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SUMMARY

Objective: In recent decades intracranial EEG (iEEG) recordings using increasing num-

bers of electrodes, higher sampling rates, and a variety of visual and quantitative analyses

have indicated the presence of widespread, high frequency ictal and preictal oscillations

(HFOs) associated with regions of seizure onset. Seizure freedom has been correlated

with removal of brain regions generating pathologic HFOs. However, quantitative analy-

sis of preictal HFOs has seldombeen applied to the clinical problemof planning the surgi-

cal resection. We performed Granger causality (GC) analysis of iEEG recordings to

analyze features of preictal seizure networks and to aid in surgical decisionmaking.

Methods: Ten retrospective and two prospective patients were chosen on the basis of

individually stereotyped seizure patterns by visual criteria. Prospective patients were

selected, additionally, for failure of those criteria to resolve apparent multilobar ictal

onsets. iEEG was recorded at 500 or 1,000 Hz, using up to 128 surface and depth elec-

trodes. Preictal and early ictal GC from individual electrodes was characterized by the

strength of causal outflow, spatial distribution, and hierarchical causal relationships.

Results: In all patients we found significant, widespread preictal GC network activity at

peak frequencies from 80 to 250 Hz, beginning 2–42 s before visible electrographic

onset. In the two prospective patients, GC source/sink comparisons supported the

exclusion of early ictal regions that were not the dominant causal sources, and contrib-

uted to planning of more limited surgical resections. Both patients have a class 1 out-

come at 1 year.

Significance: GC analysis of iEEG has the potential to increase understanding of preic-

tal network activity, and to help improve surgical outcomes in cases of otherwise

ambiguous iEEG onset.

KEY WORDS: High frequency oscillations, Network analysis, Seizure localization,

Epilepsy surgery.

Of 2.5 million people with epilepsy in the United States1

and at least 40 million worldwide,2 30–40% have seizures
that are refractory to medication,3,4 making them potential

candidates for epilepsy surgery.5 Up to 40% of patients who
undergo presurgical evaluation have seizures that are not
adequately localized by noninvasive testing.3 Yet a large
fraction of those who undergo intracranial EEG (iEEG) for
an apparently nonlesional focus never progress to surgical
resection,6 and surgery leads to long-term remission in only
around 40–60% of cases.6,7 There are no universally estab-
lished electrophysiologic criteria to identify the seizure-
onset zone.8 Larger numbers of electrodes implanted in
recent years have not necessarily produced greater clarity in
localization.9,10 Patients who have undergone extensive
invasive procedures may fail to receive curative surgery
because of the limited ability to resolve complex iEEG pat-
terns.
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Recent innovations in ictal analysis such as infra-slow
activity and high-frequency oscillations (HFOs) have
extended classic visual identification of the seizure-onset
zone,8,11–15 often using commercially available macro-
electrodes.16 Visually defined ictal HFOs have shown
promise in narrowing the boundaries of surgical resec-
tions.14 At present, terminology for the various fast activ-
ities is not entirely consistent, and all will be referred to
simply as ictal HFOs.8 A large number of mathematical
techniques including coherence,17 partial directed coher-
ence,18 time-frequency analysis,19,20 nonlinear dynam-
ics,21,22 and the directed transfer function23–25 have also
been proposed for analyzing the network characteristics
of ictal and interictal activity. However, few of these
methods have been applied to HFO activity, or to the
specific problem of resolving seizure onsets when iEEG
criteria are ambiguous. Methods based on autoregression
or coherence cannot provide unambiguous information
about direction and patterns of information spread.23

And, especially at high frequencies, both visual and
quantitative analysis may be biased by small differences
in electrode location relative to ictal networks, which
affect the relative amplitude and even the frequency of
recorded iEEG activity.

