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Treatment of patients with drug-resistant focal epilepsy relies upon accurate seizure localization. Ictal activity cap-
tured by intracranial EEG has traditionally been interpreted to suggest that the underlying cortex is actively
involved in seizures. Here, we hypothesize that such activity instead reflects propagated activity from a relatively
focal seizure source, even during later time points when ictal activity is more widespread. We used the time differ-
ences observed between ictal discharges in adjacent electrodes to estimate the location of the hypothesized focal
source and demonstrated that the seizure source, localized in this manner, closely matches the clinically and neu-
rophysiologically determined brain region giving rise to seizures. Moreover, we determined this focal source to be
a dynamic entity that moves and evolves over the time course of a seizure. Our results offer an interpretation of
ictal activity observed by intracranial EEG that challenges the traditional conceptualization of the seizure source.

1 Surgical Neurology Branch, NINDS, National Institutes of Health, Bethesda, MD 20892, USA
2 J.P. Morgan AI Research, Corporate and Investment Bank, JP Morgan Chase & Co., New York, NY 10017, USA
3 Clinical Epilepsy Section, NINDS, National Institutes of Health, Bethesda, MD 20892, USA

Correspondence to: Kareem A. Zaghloul
Surgical Neurology Branch
NINDS, National Institutes of Health Building 10, Room 3D20, 10 Center Drive Bethesda, MD
20892-1414, USA
E-mail: kareem.zaghloul@nih.gov

Correspondence may also be addressed to: Sara K. Inati
Office of the Clinical Director
NINDS, National Institutes of Health, Building 10, Room 7-5680, 10 Center Drive Bethesda, MD
20892-1445, USA
E-mail: sara.inati@nih.gov

Keywords: epilepsy; seizure; localization; computation; iEEG

Abbreviations: EI = epileptogenicity index; iEEG = intracranial EEG

Introduction
Surgical treatment of patients with drug-resistant focal epilepsy
relies upon accurate localization of the brain region that gives rise
to seizures. For decades, the clinical gold standard for localizing
this region has been the identification of the seizure onset zone
using intracranial electroencephalography (iEEG) recordings. The

seizure onset zone is traditionally identified by visual inspection
of the earliest changes in iEEG traces or by identification of focal
high-frequency activity at seizure onset.1–7 This has guided treat-
ment for each individual patient and shaped our understanding of
the spatial and temporal evolution of focal seizures in humans.

While a number of iEEG patterns of activity have been
described at seizure onset, including the classic finding of low
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voltage fast activity, as the seizure progresses, ictal activity
frequently evolves to consist of more spatially distributed low-
frequency large-amplitude rhythmic fluctuations.2–4,8,9 Brain
regions demonstrating these low frequency rhythms have trad-
itionally been assumed also to be actively seizing.10–12 Recent
evidence, however, has questioned this interpretation. Neuronal
firing is typically expected to increase and become intensely
hypersynchronous during a seizure. This has not consistently
been observed in brain regions involved in these rhythms.9,13–18 An
alternate interpretation suggests that this activity may instead re-
flect propagated barrages of pathologic activity emitted from a
relatively focal seizure source.9,17,19–22 This activity may rapidly
propagate over white matter pathways, or it may spread across
the cortical sheet in the form of travelling waves.9,14,17,19–24 Such
pathological travelling waves may not require synaptic transmis-
sion25 and may lead to widespread abnormal iEEG activity as well
as disruption of normal cortical function and clinical symptoms.

