
CT, and cortical gyral anatomy was identified through surface rendering of the pre-
implantation MRI and confirmed by comparison to digital photographs taken in the
operating room.

Subdural ECoG was filtered with a low-pass 300 Hz analog anti aliasing filter, sampled with
1 kHz sampling rate, and digitally recorded (Stellate system) during interictal, preictal and
ictal periods. All recorded ictal and preictal intervals (all patients) were selected for analysis.
Interictal recordings were accessible for four patients. All selected recordings were visually
inspected, and channels and epochs containing artifact were excluded from further analyses.

2.4. Signal analysis

2.4.1. Matching pursuit (MP) analysis—We computed the time-frequency energy
distribution of ictal activity in all recorded channels using a matching pursuit (MP)
algorithm (Mallat and Zhang, 1993), which has been previously successfully used for
detection of epileptic activity (Jouny et al., 2007a; Jouny et al., 2003), as well as functional
activity (Boatman-Reich et al., 2010; Cervenka et al., 2011a; Cervenka et al., 2013a;
Cervenka et al., 2013b; Cervenka et al., 2011b). MP is an iterative procedure that
decomposes signal x(t) into a linear combination of members of a specified set of functions.
In this study we used cosine-modulated Gaussians (Gabor functions), cosines, and Dirac
delta functions. Gabor functions provide the best compromise between time and frequency
resolution, allowed by the uncertainty principle. Cosines are added to the dictionary for
better representation of rhythmic components with constant amplitude, and a Dirac delta is
added to represent very short transients (e.g. single spikes). This algorithm performs
adaptive approximation of energy density for stationary and non-stationary signals which
makes it preferable over alternative short time Fourier transform or wavelet decomposition
methods. The MP method is particularly well suited for analysis of rapidly changing signals
and is appropriately applied to signals with either linear or non-linear characteristics.
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For this analysis, we expanded the frequency range (70-175 Hz) we analyzed in our
preliminary study (Korzeniewska et al., 2009), and the raw recordings were band-pass
filtered into three bands of high frequency activity 70-115 Hz, 125-175 Hz, and 185-235
Hz (to avoid power line artifact at 60 Hz and its harmonics 120 Hz, 180 Hz, and 240 Hz),
and a lower frequency band (0-40 Hz). We did not observe significant energy components
above 180 Hz in analyzed signals likely due to characteristics of our recordings (1 kHz
sampling rate, 300 Hz low-pass analog anti-aliasing filter). Electrode sites with increased
energy of the high frequency components (70-115 Hz and 125-175 Hz) of ictal signals were
selected for further SADTF analyses, due to requirement of multivariate autoregressive
model (MVAR), as described below.

2.4.2. Short-time direct directed transfer function (SdDTF) analysis—Short-time
direct Directed Transfer Function (SADTF) (Korzeniewska et al., 2008) has been based on
the concept of Granger causality, where one can consider an observed time series x(t) to
have a Granger-causal, or G-causal, effect on another time series y(t), if knowledge of x(t)’s
past significantly improves prediction of y(t) (Granger, 1969). SADTF applies a multivariate
autoregressive model (MVAR), which uses past observations in recorded signals to describe
current values in these signals, and gives an estimate of the direction and intensity of
interactions between recording sites as a function of frequency. SADTF measures only direct
G-causal interactions, not confounded by indirect interactions (mediated by other sites)
(Korzeniewska et al., 2008; Korzeniewska et al., 2003). To meet MVAR requirement of
signals stationarity for highly dynamic ictal signals we applied an algorithm introduced by
Ding et al. (Ding et al., 2000), which enables calculation of SADTF in short windows shifted
in time, when multiple realizations of the same stochastic process are available. Seizures
originating from the same epileptogenic zone often produce very similar EEG signals,
particularly if they are recorded intracranially (grids, strip or depth electrodes) (Jouny et al.,
2007a). Multiple seizures from the same patient, therefore, may often be treated as repeated
realizations of the same stochastic process which is stationary over short periods.

MVAR requirement of signal stationarity states a natural trade-off between the length of the
shifting window and the number of analyzed channels, as described in Korzeniewska et al.,
2008. Therefore, we selected signals based on their power augmentation, indicated by
matching pursuit (MP), as described above. The selected signals of multiple recordings (of
ictal, preictal, or interictal intervals), band-pass filtered (70-115 Hz, 125-175 Hz) and
downsampled (to 500 Hz), were normalized over time by subtracting their mean and
dividing by their standard deviation in each channel, and in each window (Korzeniewska et
al., 2008). For each set of multiple recordings, a common MVAR-model order was
determined using Akaike information criterion (AIC). The coefficients were calculated by
solving the Yule Walker equations, with estimates of cross-correlation matrices based on all
available seizures (or similar number of interictal epochs), using the Levinson-Wiggins-
Robinson algorithm. Windows used for estimation varied from 50 msec to 3 sec for different
patients, depending on the number of available seizures (shorter when larger number of
seizures was available). Windows were shifted by 50-500 msec depending on window
length. To illustrate connectivity patterns, the SADTF values were integrated over analyzed
frequency bands and time intervals. The average of all SADTF values representing directed
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flows originating in an electrode site (outflows), as well as the average of all SADTFs values
representing directed flows ending in a given electrode site (inflows), were calculated. To
compare between subjects and different frequency ranges, the values of averaged outflows
(divergence) and inflows (convergence) were normalized (for each patient, each frequency
band, and each inter-, pre- and ictal epoch) to the interval (0,1) with 0 indicating minimum,
and 1 indicating maximum value.Sites indicated by SADTF analyses as most active nodes of
the epileptogenic network were compared to the ictal onset zones identified by
epileptologists (GKB, MCC).

2.5 Statistical analysis

3. Results

Mixed effects logistic models (Molenberghs, 2005) were used to compare the percentages of
electrodes revealing ictal activity. In particular, we were modeling the odds ratios of the
activity detected using the three frequency bands: 0-40Hz, 70-115Hz and 125-175Hz. Odds
ratio is defined as the ratio of odds of detection of ictal activity occurring in one frequency
band to the odds in another frequency band, which means the ratio of the probability of ictal
increase in energy of 70-115 Hz activity to the probability of lack of the ictal increase in
energy of 70-115 Hz activity, divided by to the ratio of the probability of ictal increase in
energy of 0-40 Hz activity to the probability of lack of the ictal increase in energy of 0-40
Hz activity, and similarly for 125-175 Hz. Mixed effects modeling is necessary since the
electrode responses are correlated within each patient.