Granger causality (GC) is a statistical technique used to
determine whether one time series is useful in forecasting
another. If such prediction is successful, the first, predicting
time series, is said to be causal to the second. There have
been few prior reports of GC analysis applied to iEEG. In an
animal model of temporal lobe epilepsy, distinct patterns of
directional GC relationships were found within rat hippo-
campi bilaterally, prior to and during seizure onset.26 Fran-
aszczuk et al.19 applied the related directed transfer
function to mesial temporal seizures in three human
patients, and reported that it could accurately determine pat-
terns of seizure onset and propagation, including patterns of
flow that are not readily apparent from visual inspection.
These analyses appear to have involved conventional EEG
frequencies of 70 Hz and below. To our knowledge, GC
and related techniques have not been applied to the clinical
problem of identifying the seizure onset zone, at frequencies
including HFOs, in cases where inception appears to be
ambiguous or near-simultaneous in widely separated
regions of the brain.

We describe here our initial results in analyzing iEEG
seizure onsets using GC, and then in applying GC pro-
spectively to assist surgical decision making in two cases
following iEEG. Organized seizure-related activity
detected prior to any visible ictal discharge will be
described provisionally as “preictal.” Throughout this
article, we hypothesize that electrode sites that sample
relative causal sources are in fact driving electrode sites
that reflect relative causal sinks, and that the former are
more likely to represent crucial nodes of a widespread
ictal network.

Methods
Patient selection

GC analysis was performed retrospectively in 10 patients
and prospectively in 2. iEEG was recorded from adult
patients who had undergone electrode implantation using
combinations of depth electrodes, subdural strips, and grids.
Specific retrospective patients were chosen for analysis
from the epilepsy monitoring unit list when their electro-
graphic seizures appeared to have a stereotyped pattern of
onset and propagation. Visual criteria for ictal onset
included appearance at classic EEG frequencies, initial fre-
quency of the ictal discharge, background suppression, in-
fraslow DC shifts, and ictal HFOs. No attempt was made to
include every iEEG patient, or every seizure from every
patient, because of the intensive processing required. These
studies were approved by the Emory University School of
Medicine Institutional Review Board.

In the prospective portion of the study, patients were cho-
sen based on the condition of stereotyped but ambiguous
visual onset, that is, ictal iEEG activity was consistent
across multiple seizures, but visual criteria for iEEG seizure
onset were inadequate or contradictory. Additional informa-
tion was considered important for surgical decision making
when a single definitive site of resection could not be
selected on the basis of iEEG augmented by combinations
of clinical semiology, 3T anatomic magnetic resonance
imaging (MRI), positron emission tomography (PET),
single photon emission computed tomography (SPECT),
magnetoencephalography (MEG), neuropsychological
assessment, and/or functional MRI (fMRI) mapping.

iEEG recording
Patients in this study underwent implantation of depth

electrodes, subdural grids, and/or strip electrodes (Ad-Tech
Medical, Racine, WI, U.S.A.) in various combinations
according to the individual presurgical localization hypothe-
sis. Recordings were made with an XLTEK system (Natus
Medical, San Carlos, CA, U.S.A.) using up to 128 electrodes.
Initial oversampling and a hardware anti-aliasing filter were
followed by linear phase finite impulse response (FIR) filters
with an order of 30, set to just below the Nyquist frequency
for the final sampling rate of 500 or 1,000 Hz.