The possibility that areas of active seizure are confined to a
relatively focal region is supported by recent studies of human epi-
lepsy examining phase-locked high gamma activity.26,27 This pat-
tern of iEEG activity is highly correlated with regions that are
actively seizing on microelectrode recordings, appears to remain
more focal than observed ictal rhythmic patterns and spreads
slowly over spatial scales at a rate similar to that of the ictal wave-
front9,14 and to the progression of clinical symptoms observed dur-
ing the Jacksonian march. In fact, although the presence of a focal
seizure source is a fundamental principle underlying the success
of resective surgery for epilepsy, the use of intracranial recordings
to identify seizure foci may rest implicitly on the assumption that
seizures demonstrate some degree of local spread prior to wide-
spread propagation. Clinical iEEG implantations are planned rigor-
ously using non-invasive testing and semiology to target specific
brain regions. However, it is likely that a typical implantation only
records from a small percentage of the brain’s surface area. Prior
research has suggested that the spatial radius of the LFP is about
200 lm,28 compared to a typical neocortical surface area of about
2400 cm2.29 Therefore, even given optimal planning prior to im-
plantation, and correct pre-implantation hypotheses, the electro-
des are likely to record locally propagated rather than direct ictal
activity, particularly early in the seizure.

Here, in a group of participants with focal epilepsy, we
observed that rhythmic activity occurring during the evolution of
seizures appears in different electrode contacts with different time
delays. These observations are consistent with the presence of
travelling waves of activity emitted from a relatively focal source,
which then propagate over the cortical sheet. We therefore created
a simple model that can account for these observations and per-
formed source localization using techniques that have been estab-
lished in fields such as acoustics, radar and geophysics.30–36 One
such method, phase multilateration, utilizes phase differences at
adjacent sensors to localize a distant source.37 Here, we adapted
this method to estimate the source of observed rhythmic ictal ac-
tivity and found that our model produces accurate estimates for
the location of the seizure source and may be sufficient to explain
much of the activity recorded during seizures. We found that the
estimated sources of these travelling waves change locations over
the course of individual seizures, often with a stereotyped pattern
of migration that is conserved across seizures within individual
patients. In addition, our initial localizations matched those iden-
tified using standard neurophysiologically based localization
methods such as the epileptogenicity index (EI) and phase-locked
high gamma activity, while also matching the location of the re-
section territory in patients with good seizure outcomes. Our data
therefore support recent work suggesting that actively seizing

cortex, as defined by rapid, hypersynchronous neuronal firing,
may remain more focal than has traditionally been appreciated.

Materials and methods
Participants

Twenty participants underwent a surgical procedure for place-
ment of intracranial electrodes followed by iEEG monitoring in an-
ticipation of a surgical resection for drug-resistant epilepsy. We
performed all surgical procedures and iEEG monitoring at the
Clinical Center at the National Institutes of Health (Bethesda, MD).
In each case, the clinical team determined the placement of the
contacts to localize epileptogenic regions. Each participant had at
least 1 year of follow-up and the outcome was evaluated using the
Engel class.38 The research protocol was approved by the
Institutional Review Board, and informed consent was obtained
from the participants. Data were analysed using custom MATLAB
scripts (Mathworks). All data are reported as mean ± standard de-
viation (SD) unless otherwise reported.

Source localization

Previous evidence has motivated an emerging hypothesis that
posits that, in patients with focal epilepsy, there is a focal source
of seizure activity that releases propagating waves, which are then
detected by electrode contacts.9,17,19–22 Under this hypothesis, it is
unlikely that any single electrode contact is recording directly
from the source of seizure activity. Rather, electrodes capture
waves that propagate from the source over the cerebral cortex.
Each electrode serves as a sensor participating in signal receipt.
We may then use these signals to estimate the center of mass
of a focal area of seizure activity by examining differences
in the signal recorded by nearby electrodes. In our model, we
assume that a signal emitted by the source spreads outward in
a circular manner over the cortical surface of the brain,
represented in our work as a geodesic mesh.22 Our approach has
been used extensively for signal detection in acoustics and
radar30–33,39 and for earthquake epicentre detection in geophys-
ics.34–36,40,41 In fact, many models for earthquake localization—the
so-called ‘1-dimensional models’—likewise assume a uniform speed
of outward propagation given any particular depth below the earth’s
surface.35,40,41 However, we acknowledge that, in brain tissue, the
uniform outward spread of a signal is a simplifying assumption for
the purposes of computation, which may not be faithful to the
underlying properties of the tissue. This assumption may lead to in-
accuracy in our model, because it disregards the possibility of non-
uniform spread, caused by non-local interactions along different
brain pathways such as the white matter (Supplementary material).