The two-sided Fisher's Exact Test for binary data was used to compare the proportions of
electrodes detected using high frequency detections method which were either overlapping
and non-overlapping with the clinical evaluations (Blaker, 2000; Fisher, 1935).

3.1. High and lower frequency ictal activity vs. seizure onset zone

High frequency ictal activity (70-175 Hz) was observed within the ictal onset zone and its
vicinity, while the lower frequency ictal activity (0-40 Hz) occurred more broadly (as
identified by matching pursuit (MP) analysis, and statistically compared to the preictal
interval). In some cases, e.g. Patient #1 and Patient #2, prominent increases in energy of the
lower frequency ictal activity were observed at all recorded sites, while increases in energy
of the high frequency component of ictal activity were observed only for signals recorded in
the vicinity of the ictal onset zone (Patient #1 - Figs. 1, 2).

Figure 1 shows the energy density in the time-frequency domain, for lower (0-40 Hz, left
panel), and high frequency (70-120 Hz, right panel) components of ictal activity at several
recording sites. Figure 2 shows reconstructions of the implanted electrodes and an axial T2-
weighted image depicting a left mesial occipital lesion identified on pre-operative MRI
(bottom-right). As shown in Figs. 1 and 2, increases in energy of high frequency ictal
activity occurred in close proximity to the lesion identified by MRI (left posterior mesial
occipital - marked by red arrow in Fig. 2);

- within the seizure onset zone (LPD1-LPD5, LSP1-LSP5) as identified by
epileptologists,
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- in the adjacent grid electrodes LOG19-LOG21 located over the left temporo-
parieto-occipital junction (lateral to the lesion),

- in the adjacent strip electrodes LSP1-LSP4 over the left precuneus (superior to
the lesion), and

- in the depth contacts LPD2-LPD5 (passing through the left posterior mesial
occipital region within the lesion area).

The number of electrodes revealing high frequency ictal activity (70-115 Hz and 125-175
Hz) was smaller than the number of electrodes revealing lower frequency ictal activity (0-40
Hz) for all patients with focal ictal onsets (but not Patients #3 and #6, who had widely
distributed ictal onsets). Another exception to this rule was the larger number of electrodes
in the 125-175 Hz range in Patient #4, who had only depth electrodes implanted). Table 1
lists the number of electrodes revealing significant increases in energy of ictal activity, as
compared to energy of preictal activity (T-test with FDR correction for multiple
comparisons), for frequency ranges 0-40 Hz, 75-115 Hz, and 125-175 Hz for each patient
diagnosed with focal epilepsy. Increases in energy of ictal activity were observed in all
electrodes identified by clinicians as sampling the seizure onset zone, in all frequency
ranges.

Using mixed effects logistic models, which takes into account the correlations within
patients, and treating the percentage of electrodes revealing ictal activity as a response, we
showed that significantly fewer electrodes demonstrated an increase in energy in the 70-115
Hz or 125-175 Hz range compared to the 0—40 Hz range. Estimated odds ratios are: 0.17 (p-
value < 0.0001) for 70-115 Hz vs. 0-40 Hz, and 0.23 (p-value < 0.0001) for 125-175 Hz vs.
0-40 Hz, which means that the estimated probability of observing an increase in energy of
0-40 Hz activity are about 5.8 times higher (1/0.17) than for 70-115 Hz, and about 4.4
(1/0.23) times higher than for 125-175 Hz.

3.2. Propagation of high and lower frequency ictal activity vs seizure onset zone

In focal epilepsy, by definition, ictal activity originates in the seizure onset zone, and
propagates from the source, spreading over a larger area. Effective connectivity revealed by
SdDTF was not always characterized by such a pattern of propagation for the lower
frequency component. The left panel of Figure 3 shows the evolution of seizures for Patient
#2, diagnosed with temporal lobe epilepsy. Arrows represent SADTF integrated over
frequency (0-25 Hz) and time (periods of 1 second). Prominent propagation was observed
mostly in the vicinity of the onset zone, not only from the sites (RPT2-RPT6) identified by
clinicians. This suggests that in some patients, lower frequency ictal activity may not be a
precise indicator of the seizure onset zone.

Whereas propagation of the lower frequency component of ictal activity may be nonspecific
in some cases, propagation of the high frequency component of ictal activity appeared to be
more indicative of the seizure onset zone. When electrode sites were selected on the basis of
increases in energy (MP) of the high frequency component of epileptic activity, and SADTF
was calculated for high frequency activity (70-115 Hz, right panel of Fig. 3), the
propagation of high frequency activity revealed the location of the ictal onset zone (RPT2-
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RPT6) as determined by epileptologists. The most prominent propagations were outgoing
from the onset zone. Propagations of high frequency activity incoming into the onset zone
were also present, but were weaker. Moreover, these outflows and inflows of high frequency
activity occurred continuously during the whole ictal epoch, as well as during the pre-ictal
epoch. A very similar pattern of ictal outflows and inflows was also obtained for the
frequency range 125-175 Hz.

Similarly, as a change in signal energy of high frequency ictal activity was a better indicator
of the seizure onset zone than a change in signal energy of lower frequency ictal activity, the
propagation of high frequency ictal activity appeared to be a better indicator of the seizure
onset zone than the propagation of lower frequency ictal activity (discussed further in and
illustrated in 3.5. - Figs. 8 and 9).

3.3. Ictal high frequency effective connectivity

Because of the observed persistence of high frequency inflows and outflows during the
whole ictal epoch and during preictal epochs, we averaged the magnitudes of the outflows
and inflows over ictal and preictal periods separately, yielding a measure of the overall
divergence (averaged outflows) and convergence (averaged inflows) of activity propagation.
Figure 4 illustrates the average inflows and average outflows observed in Patient #2 for two
high frequency ranges of 70-115 Hz and 125-175 Hz. The highest values of averaged
outflows and averaged inflows for both frequency bands and both periods have been
observed at RPT2, which was identified by epileptologists as the seizure onset zone. In all
other patients diagnosed with focal epilepsy (Fig. 4, 6, 7, 8, 10), we have also observed a
similar pattern of continuous high frequency inflows and outflows that preferentially
involved the ictal onset zone. Even for a patient with widely distributed ictal onset (Patient
#3, Fig. 5), persistent divergence/convergence was observed, however there was no obvious
dominance or stability in the sites with greatest outflows or inflows. The highest values of
averaged outflows and averaged inflows have been observed at site RBT3 (red arrows). In
this patient, a right temporal lobectomy included resection of RBT3, and the patient has
remained seizure-free for five years.