Granger causality analysis
Digitized iEEG time series data underwent spectral

analysis for power, coherence, and Granger causality spec-
tra.27 Power reflects the level of synchrony among the neu-
ronal systems within a recording electrode, coherence
reflects inter-recording synchrony, and Granger causality
reflects a causal influence from one recording to another.
We computed GC spectra and net causal outflow spectra in
sliding time windows of length 0.5 s, which included 250
time points for the data recorded at 500 Hz and 500 time-
points for the data recorded at 1,000 Hz. We chose the
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sliding window size from various window sizes between 0.2
and 1 s based on the optimal trade-off between spectral res-
olution and smoothing. The GC and power spectra had a fre-
quency resolution of 1 Hz, and we focused on the activity in
the frequency range from 50 Hz to the Nyquist frequency
(half of the sampling rates, 500 Hz or 1,000 Hz). We used
Geweke formulation of spectral causality,28 applying para-
metric and nonparametric estimation approaches.27,29 The
difficulty of finding an optimal model order in the paramet-
ric approach was circumvented by comparing power spectra
from the nonparametric and parametric approaches at dif-
ferent model orders and choosing the model order yielding
the lowest power difference. Time-varying power was com-
puted by using complex-Morlet prototype-based continuous
wavelet transforms.27,29 GC spectra and net causal outflow
spectra were computed in sliding time windows of length
0.5 s, which included 250 time points for the data recorded
at 500 Hz and 500 time points for the data recorded at
1,000 Hz. The frequency resolution in all of these calcula-
tions was 1 Hz. The multichannel time series data ranged
in length from 6 s to 60 s. Net outflows were calculated by
the difference between total outflow to all electrodes from
a given electrode and total inflow to the given node from
all others. The net outflows were further integrated over
the entire frequency range to find the time domain net out-
flow. We further integrated causal outflow over time range
and sorted out channel-by-channel outflows according to
the order of descending values, which allowed us to iden-
tify the first several channels in the descending order as the
strongest causal sources. These strongest sources were then
used in more limited hierarchical comparisons. Visual and
GC localization of iEEG seizure onset were considered
consistent if the leading visual electrodes and strongest
sources were identical or lay within the resection margins.

Some of the findings in our first eight retrospective cases
have been described in our previous technical report.30 In
the very earliest patients, GC samples lasting several sec-
onds were taken from 2 to 10 channels that included the ini-
tial visual iEEG onset. Subsequent analysis included the
entire recorded set of 40–128 electrodes, and sample dura-
tion was extended up to 60 s to capture earlier development
of significant GC outflow. For eight retrospective patients,
additional 30 s interictal samples were also taken at times
separated by at least 1 h from known electrographic sei-
zures, to evaluate the possible presence of significant GC in-
terictally. The interictal samples were selected to be free, as
much as possible, from artifacts and sustained interictal dis-
charges. Channels with unavoidable artifacts were deleted.
Depending on the available data, the first three preictal sec-
onds or the entire interictal sample were used to compute
time windowed GC spectra and standard deviations of GC
spectra channel by channel. The choice of three standard
deviations for defining the onset of significant causality was
based on a general three-sigma rule of statistics that 99.73%
of the values (equivalent significance p < 0.01) in normal

or approximately normal distribution lie within three stan-
dard deviations of the mean. The Wilcoxon rank-sum test
was performed on maximum GC values from the interictal
and immediately preictal sample intervals, to compute the
possibility that the occurrence of GC outflow in the preictal
timespan was a random event.

Illustrating the extensive spatial relationships among GC
sources and visible iEEG is challenging, so their complexity
will be unfolded gradually in successive figures.

Results
Findings in retrospective cases

Figure 1 illustrates an early result from our retrospective
series. Visual analysis including conventional EEG frequen-
cies, sustained HFOs, and DC shifts (not shown) indicated
that the first recognizable ictal activity occurred at 90 Hz in
a strip electrode placed over the parahippocampal gyrus,
followed approximately 200 msec later by 65 Hz activity in
an anterior hippocampal depth electrode. By multiple visual
criteria including iEEG onset time, frequency,31,32 and
amplitude, the parahippocampal strip electrode was thought
to reflect the earliest ictal discharge, and thus to best indi-
cate the ictal-onset zone. However, GC analysis confined to
those two electrodes demonstrated that the anterior tempo-
ral depth electrode was easily the more powerful causal
source. In addition, strong GC source activity was present in
the anterior hippocampus during the first half-second of the
iEEG sample, at a time when no ictal activity could be rec-
ognized by eye. This provocative result encouraged us to
pursue further case studies and to perform more comprehen-
sive GC analyses.