Consider a single source, s, which emits a wave of activity that
is detected by a single electrode, ei. The time between the emission
of the signal by s and its receipt at electrode ei is governed by the
distance between them, ds;ei

and by the speed of the emitted wave,
c, through the simple expression, ds;ei ¼ c � si, where si denotes the
time delay required for electrode ei to receive the wave. Previous
work in humans with epilepsy has found that travelling waves
have a speed of �300 mm/s, which we used for our estimate of
speed here in all participants and seizures.9,16,19,20 We confirmed
that travelling waves propagate at �300 mm/s in our dataset
(Supplementary material).

In practice, the location of the source, and therefore the dis-
tance between the source and any single electrode, ds;ei

, as well as
the time delay si, is unknown. However, by using the difference in
time delays with which wave activity is received at two distinct
electrodes, we can produce an expression for the difference in
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distances between the source and the two electrodes. Consider a
second electrode contact, ej, that detects activity propagated from
the same source. If electrode ei is closer to the source s than elec-
trode ej, then the delay between emission and receipt at ei will be
less than same time delay at ej, such that si 5 sj. Note that as a first
approximation, we assume that propagated wave activity travels
with a uniform speed through the tissue to all electrode contacts
and that any differences in time of receipt reflect only the distan-
ces between the source and the electrodes (Supplementary mater-
ial). We can therefore express the difference in distances between
the source and these two electrodes as follows:

ds;ei � ds;ej ¼ c � ðsi � sjÞ: (1)

The relative distance between the source and the two electro-
des can therefore be expressed using the difference in time delays
si – sj required for the signal to propagate from the source to the
two electrodes (section 3.9 in Munoz et al.39).

Previous evidence has suggested that the seizure source emits
oscillatory propagating waves.4,9,16,19 Given the oscillatory nature

of this signal, we can use the phase difference between the signals
observed at electrode pairs as a surrogate for the difference in time
delays (Fig. 1B). The use of phase to estimate time delays is prefer-
able because it allows us to infer the location of the source at every
single time point. Moreover, even if the dominant frequency of the
oscillatory signal changes, the commensurate change in the relative
phase difference measured over adjacent sensors would still trans-
late to the same time delay (Supplementary material). For the pur-
poses of source localization, we assume that the iEEG signal
recorded at an electrode represents signal propagated from the
source, although the activity recorded at each electrode likely
reflects interactions between propagated activity and local circuitry.

Consider that the source begins emitting waves at time t = 0,
with an initial phase equal to u0. The phase of a wave recorded at
electrode ei, at the present time t, is given by the phase of the wave
at the source at the present time minus the transit time, t – si, and
by the frequency of the wave, f (section 1.3 in Boashash42):

ui tð Þ ¼ 2p � f � t� sið Þ þ u0: (2)