3.4. Interictal high frequency effective connectivity

Persistent inflows and outflows of high frequency activity were also observed during
interictal periods. For Patient #4 (Fig. 6), with depth electrodes, we found the same pattern
of prominent outflows and inflows involving the seizure onset zone (RA2-RA3), for
interictal epochs (inter-2; recorded at least 1 hour before and 1 hour after seizure onset), as
for ictal and preictal epochs.

Analyses of two types of interictal epochs (inter-2; recorded at least 1 hour before the first
seizure, and inter-1; recorded at least 24 hours before and 24 hours after a seizure) revealed
very high similarity in patterns of the average outgoing and incoming propagations for both
types of the interictal epochs, as well as for pre- and ictal epochs (Patient #5, Fig. 7). Sites
DPB6-DPB8 were identified as the ictal onset zone by epileptologists (GKB, MCC), and as
shown in Fig. 7, grid contacts LGD20, and LGD27-LGD28 were located immediately
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adjacent to the depth contacts DPB7-DPB8. This patient has remained seizure-free for 4
years following resection.

A similar consistency of average high frequency propagation across inter-, pre- and ictal
epochs, was also observed for Patient #1 (Fig. 8, 10).

3.5. Effective connectivity vs configuration of implanted electrodes

Patient #1 underwent intracranial monitoring twice (Figs. 2, 8, and 10) and provided a
unique opportunity to investigate the ictal onset zone with two different sets of implanted
electrodes. The two monitoring evaluations were 6 months apart. During the first admission,
the patient was implanted with grid and strip electrodes covering mostly left anterior brain
areas, with a single strip sampling the occipital region (LOS1-LOS8), ultimately identified
by the epilepsy team as sampling the region closest to the ictal onset zone (Fig. 8). During
the second admission, grid electrodes were implanted over left posterior regions, and depth
electrodes were implanted in a region of cortical dysplasia revealed by MRI (Fig. 2).

SdDTF analysis of propagation of high frequency activity recorded during the first
admission (Fig. 8) revealed a stable pattern of outflows and inflows involving LOS3 (left
occipital region) during all tested intervals; ictal, preictal, and interictal (inter-1 and inter-2).
This site was among the electrodes (LOS2-LOS6) identified by clinicians as the ictal onset
zone. Similarly, as described in 3.2., lower frequency activity (Fig. 9) was less specific in
this case and indicated more sites: LFPG12, LPTS3, LOS2, and LOS8. However, only one
of these (LOS2) was located within the ictal onset zone. LOS8 was in close proximity,
superficial to LOS2 and LOS3, but LPTS3 and LFPG12 were rather distant from the onset
zone (left prefrontal cortex).

Figure 10 shows the results of high frequency analysis for recordings from the second
admission of Patient #1. The site LPD3 indicated by SADTF analysis was located within the
LPD2-LPD5 region, identified as the ictal onset zone by clinicians. Lower frequency SADTF
analyses (Fig. 11) indicated sites LPD3 and neighboring LAD2, located posteriorly.

It is noteworthy that both high frequency analyses of the two intracranial monitoring
sessions of Patient #1 indicated electrodes closest to the ictal onset zone identified by
clinicians. For the first admission, SADTF indicated the site LOS3 (Fig. 8), which is the
closest electrode to the medial occipital lesion that was targeted during the recording
session. During the second admission, SADTF indicated the site LPD3 (Figs. 2 and 10),
which is within the region of cortical dysplasia identified as the seizure onset zone (Fig. 2).
Lower frequency analyses were not as consistent. The resection included the mesial occipital
lesion and the patient had a single seizure post-operatively after missing medication but has
had no additional seizures in the 3 years following surgery.

3.6. Effective connectivity in epilepsy with widely distributed ictal onset

Patient #6 had an infiltrating left temporal tumor with indistinct borders on MRI (Fig. 12).
Similar to Patient #3, who had seizures with widely distributed ictal onset, there was no
clear dominance or temporal stability in the sites with greatest outflows and/or inflows (Fig.
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12). However, the ictal onset zone identified by epileptologists was also widely distributed
(LFG33-LFG36 and LFG41-LFG43) (Fig. 12).

3.7. Quantitative representations of epileptic effective connectivity

Table 2 lists the recording sites identified as the ictal onset zone by epileptologists vs. those
identified by SADTF analysis of propagation of high frequency activity for each patient.

A quantitative summary of our results is illustrated in Fig. 13 and Fig. 14. For each electrode
site, the average magnitudes of inflows and outflows (depicted with purple and green colors
in Figs. 4, 6, 7, 8, 10), were summed and transformed into an interval value (0,1), where O
represents minimal value, and 1 represents maximal value. A mean value of the transformed
averaged flows (MTAF) and its standard error, calculated over both inflows and outflows,
over both high frequency bands (70-115 Hz and 125-175 Hz), and over interictal, preictal,
and ictal periods, for each patient, are shown in Figure 13. Large values of MTAF indicate
large flows, both from and to the recording site. Small values of standard error of MTAF
indicate low variability of this measure over inter-, pre-, and ictal epochs. In each patient
with focal epilepsy (Patients #1, #2, #4, #5), sites with MTAF values greater than 0.8 and of
low standard error were among the sites identified by clinicians to comprise the ictal onset
zone (Table 2). As mentioned in 3.4., in Patient #5 grid contacts LGD27-LGD28 and
LGD20 were located immediately adjacent to the depth contacts DPB7-DPB8. For LGD27
and LGD28 MTAF>0.8, and for LGD20 MTAF value was slightly lower than 0.8. For
patients with widely distributed ictal onset (Patients #3, #6), the values of MTAF were
smaller than 0.8.