Figure 2 represents a more extensive recording from the
retrospective series, but includes, for the sake of clarity,
only a subset of all implanted intracranial electrodes. Signif-
icant net GC outflow appeared in discontinuous bursts
beginning 32 s before visible iEEG seizure onset. The fig-
ure shows a later brief GC burst 5 s prior to that onset. The
latter is characterized by DC shifts and classic ictal dis-
charges in left temporal depth and mesial temporal strip
electrodes. The GC causal network appears more wide-
spread than the earliest ictal EEG activity, extending to por-
tions of a left temporal grid (upper 11 channels). GC
outflow and ictal activity do not appear fully congruous.

Nine of the 10 retrospective patients underwent surgery,
as summarized in Table 1. For patient 2, both visual analy-
sis and preictal GC indicated right temporal origin, but the
strongest GC sources were in the superior temporal gyrus,
which was spared from the resection; she relapsed briefly at
8 months. Patient 7 underwent unsuccessful stereotactic
laser amygdalohippocampectomy, had a more complete
anterior temporal lobectomy 3 months later, and has been in
remission since. Perhaps most interesting was patient 3
(Fig. 3), who underwent left central multiple subpial tran-
sections at the electrode locations circled in the figure, but
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had no clinical improvement until major medication
changes 1 year later. Retrospective GC analysis in this
patient showed preictal and early ictal GC outflow most
prominently in the superior parietal area, rather than the left
central region identified by visual criteria.

Significant GC activity was found before visible iEEG
seizure onset in all 12 retrospective and prospective
patients, at frequencies from 80 Hz up to the Nyquist limit
of 250 Hz. GC onset was found 2–10 s prior to iEEG
onset in the first eight retrospective patients.30 With the
recognition that increased GC can occur in intermittent
bursts, and with the collection of longer samples, signifi-
cant GC activity has subsequently been recorded up to
42 s before iEEG seizure onset. In two patients, signifi-
cant GC preceded the appearance of herald spikes, which
have often been considered to indicate iEEG seizure onset.

In general, recording sites associated with prominent GC
outflow were more widely distributed than those that were
visibly involved at iEEG onset (Fig. 2), and tended to be
consistent throughout the preictal interval (Fig. 3), but
often were not completely congruous with the electrodes
initiating visible ictal activity. Traditional visual evalua-
tion failed to reveal this high frequency activity using any
combination of gain, filter settings, and time scales.33 Sig-
nificant GC was not found in any of the remote interictal
samples. The Wilcoxon test on interictal versus immedi-
ately preictal GC gave a z-statistic of 3.95 with
p = 0.00008, thus rejecting the null hypothesis that the
increased GC outflow in the immediately preictal time-
span was a random event.

Using wavelet analysis, preictal HFOs associated with
GC were low in amplitude, generally not exceeding 10 lV.

A

B C

Figure 1.

(A) One-second intracranial EEG sample containing a combination of depth and strip electrodes, recording ictal onset activity from the

left temporal lobe. HF = 240, LF = 40, nominal sensitivity = 20 lV/mm, sampling rate = 500 Hz. dAH1–7 are anterior hippocampal

depth electrodes; sPH1–5 are strip electrodes overlying the parahippocampal gyrus. (Every other electrode is labeled for clarity.) Sus-

tained ictal activity is seen earlier, at higher amplitude, and at higher frequency (90 Hz) in the fifth parahippocampal strip electrode (lower

red arrow). Sustained ictal activity at 65 Hz appears later in the first hippocampal depth electrode (upper red arrow). (B) Granger causal-

ity (GC) analysis involving only those two electrodes shows that during the time interval 0–0.5 s, dAH1 is a strong causal source driving

sPH5 at peak frequencies around 175 Hz, whereas sPH5 has very little causality in regard to dAH1. During this time no ictal activity can

be recognized in the depth electrodes. Similar strong causality in the same direction is present at similar frequencies in the second half sec-

ond, when ictal high frequency oscillations below 100 Hz dominate the visual record.