Figure 1 The source of seizure activity emits travelling waves. (A) In a typical seizure event recorded by two electrodes (blue and yellow) in the infer-
ior temporal lobe in a single participant, the iEEG recording demonstrates an initial period of high-frequency activity that transitions to a characteris-
tic low-frequency, high-amplitude periodic spike-and-wave pattern. A spectrogram of the iEEG recordings in both electrodes (right) demonstrates the
emergence of a single dominant frequency band at around 20 s after seizure onset, which reflects the oscillatory nature of the recorded signal. The
frequency of this signal progressively decreases with time. (B) We hypothesize that there is a single source of seizure activity (star) that emits travel-
ling waves (black). In a schematic representation of a section of cortex, these waves propagate in a circular manner and are detected by different iEEG
electrodes (blue and yellow) at different times. We use the difference in phase of the waves recorded at adjacent electrodes (right) as a surrogate for
the difference in time in order to compute the relative difference in distance between the source and each electrode. (C) The relative difference in dis-
tance (grey dashed line) between the source and two electrodes, computed using the difference in phases of the recorded oscillatory signal, con-
strains the location of the source of activity to a point on a hyperbola (grey solid line). With multiple pairs of electrodes, we produce multiple
hyperbolae at each time point of seizure activity. We estimate the location of the source (star) as the point that lies closest to the intersection of the
hyperbolae. (D) The raw (left) and 2–12 Hz filtered (middle) iEEG signal recorded by six electrodes in the same example participant demonstrates the
spike-and-wave morphology and respective phase differences between the electrode signals. The colour of the electrode’s trace is preserved across
panels. Using the phase difference over pairs of adjacent electrodes, we may generate hyperbolae on the cortical surface (right, coloured for each pair)
that constrain the estimated location of the source of the emitted waves (star) at each single sample, in this case 23.4 s following seizure onset (grey
dashed line).
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At each time point in each electrode, we can measure the in-
stantaneous phase, ui(t). Before source localization, our raw signal
is bandpass-filtered at 2–12 Hz (Supplementary material). As a first
approximation, we assume that the source is stationary or slow
moving, and that the frequency of the waves emitted by the source
changes slowly over time and does not change as it travels
through tissue. Thus, we take the frequency f to be a global con-
stant (see Supplementary material for further consideration).
Using the relative differences in instantaneous phase between two
electrodes rather than the time delay, we can now express the
relative difference in distance between the source and the two
electrodes, ei and ej, at every time point, t, as a function of the dif-
ference in their instantaneous phases:

ds;ei tð Þ � ds;ej tð Þ ¼ � c
2p�f ui tð Þ � uj tð Þ
� �

: (3)

At each time point, t, we can therefore compute the relative dis-
tance between the source and the two electrodes using only the
phase information that is available to us at that particular time.

The set of points whose respective distances from two electro-
des differ by a constant defines a single branch of a hyperbola.
Thus, having ascertained a difference in time delay or phase, we
may narrow the location of the source to a branch of a hyperbola
in two dimensions. With multiple pairs of electrodes, we can pro-
duce multiple hyperbolae, and therefore estimate the location of
the source as the single point that most closely matches the inter-
section of those hyperbolae.

In order to use the difference in phase detected at two electro-
des to estimate the location of the source, each electrode pair
must satisfy constraints regarding the distance between them
(512 mm), their relative frequencies, and their overall power with
respect to all other electrodes at that time point (Supplementary
material). At every time point, we use every electrode pair (ei, ej)
that satisfies our constraints to construct a solution set for the lo-
cation of the source, Hij(t). This solution set is a single branch of a
hyperbola in the geodesic space, defined by the computed relative
difference ds;ei tð Þ � ds;ej ðtÞ. The hyperbola is defined such that the
difference in distance from each point on the hyperbola to the two
electrodes is fixed. Hij(t) is limited to the vertices of the cortical
geodesic mesh, since seizure activity can only originate in grey
matter. Because the number of cortical vertices is finite, we allow a
margin of error of 0.5 mm above or below the expected relative dis-
tance to produce Hij(t). Additionally, any propagating waves that
are reliably detected at each electrode are unlikely to have been
emitted from a source that is far away, and so we limit each solu-
tion set such that all points in the set Hij(t) that are no greater than
30 mm from either electrode in geodesic distance.

With multiple eligible pairs of electrodes, we may generate
multiple hyperbolic solution sets at each time point. The problem
of source localization is under-determined if we use fewer than
three electrode pairs, and so at every time point we only estimate
the location of the source if a minimum of four electrode pairs
from the same hemisphere satisfy our constraints. We use the
hyperbolae generated from these electrode pairs to estimate the
location of ŝ tð Þ, the source of wave activity at every time t. To do
so, we identify the single vertex that minimizes the sum of the
squared distances between that estimated source location and
each solution set. For each solution set H, the minimum distance
between some source point s and that solution set is denoted with
ds, H. Because it is computationally expensive to compute the
geodesic distance between every possible vertex that can be
assigned to a hyperbola and every other possible vertex in the
cortical mesh, we use Euclidian rather than geodesic distance to
compute ds, H. We also require that the source vertex which is
ultimately discovered is within 30 mm of at least one participating
electrode pair.