Table 3 lists the number of electrodes within the seizure onset zone as identified by
epileptologists, and as indicated by MTAF values greater than the 0.8 threshold. Only for
Patient #5, for whom grid contacts LGD27-LGD28 were located immediately adjacent to the
depth contacts DPB7-DPBS, the two grid contacts (LGD27-LGD28) did not overlap with
the onset electrodes identified by epileptologists. For all other patients with focal ictal
onsets, the electrodes indicated by MTAF>0.8 sampled the seizure onset zone identified by
epileptologists.

We tested the detection of sites by MTAF>0.8, which were either overlapping or non-
overlapping with the sites identified by epileptologists. Since the detection based on
MTAF>0.8 was performed in the same patient, we treated the data as paired binary data with
the two outcomes defined as detection and non-detection. Thus, there were 4 possible
outcome combinations consisting of detection and non-detection of overlapping and non-
overlapping electrodes. The data in Table 3 indicate that for all five patients at least one
overlapping electrode was detected. However, only for 1 patient, the detection was seen in
the non-overlapping region. Using the two-sided Fisher's Exact Test for binary data, we
rejected the hypothesis that sites indicated by high frequency activity were non-overlapping
with sites identified by epileptologists as the ictal onset zone (p-value = 0.048).

It is worth noting that the distributions of MTAF values can be different (e.g. flatter, sharper,
bi-modal, etc.) for different patients (Fig. 13). Because of this, we chose sites with the
highest and least variable combined index of high frequency inflows and outflows
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(MTAF>0.8) to illustrate the results of our method in relation to the seizure onset zone
identified by clinicians. Although we thought these provisional criteria worked quite well,
MTAF provides a continuous measure that clinicians can use to estimate the relative
contribution of sites to ictogenesis and prioritize sites for resection. Such prioritization may
be particularly useful when sites in the seizure onset zone overlap or are near eloquent
cortex. Nevertheless, further study on a population of patients with resections limited to sites
chosen by our criteria, including postsurgical outcomes for these patients, would be needed
to determine whether these criteria are sufficient to ensure seizure freedom.

Figure 14 shows MTAF values calculated only for interictal periods (for patients for whom
interictal data were available, i.e. Patients #1, #4, #5, and #6). For patients with focal ictal
onsets, the results for interictal epochs were very similar to those obtained with all epochs,
including ictal epochs (Fig. 13). Interestingly, in Patient #5 the grid electrodes (LGD27-
LGD28, and LGD20) immediately adjacent to the depth contacts DPB7-DPBS, identified as
the onset zone, had MTAF>0.8 for interictal epoch inter-2 (Fig. 14), and had MTAF< 0.8 for
interictal epoch inter-1, however still higher than MTAF values for the other investigated
electrodes. While, the depth contacts DPB7-DPB8 identified as onset zone had MTAF>0.8
for both interictal epoch inter-land inter-2. Similarly, in Patient #1 (second admission) the
depth contacts LPD1 and LAD2 immediately adjacent to LPD3, identified as the ictal onset
zone (Fig. 2), had MTAF>0.8 for interictal epoch inter-2, and had MTAF< 0.8 for interictal
epoch inter-1. This would suggest stronger connectivity in these very local networks, as far
as an hour before the seizure onset. In Patient #6 with widely distributed ictal onset, MTAF
values calculated for interictal periods showed less consistency with MTAF values averaged
over interictal, preictal and ictal periods. For this patient, MTAF analysis for epoch inter-2
would suggest onset close to the site LFG47, and for epoch inter-1 would suggest onset
close to the site LFG37 (immediately adjacent to the resected LFG36). However, the
majority of inter-1 epochs were recorded before the first seizure, while majority of inter-2
epochs were later during admission, and our findings may have been influenced by changing
doses of antiepileptic medications during monitoring. LFG37 was found on electrocortical
stimulation mapping to be immediately adjacent to motor cortex and LFG47 was found to be
over language cortex, therefore these regions were not resected. The patient continued to
have simple partial seizures 1-2 times per day 2 months post-operatively.

In summary

- Increases in energy of the high frequency component (70-175 Hz) of ictal
activity were limited to the ictal onset zone and its vicinity, while increases in
energy of the lower frequency ictal activity (0-40 Hz) were often observed more
broadly (in some cases in all recorded sites). However, this observation did not
hold in patients #3 and #6, who had widely distributed ictal onsets.

- Propagation of high frequency activity (70-175 Hz) was consistent with the
location of the ictal onset zone as identified by clinicians, while prominent
propagation of lower frequency ictal activity (0-40 Hz) was also observed in the
vicinity of the ictal onset zone, but not in the onset zone alone.
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- Persistence of inflows and outflows (divergence/convergence) of high frequency
activity was a good indicator of the seizure onset zone.

- The divergent/convergent “architecture” of epileptogenic networks was also
observed during interictal periods.

- For one patient who was hospitalized twice with different configurations of
implanted electrodes, the divergence/convergence of high frequency activity
(70-175 Hz) indicated electrodes closest to the ictal onset zone during both
admissions.

- Seizures in patients with widely distributed ictal onset were not characterized by
a clear dominance or temporal stability in the sites with greatest divergence/
convergence (the ictal onset zone identified by epileptologists was also widely
distributed).

- In patients diagnosed with focal epilepsy, the highest mean value of the
transformed averaged flows (MTAF) - a measure of divergence/convergence -
indicated the same sites when applied to ictal and interictal recordings.

4. Discussion

4.1. High frequency connectivity among epileptogenic networks

In acquired epilepsies, structural or metabolic disturbances are believed to reorganize
neuronal circuitry in a manner that enhances synchronization (Engel Jr., 2012). The intrinsic
organization of local cortical circuits likely determines their excitability and
synchronization, and thus their unique predisposition to generate ictal activity, which may
also be mediated by broader networks. It has been recently reported that the activity of
epileptogenic networks, rather than a single focal source, contributes to the generation of the
ictal state (van Diessen et al., 2013), and that the network organization within the
epileptogenic zone carries higher “connection weights” than other parts of the cerebral
network (Nair et al., 2004). Several structural, molecular, and functional changes have been
found within epileptogenic neuronal networks. These include decreased afferent input,
sprouting of axon collaterals and formation of autapses, local alteration of inhibition,
increased density of NMDA or/and AMPA receptors, and changes in intrinsic neuronal
properties due to various acquired channelopathies (Dudek and Sutula, 2007; Engel Jr.,
2012; Yaari and Beck, 2002). These changes have the potential to increase neuronal
excitability among interconnected neuronal clusters, and to cause a chain reaction via
divergent excitatory connections, which forces surrounding neurons to also generate action
potentials (Traub and Wong, 1982), and may further contribute to altered network
synchronization (Jiruska and Bragin, 2011).