Epilepsia ILAE
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However, as noted by others34,35 and shown in Figure S1,
preictal HFOs could be identified across a broad spectrum
of frequencies. Bursts of increased spectral power generally
correspond with epochs of increased GC flow between mul-
tiple electrodes. Additional quantitative methods, graphics,
and results described more thoroughly in the companion
paper include wavelet power, coherence, total interdepen-
dence, and spectral and temporal Granger causality.30

Prospective cases
Prospective case 1 was a 32-year-old left-handed man

with medically refractory focal seizures and secondary
generalization of 3 years duration. MRI showed right

hippocampal sclerosis plus Dandy-Walker malformation,
hypoplastic cerebellum, and numerous areas of heterotopic
gray matter that were particularly prominent in the right
posterior occipital and parietal regions. iEEG recorded eight
clinically and electrographically stereotyped seizures with
earliest visible iEEG onset in the form of fast narrow spikes
and beta activity from a single right occipital grid electrode,
ROg61, which was otherwise remote from later-appearing
ictal discharges in the temporal lobe (Fig. 4A). In this case,
we used GC to test a simple binary hypothesis concerning
electrode ROg61: that it was either a causal source or sink in
relation to the temporal lobe electrodes (Fig. 4B–C). The
GC result (Fig. 4D) indicated that ROg61 was in fact a cau-
sal sink despite its earlier visual iEEG onset. Based in part
on this result, we chose to ignore the early discharge in
ROg61 (along with the extensive anatomic abnormalities in
the right parietal and occipital lobes) and perform a standard
right temporal lobectomy. The patient remains seizure-free
and back at work 1 year later.

Prospective case 2 was a 35-year-old left-handed man
with focal seizures and rare generalization following
reported Haemophilus influenzae meningitis in infancy. 3T
anatomic MRI showed atrophy of the right mammillary
body and fornix, with no hippocampal abnormality. PET
scan showed bilaterally symmetric hypometabolism in the
mesial temporal lobes. Scalp video-EEG suggested onset
predominantly from the right parietal-temporooccipital
region, with widespread interictal epileptiform discharges
in the right hemisphere. iEEG recording was made from
multiple strip, grid, and amygdalohippocampal depth elec-
trodes. Figure 5 shows a subset of all implanted intracranial
electrodes, combining many of those suspected to represent
ictal onset, together with preictal GC activity. Based on
visual criteria, stereotyped electrographic seizures were
thought to possibly begin in the top 10 strip electrodes,
which extended suboccipitally. GC analysis of all iEEG
electrodes showed that preictal GC network activity was
widespread across the right temporal, occipital, and parietal

Figure 2.

GC outflow sources from 50 to 250 Hz (color scale) overlaid on a

subset of iEEG channels before and during visible ictal onset. Signifi-

cant GC onset began 32 s prior to visible iEEG onset. Clinical

onset began 30 s after visible iEEG onset. HF = 100, LF = 0.3,

nominal sensitivity = 100 lV/mm, GC outflow scale on the right.

LTG, portion of a left temporal grid, LMTs, left midtemporal strip,

LAH, left anterior hippocampal depths, LMH, left midhippocampal

depths. Arrow: onset of significant net GC outflow. Purple outline:

ictal onset. GC distribution suggests both preictal and ictal high fre-

quency network activity. Note that both before and after iEEG sei-

zure onset, GC outflow is more widespread than the initial visible

ictal discharge.