On the other hand, it has been shown that there is a sharp delineation between areas showing
intense hypersynchronous firing indicative of recruitment during seizures, and adjacent
territories, in which established ictal discharges may fail to invade, even though the synaptic
bombardment of these areas is extremely intense (Schevon et al., 2012). Therefore, it is
highly reasonable to investigate causal interactions, or effective connectivity, among the
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components of an epileptogenic network to identify nodal points responsible for the
transformation of local pathological activity into global patterns as seizures.

It has been demonstrated in humans, that high frequency activity (HFA) is generated locally
by clusters of spatially separated neurons diffusely distributed in the epileptic tissue (Jiruska
and Bragin, 2011). The high frequency activity is thought to reflect hypersynchronized
action potentials within small discrete neuronal clusters, facilitating synaptic transmission
through local networks (Bragin et al., 2010), or to reflect inhibitory field potentials, which
facilitate information transfer by synchronizing neuronal activity over long distances (Engel
et al., 2009). The high frequency activity is generated in local clusters of neurons that are
spatially stable over time. With reduced inhibitory influences, however, these clusters may
increase in size, coalesce, synchronize, and the activity may propagate (Engel Jr., 2012).
When the synchrony of discharges between pathologically interconnected neuronal clusters
reaches a certain level, it manifests as a seizure (Jiruska and Bragin, 2011).

There are increasing numbers of studies pointing to the importance of high frequency
activity - HFA (Jiruska and Bragin, 2011; Jiruska et al., 2010; Jouny et al., 2007b; Rodin et
al., 2009), or high frequency oscillations (HFOs) (Burns et al., 2012; Firpi et al., 2007;
Jacobs et al., 2008; Jacobs et al., 2010; Jirsch et al., 2006; Nariai et al., 2011a; Ochi et al.,
2007; Rampp and Stefan, 2006; Worrell et al., 2008; Worrell et al., 2004), for localizing the
seizure onset zone. Recent studies have reported increased postsurgical seizure-free
outcomes after resection of brain regions revealing ictal HFOs (Fujiwara et al., 2012; Jacobs
et al., 2012; Jacobs et al., 2010; Modur et al., 2011; Nariai et al., 2011b; Ochi et al., 2007;
Zijlmans et al., 2012). However, the frequency ranges of the reported HFOs vary between
studies (Bragin et al., 2010; Firpi et al., 2007; Jirsch et al., 2006; Rampp and Stefan, 2006;
Worrell et al., 2004; Zijimans et al., 2011). It has been observed that highly synchronized
high frequency activity (HFA) remains confined to the same, possibly epileptogenic, area
during interictal and ictal periods (Nariai et al., 2011b; Wilke et al., 2011; Zijlmans et al.,
2011). It has also been reported that repeated activation of interneurons can cause a
decrement in the inhibitory response and, therefore, enhanced excitability (Engel Jr., 2012),
and that the occurrence of high frequency activity over a long time period may cause a
modification of synaptic transmission and increase the chances of triggering seizures and
propagating epileptic activity (Jiruska and Bragin, 2011). Thus, ictogenesis may
fundamentally depend on altered or abnormal connectivity within the networks that
comprise the epileptogenic zone.

Altered functional connectivity has been reported in epilepsy patients in a variety of
frequency ranges. Some researchers have reported that epilepsy patients have a significantly
higher index of interictal functional connectivity in theta frequencies than do non-epilepsy
patients (Douw et al., 2010a), and this increased theta connectivity is related to the
cumulative number of seizures (Douw et al., 2010b). Other studies have shown rich alpha
band connectivity with a clear modular structure across interictal networks (Chavez et al.,
2010); increased local alpha and beta connectivity with reduced connectivity with distant
areas (Uhlhaas and Singer, 2006); and increased alpha, beta, and gamma interictal
interdependencies, with reinforced functional connectivity among networks of neuronal
assemblies constituting the epileptogenic zone (Bettus et al., 2008). Studies have also shown
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lower functional connectivity between seizure generating areas and other brain regions for
frequencies below 75 Hz, but not for high frequencies 75-500 Hz (Warren et al., 2010). Our
study finds increased divergence/convergence of high frequency (70-175 Hz) propagation
within the seizure onset zone identified by clinicians. On the other hand, divergence/
convergence of lower frequency (0-40 Hz) propagation may (Fig. 11 - for comparison Fig.
10), or may not (Fig. 9 - for comparison Fig. 8), overlap with the seizure onset zone in the
same patient (Patient #1), depending on the configuration of electrodes used (Fig. 11 -
second admission vs. Fig. 9 - first admission). Thus, measures of propagation at high
frequencies appear, in our study, to be more accurate in identifying the altered or abnormal
“architecture” of epileptogenic networks.

4.2. SADTF as a measure of high frequency ictal/interictal effective connectivity

It has been previously shown that the direction of ictal activity propagation is able to provide
information regarding localization of the epileptogenic zone, by the simultaneous analysis of
multiple EEG channels (Baccala et al., 2004; Franaszczuk and Bergey, 1998; Franaszczuk et
al., 1994; Ge et al., 2007; Jung et al., 2011; Lu et al., 2012; Medvedev and Willoughby,
1999; Mullen et al., 2011; van Mierlo et al., 2013; van Mierlo et al., 2011; Varotto et al.,
2012b; Wilke et al., 2008; Wilke et al., 2009a, 2010; Wilke et al., 2009b). It was also
recently shown that propagation of high frequency activity (>80 Hz) can be observed in the
preictal interval (3 sec before the clinically recognized ictal onset) (Adhikari et al., 2013).
However, no previous studies that we are aware of have investigated propagation of high
frequency ictal and interictal activity.

Using time-frequency energy analysis (MP) of ictal recordings, we confirmed that high
frequency energy (70-175 Hz) is significantly increased within the seizure onset zone,
compared to the preictal interval. Among these sites, we investigated the propagation of high
frequency activity using the short time direct directed function (SADTF).

In all patients analyzed for propagation of high frequency activity, SADTF analysis indicated
sites within the seizure onset zone determined by epileptologists (Table 2). From 10-21 sites
indicated by MP analysis as sites with the highest ictal increase of high frequency activity,
the SADTF analysis of high frequency propagations narrowed the “suspected” zones to one
or two recording loci. When depth and grid contacts were in close proximity (Patient #5,
Fig. 7), SOADTF analysis of high frequency activity narrowed the suspected zones to five of
the closely neighboring recordings sites. Thus, the effective connectivity of epileptogenic
networks measured by the propagation of high frequency activity appeared to yield more
specific information about the location of the seizure onset zone, than increases in energy of
high frequency activity alone.

In some patients SADTF indicated fewer sites than those identified by clinicians, potentially
identifying a more discrete ictal onset zone (Table 2). Other studies have also identified
more discrete loci for frequencies up to 80 Hz, using methods similar to SADTF, as
compared to clinical evaluation (Jung et al., 2011; Lu et al., 2012; Mullen et al., 2011; van
Mierlo et al., 2013; van Mierlo et al., 2011; Varotto et al., 2012a; Varotto et al., 2012b;
Wilke et al., 2009a, 2010). Ictal onset zones identified clinically may have been broader
when the initial patterns of seizure propagation were not evident from visual analysis but
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appeared to begin simultaneously at multiple sites. In our study, propagation of high
frequency epileptic activity appeared to be a good indicator of the seizure onset zone,
showing nodes of divergence/convergence within the area identified by clinicians, and even
limiting the number of “suspected” loci. In contrast, prominent propagation of lower
frequency ictal activity (0-40 Hz) was observed in the vicinity of the ictal onset zone, but
not in the onset zone alone. Thus, high frequency propagation measured by SADTF could
potentially be helpful in planning epilepsy surgery, particularly when the onset zone is
within or near eloquent cortex that would limit the extent of the planned surgical resection.

The mean value of the transformed averaged flows (MTAF) and its standard error,
introduced in this study, provides a useful measure of the overall intensity and stability of
the propagation of high frequency ictal and interictal activity for individual recording sites.
By providing a combined measure of the divergence and convergence of propagation
involving any given site, MTAF may help indicate nodes of epileptogenic networks.

Moreover, SADTF, which is derived from a multi-channel model of network interactions,
indicated sites within the seizure onset zone determined by epileptologists reviewing
electrographic changes in single channels (in conjunction with clinical seizure onset based
on video review and patient report). This supports the concept of an epileptogenic network
with higher connection weights among network nodes, rather than a single focal source (Frei
et al., 2010; Nair et al., 2004; van Diessen et al., 2013). This is in agreement with other
studies, which have shown that epileptic nodes may be indicated by network connectivity
measures (Morgan and Soltesz, 2008; Ortega et al., 2008; Wilke et al., 2011).

4.3. Interictal high frequency effective connectivity

During intracranial monitoring, patients may have a small number of seizures in spite of
medication withdrawal, and this limited sample may not fully represent their habitual
seizures or disclose the entirety of the epleptogenic zone. Furthermore, infrequent seizures
can prolong monitoring, increasing the risk of complications, particularly surgical infections.
In these circumstances, estimation of the epileptogenic zone from interictal recordings alone
could potentially have a profound clinical impact.

HFOs are reported to remain confined to the epileptogenic area during ictal, as well as
interictal periods (Brazdil et al., 2010; Jacobs et al., 2009; Monto et al., 2007; Zijlmans et
al., 2011; Zijlmans et al., 2009). Interictal high frequency oscillations (HFOs) are believed
to be markers that reflect the primary neuronal disturbance responsible for seizure
origination (Bragin et al., 2010), and to be more accurate markers of epileptogenicity than
spikes (Jacobs et al., 2010; Perucca et al., 2014). In this study, however, because we used
band-pass (70-175 Hz) filtered signals of randomly chosen interictal intervals, and we did
not limit them to, or exclude any specific patterns, e.g. spikes or sharp waves, the influence
of both HFOs and spikes could have been included in the measured propagation of high
frequency activity.

It has been observed that neuronal clusters among epileptogenic network may be
hypersynchronous (Engel Jr., 2012), and that interictal connectivity in epileptic patients is
different than in non-epileptic subjects (Bettus et al., 2008; Chavez et al., 2010; Douw et al.,
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2010a; Douw et al., 2010b; Uhlhaas and Singer, 2006; Warren et al., 2010). These findings
support the concept of epileptogenic networks (van Diessen et al., 2013), with higher
connection weights within the epileptogenic zone (Nair et al., 2004). Thus, ictogenesis may
fundamentally depend on altered or abnormal connectivity within the networks that
comprise the epileptogenic zone, and analyses of the interictal effective connectivity of
networks underlying the propagation of high frequency activity may provide a means for
detecting this abnormal connectivity.

Our analyses revealed that high frequency effective connectivity in epileptogenic networks
is very stable in terms of outflows from, and inflows into, the ictal onset zone during inter-,
pre-, ictal, and postictal intervals (Figs. 6, 7, 8, 10). For all patients in whom interictal
recordings were available, our SADTF analyses of interictal recordings indicated majority of
the same sites during ictal and preictal epochs. These results are in agreement with previous
studies employing adaptive directed transfer function (ADTF) to interictal spike recordings
(Wilke et al., 2009a). The persistence of large high frequency propagations from the onset
zone to all other analyzed sites, and from all other sites to the onset zone, during inter-, pre-,
ictal, and postictal epochs, suggests that the epileptogenic zone is the node of a stable
epileptogenic network. A similar concept of epileptogenic network nodes has been proposed
as the result of between-ness centrality analyses (Wilke et al., 2011), which have suggested
the importance of these nodes in the propagation of activity across a network.