Epilepsia ILAE

Table 1. Surgical outcomes in retrospective patientsa

Patient Surgery Initial response Current status Consistent GC and visual EEG

1 Anterior temporal lobectomy SF 3 years Same Yes

2 Anterior temporal lobectomy Improved SF 3 yearsb Partial

3 Multiple subpial transection centrally No benefit SF 2.5 yearsb No

4 Selective amygdalohippocampectomy SF 2 years Same Yes

5 Anterior temporal lobectomy Improved Improved 3 years Yes

6 Selective amygdalohippocampectomy SF 2 years Same Yes

7 Stereotactic laser ablation of hippocampus No benefit SF 2 yearsc Yes

8 Anterior temporal lobectomy Improved SF 2 yearsb Yes

9 Anterior temporal lobectomy SF 1 years Unknownd Yes

SF, seizure-free.
aOne retrospective patient declined surgery.
bSeizure-free following medication change.
cSeizure-free following subsequent conventional anterior temporal lobectomy.
dLost to follow-up after 1 year.
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lobes, first becoming significant 22 s before possible herald
spikes and visible iEEG onset (Fig. 6A). A comprehensive,
high-resolution display of simultaneous wavelet frequen-
cies, 120-channel iEEG, 120-channel GC, and net causal
outflow is shown in Figure S1.

This initial GC analysis did not, however, resolve the
strongest network sources to a single lobe. We therefore per-
formed a second, hierarchical comparison limited to the
most prominent sources at the time GC became significant
(Fig. 6B). This second comparison indicated that the
strongest causal source was a depth electrode in the amyg-
dala, followed by anterior hippocampal depth electrodes. In
comparison, the suboccipital neocortical electrodes were
relative GC sinks. This patient also underwent a standard
right anterior temporal lobectomy, including the amygdala,
hippocampus, and neocortex below the first right temporal
grid electrode. He had a single atypical postoperative sei-
zure without loss of consciousness at 24 h, and has returned
to full employment. In the first 6 months since surgery he
reported occasional brief auras without alteration in behav-
ior or consciousness, which have gradually been diminish-
ing. He remains seizure-free at 1 year.

Discussion
High-frequency GC analysis suggests the presence of

preictal network activity that may begin earlier and cover a
more extensive area than has previously been described. At
the same time, it provides a new method for exploring that
network and categorizing its components. The evolution of
multichannel HFOs, some appearing prior to visual electro-
graphic onset, has been reported previously in conjunction
with techniques for quantifying and displaying their spatial

distribution.13,34,35 The further addition of GC, as proposed
here, provides a potential tool for determining which of
many active preictal regions comprise the strongest causal
sources and thereby, perhaps, the most essential nodes of a
widespread preictal network. To our knowledge, this and
our previous publication30 represent the first extensive
descriptions of GC analysis applied to iEEG at HFO fre-
quencies, and the first report of its use to assist in surgical
planning.

For our prospective cases, Engel outcome classification
is 1A and 1B36 after 1 year. In these cases, GC analysis
helped us to exclude from resection network locations that
were visibly prominent earlier than, or simultaneous with,
the eventual site of surgery. We emphasize that GC was
not used simply to refine the margins of a contiguous
resection—which in practice is often determined by ana-
tomic and functional boundaries rather than by the extent
of epileptiform activity. Instead, GC assisted in choosing
between possible surgical sites that were widely separated
across two or more lobes, and that otherwise might have
led to separate resections, uncertainty about which site to
approach first, or possibly deferring beneficial surgery
altogether.

Our retrospective results are at least compatible with the
possible utility of high-frequency GC in surgical planning.
It’s noteworthy that the patient whose GC and visual locali-
zation were completely inconsistent (Fig. 3) was one of the
two not to benefit from the initial operation. However, the
information to be gleaned from such randomly selected
cases is likely to be limited. In the future we plan to confine
retrospective analysis to better-defined populations.

We are aware of a potential irony in the prospective
cases. With a far smaller number of iEEG electrodes, the

Figure 3.