4.4. High frequency connectivity in epilepsy with widely distributed ictal onset

Patterns of high frequency activity flow observed in patients with widely distributed ictal
onset, differed from patterns observed in patients diagnosed with focal epilepsy. The
variability of the mean value of the transformed averaged flows (MTAF) was relatively
large for all channels in these patients. In one patient (Patient #3), multiple sites were
identified by epileptologists as the ictal onset zone, however, the highest MTAF value, albeit
lower than 0.8, occurred at one electrode, suggesting it as a node for high frequency activity
propagation. The variance in this site was larger than for patients with focal ictal onsets. A
right anterior temporal lobectomy was performed (pathology - mesial temporal sclerosis),
including resection of the region containing the electrode, and the patient has remained
seizure-free for 5 years. In this instance, high frequency connectivity measures identified a
more discrete ictal onset zone compared to clinical evaluation of ECoG signals with good
surgical outcome when the area was resected.

One patient (Patient #6) with a very extensive infiltrating tumor, also had a very broad
seizure onset based on clinical interpretation. The pattern of high frequency activity
propagation also indicated an extensive ictal onset zone. The largest outflows and inflows of
high frequency activity were observed for sites within the ictal onset zone and the pattern of
MTAFs (Fig. 13) was clearly distinguishable from patterns obtained for patients with focal
ictal onsets. None of the values of MTAF were larger than the 0.8 threshold, suggesting that
none of the recording sites were a dominant node of the epileptogenic network, and
confirming the diagnostic impression that the seizure onset zone was widely distributed.
Interestingly, the pattern of MTAFs for interictal epochs in this patient was more similar to
MTAFs observed in patients with focal ictal onsets, suggesting a single site as the ictal onset
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zone. The patient underwent a left anterior temporal lesionectomy of an oligodendroglioma,
including regions identified by epileptologists as the ictal onset zone, however, sparing the
site suggested by the pattern of MTAFs for interictal epochs because it was found to be
positioned over eloquent cortex. The patient continued to have seizures post-operatively.

Overall, for all patients studied in this diverse group, the seizure onset zones indicated by
propagation of high frequency activity, during ictal, preictal and interictal periods, were
located within regions identified by epileptologists to be the ictal onset zones. For one
patient, in addition to sites within the epileptogenic zone identified by epileptologists,
SAdDTF analysis indicated three additional electrode sites in the immediate vicinity. These
sites also happened to be included in the patient’s surgical resection. This patient has
remained seizure-free 4 years post-operatively. In fact, all patients are currently seizure-free
post-operatively, excluding the patient with a large dominant temporal oligodendoglioma in
whom MTAF analysis indicated sites not ultimately resected because they were located over
eloguent cortex.

SdDTF analysis of interictal high frequency activity appears to reliably estimate the ictal
onset zone. This could have great clinical implications. Patients who would otherwise not
qualify for surgical intervention because too few seizures were captured during long-term
monitoring with intracranial electrodes, may be able to proceed with surgery based on
analyses of interictal intracranial recordings using these techniques.

Our study supports the concept of epileptogenic networks (van Diessen et al., 2013), and
higher connectivity within the epileptogenic zone (Nair et al., 2004). However, it is
unknown whether networks and network nodes responsible for seizure propagation are
similar to networks responsible for normal physiological functions. We have observed a
divergence of functional high frequency activity (70-115 Hz) during speech production
(Korzeniewska et al., 2011) as well as a convergence of high frequency activity immediately
preceding spoken responses (Korzeniewska et al., 2012a). Thus, the phenomena of
convergence and divergence are not exclusive to epileptic networks. However, in our studies
of speech production, we have not observed convergence and divergence occurring
simultaneously in the same node. This characteristic could potentially be unique to
epileptogenic networks, perhaps revealing positive feedback loops within the epileptogenic
zone and between it and surrounding regions. This could in turn reflect mechanisms
responsible for seizure generation and propagation, respectively. Studies in animals have
shown that seizures are characterized by bidirectional activity (Derchansky et al., 2006).
Further strengthening this hypothesis, is our observation of a specific divergent/convergent
“architecture” of epileptogenic networks during interictal periods as well, which is in
agreement with the observation of Horstmann et al. that epileptic networks differ in their
global characteristics from non-epileptic networks (Horstmann et al., 2010). This network
architecture of highly interconnected nodes, or neuronal positive feedback loops, may play a
leading role in generating and propagating ictal activity. Focal ictal onsets may be
manifestations of altered or abnormal connectivity within the networks that comprise the
epileptogenic zone. If true, targeted selective disruption or modulation of the network
components could be used for prevention or termination of seizures, without the need for
removing the entire network.
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5. Conclusions

SdDTF analysis of effective connectivity for high frequency activity (70-175 Hz) in ictal,
pre-ictal and interictal recordings may help estimate the epileptogenic zone during invasive
monitoring in patients with focal ictal onsets. The nodes of epileptogenic networks may be
identified by assessing the combined divergence and convergence of propagated high
frequency activity, and the relative importance of these nodes to ictogenesis may be
reflected by the intensity and stability of propagation. These nodes may potentially serve as
more reliable indices of the ictal onset zone than regions indicated solely by the high
frequency energy content of ictal activity, and perhaps more reliable than nodes for lower
frequency activity propagation. The nodes of high frequency activity flows appear to be
stable throughout interictal periods, potentially making it possible to predict the ictal onset
zone using interictal recordings alone. Automatic SADTF analysis could potentially assist
clinicians in the preoperative evaluation of patients undergoing epilepsy surgery, which
presently is based on visual inspection of as many as 128 channels. This could be especially
beneficial for patients who do not develop seizures during hospital admission. Moreover, the
ability of SHDTF analysis to reveal the most active nodes from the group of electrodes
identified by clinicians as a seizure onset zone may help in planning for epilepsy surgery in
patients for whom the seizure onset zone overlaps with or is immediately adjacent to brain
regions crucial for language and motor function. This could in turn help improve surgical
outcomes with respect to seizure control and avoidance of surgical complications. The
phenomenon of divergence/convergence observed in this study may also add to our
understanding of the “architecture” of epileptogenic networks, perhaps revealing neuronal
feedforward and feedback loops that enhance synchronization and contribute to seizure
generation and propagation.
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Fig. 1.

Cr?anges in energy, in the time-frequency domain, for lower (0-40 Hz, left panels), and high
frequency (70-120 Hz, right panels) components of ictal activity of several neighboring
recording sites in Patient #1. Each plot depicts ECoG signal energy calculated using a
matching pursuit (MP) algorithm of signal decomposition for lower frequencies 0—40 Hz
(left panel) and for high frequencies (70-120 Hz, right panel), with a red to blue color
spectrum where red is the maximum increase in energy and blue is no (zero) increase in
energy compared to the pre-ictal baseline interval. The horizontal axis of each plot shows
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the time scale in seconds (starting from seizure onset at time zero, as identified by
epileptologists); vertical axis - frequency scale in Hz.
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Fig. 2.
Reconstructions of the implanted electrodes in Patient #1, second admission (top left - left

posterior oblique view of strip and grid electrodes, top right - left interhemispheric view of
strip electrodes, bottom left - axial view of depth electrodes) and an axial T2-weighted MRI
depicting a left mesial occipital lesion identified on pre-operative MRI (bottom-right).
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70-115 Hz

Fig. 3.

In?egrals of SADTF for lower and high frequency ictal propagations for Patient #2. Red-
yellow arrows indicate the directions and intensities of the activity propagation. The width
and color of each arrow represent values of SADTF integrated over frequency and time. Two
black arrows indicate electrodes of the epileptogenic zone (RPT2-RPT6) identified by
epileptologists. Left panel - integrals of SADTF for low frequency (0-25 Hz) ictal
propagations calculated for consecutive seconds of ictal periods. Right panel - integrals of
SdDTF for high frequency (70-115 Hz) ictal propagations calculated for whole ictal period.
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Fig. 4.

Averages of SADTF for propagations between the site of ictal onset and all other recording
sites, for the two frequency ranges 70-115 Hz and 125-175 Hz, during ictal and preictal
periods in Patient #2. Each column shows average of SADTFs for propagations fromthe site
indicated at the left to all other recording sites (outflowing, green-black, left panel), and to
the site indicated at the left from all other recording sites (inflowing, purple-black, right
panel). The highest magnitudes indicate the largest outflows (the brightest green), or the
largest inflows (brightest purple). Electrodes of the epileptogenic zone (RPT2, RPT6)
identified by epileptologists, are marked with red exclamation marks. The color-scale is
normalized from minimum to maximum averaged value of SADTF, which allows for
comparisons of different frequency ranges, and inter-, pre-, and ictal periods.
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Fig. 5.
Averages of SADTF for propagations between the site of ictal onset and all other recording

sites, for two frequency ranges of 70-115 Hz and 125-175 Hz, during ictal and preictal
periods for Patient #3. Color conventions and organization of the figure are as in Fig. 4. The
right panel shows a right lateral and basal view of the brain with electrode positions
depicted.
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Fig. 6.

Averages of SADTF for propagations between the site of ictal onset and all other recording
sites, for two frequency ranges of 70-115 Hz and 125-175 Hz, during ictal, preictal, and
interictal periods for Patient #4. Organization of the figure is as in Fig. 4. The right panel
shows placement of depth electrodes by skull X-ray.
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Fig. 7.
Averages of SADTF for propagations between the site of ictal onset and all other recording

sites, for two frequency ranges of 70-115 Hz and 125-175 Hz, during ictal, preictal, and
interictal periods for Patient #5. Organization of the figure is as in Fig. 4. The right panel
depicts a superior oblique interhemispheric view of the left hemisphere showing electrode
positions.
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Fig. 8.
Averages of SADTF for propagations between the site of ictal onset and all other recording

sites, for two frequency ranges of 70-115 Hz and 125-175 Hz, during ictal, preictal, and
interictal periods for the 15t admission for Patient #1. Organization of the figure is as in Fig.
4. The bottom panel depicts a left lateral (left) and superior oblique interhemispheric (right)
view of the left hemisphere with electrode positions shown.
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Fig. 9.
Averages of SADTF for propagations between the site of ictal onset and all other recording

sites, for lower frequency 0-40 Hz, during ictal, preictal, and interictal periods for the 15t
admission for Patient #1. Organization of the figure is as in Fig. 4.
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Fig. 10.
Averages of SADTF for propagations between the site of ictal onset and all other recording

sites, for two frequency ranges of 70-115 Hz and 125-175 Hz, during ictal, preictal, and
interictal periods for 2"d admission of Patient #1. Organization of the figure is as in Fig. 4.
Electrode positions are depicted in Figure 2.
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Fig. 11.
Averages of SADTF for propagations between the site of ictal onset and all other recording

sites, for lower frequency 0-40 Hz, during ictal, preictal, and interictal periods for 2nd
admission of Patient #1. Organization of the figure is as in Fig. 4.
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Fig. 12.

Averages of SADTF for propagations between the site of ictal onset and all other recording
sites, for two frequency ranges of 70-115 Hz and 125-175 Hz, during ictal, preictal, and
interictal periods for Patient #6. Organization of the figure is as in Fig. 4. The center panel
(left) shows an inferior left oblique view of the left hemisphere with electrode positions and
(right) an axial T2 FLAIR MRI of the infiltrating left temporal lesion. The bottom panel
(left) is a coronal view of the depth electrode positions and interhemispheric view with
coronal cross sections through the planes traversing the paths of the depth electrodes.
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The mean value of the transformed averaged flows (MTAF) of high frequency activity
propagation from and into each recording site, calculated for ictal, preictal, and interictal
periods, for both ranges of high frequency, for each patient. Horizontal axis - recording sites,

vertical axis -

the degree of dominance.
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The mean value of the transformed averaged flows (MTAF) of high frequency activity
propagation from and into each recording site, calculated for interictal periods, for both
ranges of high frequency, in patients for whom the interictal intervals were available (not all

interictal segments were saved for review in all patients). Horizontal axis - recording sites,

vertical axis - the degree of dominance.
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Number of electrodes identified by epileptologists as the ictal onset zone, and indicated by MTAF > 0.8.

Table 3

Patient

Number of
electrodes within the
onset zone identified

by epileptologists

Number of electrodes
indicated by high frequency
propagation
overlapping with clinical

Number of electrodes
indicated by high frequency
propagation
non-overlapping with clinical diagnosis

diagnosis
Patient #1 (1%t admission) 5 1 0
Patient #1 (2" admission) 10 1 0
Patient #2 2 1 0
Patient #4 2 1 0
Patient #5 3 2 2

MP - matching pursuit

SdDTF - short-time direct directed transform function
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