Selected channels from retrospective patient 3, with GC causal outflow sources overlaid on iEEG and the inset showing the location of

the electrodes. The upper block of channels represents a 10-contact grid overlying the superior parietal lobe (yellow on inset). The lower

block represents part of a 64-contact central grid overlying the left frontal-parietosuperior temporal regions (blue on inset). The electro-

graphic seizure begins with an electrodecrement and low-voltage fast activity in the central grid. Electrodes identified with visual iEEG sei-

zure onset are circled in red. Earliest significant net GC outflow: black arrow. Visual iEEG seizure onset: red arrow. Clinical seizure onset:

green arrow. HF = 100 Hz, LF = 1 Hz, nominal sensitivity = 100 lV/mm, GC outflow scale on the right.

Epilepsia ILAE
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first visible ictal activity might have been recorded less
ambiguously in the right temporal lobe prior to clinical
onset, leading to the same standard resections and the
same clinical outcomes. It might be argued that our
sophisticated mathematics served merely to offset the
increased complexity introduced by scores of additional
electrodes. However, both anatomic and neurophysiologic
findings suggested possible seizure onset outside the tem-
poral lobe. We suspect than in either case, few if any
modern epilepsy centers would have been content to sam-
ple iEEG only in the temporal region. Although seizure
freedom during the first 6 months after surgery is a strong
prognostic indicator,30,37–40 at present it is impossible to
be certain whether the early favorable outcomes in these
patients represent successful removal of the seizure-onset
zone or simply interruption of major propagation path-
ways.

For the prospective cases, we used GC analysis in two dif-
ferent forms of hypothesis testing. With the first we per-
formed a relatively simple source-sink comparison among a
limited number of widely separated iEEG channels, which
represented the earliest visual onsets in the occipital and
temporal lobes. In similar situations, where visual criteria
reduce the likely location of the seizure-onset zone to only a
few electrodes, a limited GC analysis may increase confi-
dence in the choice to ignore or include an atypical site dur-
ing surgical planning. This type of comparison can be
carried out with modest computational resources, provided
the data have been sampled at 500 Hz or more and not
tightly filtered prior to analysis. In contrast, the second pro-
spective case required an extensive, two-stage GC compari-
son to identify the most prominent source among multiple
channels that appeared to show multilobar onset on both GC
and visual EEG evaluation. However, the small population

Figure 4.

Visible iEEG onset in the first prospective patient, beginning 11 s after significant GC outflow. Clinical onset began 37 s after visible iEEG

onset. HF = 240, LF = 1, nominal sensitivity = 100 lV/mm. ROg, portions of a right occipital grid, RPHs, right parahippocampal strip,

RAsT, right anterior subtemporal strip, RMsT, right midtemporal strip. (A) The earliest visually apparent discharge consists of fast activity

and narrow spikes at right occipital grid electrode ROg61, preceding ictal activity in the right temporal lobe. (B) Electrodecrement in

parahippocampal and anterior-mesial temporal strips. (C) High frequency oscillations progressing to ictal beta in anterior and midtem-

poral strip electrodes RAsT1 and RMsT1. (D) GC comparison limited to the electrodes that appear most involved in the initial ictal dis-

charge, showing ROg61 and the four strongest sources in the iEEG sample. Despite being visible earliest and at high frequency, ROg61 is a

causal sink over the selected time interval, whereas the strongest causal sources are the fifth, rather than the first, anterior and midtem-

poral strip electrodes. This finding was interpreted as evidence against ROg61 representing the ictal-onset zone or the most essential

node in seizure propagation.
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of surgical cases is one of the major limitations of this study,
especially in terms of improving surgical outcomes.

One technical limitation of this study is that all but the last
patient were recorded at a sampling rate of 500 Hz, restrict-
ing analysis to a range below 250 Hz. This was due both to

data storage limitations and to the even longer GC process-
ing time that is required with higher sampling rates. How-
ever, seizures recorded separately at both 500 Hz and
1,000 Hz in the last patient produced GC results that were
essentially identical, both in direct comparison and after

A

B

Figure 6.

(A) GC outflow sources for all sampled electrodes in the same patient as Figure 5, extending from 30 s prior to visible ictal onset to 4 s

after. The section outlined in white at the lower right of the graph corresponds to the data selected for Figure 5. Additional electrodes:

RAsT, right anterior temporal strip; RMsT, right midtemporal strip; RPg, right parietal grid; RTg, right temporal grid; RPsT; right posterior

temporal strip. (B) Pairwise GC outflow comparison limited to the six most prominent GC source electrodes, computed prior to ictal

onset. The first amygdalar depth electrode is the dominant source, with the second amygdalar depth electrode next. RSOs1 and RMOs1,

two sites of apparent visible early onset, are relative sinks. RTg1, a weaker relative source, was within the area of the subsequent anterior

temporal resection.

Epilepsia ILAE

Figure 5.

GC outflow sources (color scale) overlaid on selected channels of iEEG for 12 s before and during visible ictal onset in the second

prospective patient. Display parameters as in Figure 4. RSOs is a right suboccipital strip; RMOs is a midoccipital strip; RIOs1 is the most

ventral electrode of an inferior occipital strip; RAd and RAHd are amygdalar and anterior hippocampal depths, respectively. A short

train of spikes (A), more widespread than is visible in these selected channels, is followed 1-s later by a widespread polymorphic ictal

discharge (B).
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downsampling of the seizure recorded at 1,000 Hz. As
shown in Figure S1, peak frequencies of GC activity and
associated wavelet power did not exceed 250 Hz. In their
quantitative study of multiband ictal HFO activity, Ochi
et al.35 used a sampling rate of 1,000 Hz but also reported
finding peak HFO frequencies no higher than 250 Hz. Fur-
ther studies with wider bandwidth should help to character-
ize the optimum frequency range more precisely, and to
investigate the relationships among the neuronal activities
underlying our GC findings and the ictal/preictal HFOs pre-
viously characterized by visual and classic quantitative
techniques.

The greatest impediment to GC analysis is the enor-
mous number of calculations needed to evaluate causal
relationships among large numbers of channels at high
sampling rates. With a dedicated computer requiring
roughly 1 h of processing for every second of data, it is
challenging to complete a single ictal analysis prior to
explantation of iEEG electrodes, much less evaluate the
many days of interictal recording that are commonly per-
formed on iEEG patients. The use of networked comput-
ers and steady improvements in computer speed should
eventually help to alleviate this bottleneck as well. (If
Moore’s law continues to apply, 1 day of computer time
today may be as little as 2 h in 5 years, and 15 min in a
decade.) At present, our application of GC to surgical
planning remains restricted to highly specific circum-
stances, in which (1) multiple recorded seizures are highly
stereotyped on visual iEEG examination, and (2) diffuse
ictal onset appears to involve multiple discontinuous sites
across two or more lobes of the involved hemisphere, pre-
venting contiguous resection. In practice, however, many
days of computer time are likely to be less expensive than
the hours of skilled human effort often required to classify
HFOs visually, and are less dependent on human judg-
ment.

Localizing targets for surgery in refractory epilepsy
remains a complex and imperfect process, for which math-
ematical analysis of iEEG is unlikely to represent a pana-
cea. At the most fundamental level, no form of data
processing can identify or delineate an epileptogenic
region where no electrode is present, or resolve all cases of
apparent diffuse iEEG onset. However, GC is much less
dependent than many other techniques on relative signal
amplitude, places no restrictions on types of electrodes,
and has no esoteric requirements beyond sufficient sam-
pling rates and offline processing power. If the present
results are corroborated, GC may become a useful addition
to the multiplicity of techniques that contribute to
increased efficacy and decreased morbidity in the surgical
treatment of epilepsy.
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Supporting Information
Additional Supporting Information may be found in the

online version of this article:
Figure S1. Simultaneous high-resolution display of chan-

nel-averaged wavelet power, conventional visual iEEG,
channelwise GC outflow, and net causal outflow in prospec-
tive case 2.
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