The best estimate of source location at each time point, ŝ tð Þ, is
then given by:

ŝ tð Þ ¼ argmins

P
ei ;ejð Þ2PðtÞ d

2
s;HijðtÞ (4)

where P(t) is the set of electrode pairs at time t that satisfy our con-
straints (Supplementary material). At every time point, we thus es-
timate the location of the source of activity, ŝ. During any one
second of a seizure, it is possible to identify up to 1000 source
points, one for each sample. In practice, however, not every time
point will have a sufficient number of electrode pairs that satisfy
our constraints, and the number of source points identified is
often less than 1000 per second.

Data availability

Simulated data and custom MATLAB analysis code for estimating
source locations used for the current study can be found at: https://dir.
ninds.nih.gov/ninds/zaghloul/downloads.html (accessed 15 April 2021).

Results
We examined iEEG recordings in 20 participants (36.60 ±10.84 years
old; nine females) with drug-resistant epilepsy who were moni-
tored for seizures with subdural and depth electrodes (Table 1).
Participants in this cohort experienced focal seizures, with or with-
out secondary generalization, during the monitoring period. Each
participant had, on average, 6.2 ± 4.2 seizures, for a total of 123
seizures over all participants. The mean seizure length was
261.47 ± 135.01 s per participant (mean ± 95% confidence interval).
Of the 20 participants, 14 achieved an Engel Class 1 outcome fol-
lowing surgical resection, and two each achieved an Engel 2, 3 and
4 outcome. For the purposes of analysis, we divided our partici-
pants into those with good seizure outcome (Engel 1; 14 partici-
pants) and those with poor seizure outcome (Engel 2 or greater, six
participants).

In a typical seizure event, we observed a brief period of high-
frequency activity captured soon after seizure onset (Fig. 1A).
Consistent with previous reports, this typically transitions to a
characteristic low-frequency, high-amplitude periodic spike or
spike-and-wave pattern.2–4,8,9,20 A spectral decomposition of the
iEEG trace from two electrodes demonstrates that this transition is
marked by a single dominant band that decreases in frequency over
time, indicating a strong oscillatory component between 2–12 Hz.

The oscillatory spike and spike-and-wave pattern observed
during a typical seizure motivates a simple model in which a focal
source of seizure activity emits periodic travelling waves that are
then detected by electrode contacts. In this model, each electrode
may receive travelling waves at different times, depending on its
distance from the source of activity (Fig. 1B). Because the observed
patterns of recorded activity are oscillatory, we may use the differ-
ence in phase between the detected waves at adjacent electrodes
as a surrogate for the difference in distance between each elec-
trode and the source of activity (see ‘Materials and methods’ sec-
tion). A fixed difference in distance between the hypothesized
source of activity and two electrodes constrains the possible loca-
tion of the source to a hyperbola. With multiple pairs of electrodes,
and therefore multiple measures of the phase difference, we can
produce multiple hyperbolae and estimate the location of the seiz-
ure source as the intersection between them (Fig. 1C; see
‘Materials and methods’ section).

In the same example participant, we filtered the raw iEEG data
into the 2–12 Hz band and examined the phase difference between
adjacent pairs of electrodes (Fig. 1D) (see ‘Materials and methods’
section and Supplementary material). We used the relative phase
differences between multiple electrode pairs to construct multiple
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hyperbolae. We then estimated the location of the source of the
emitted waves by finding the point on the cortical surface that lies
closest to the intersection of these hyperbolae. The estimated
source location does not lie immediately near any one electrode,
suggesting that the travelling waves may be used to localize even
a distant source.

The seizure source moves over short and long
timescales

Previous research in the clinical setting as well as in in vivo and
in vitro models of epilepsy has suggested that the source of seizure
activity is capable of slowly changing locations over the course of a
seizure.8,9,15,16,18,22 The seizure source may remain a single focus of
activity that changes location, or the seizure may recruit more brain
regions that collectively act as a larger source of activity that appears
to occupy a new location. If the source is emitting travelling waves
that are detected by the recording electrodes,8,9,14,20 then we should
observe evidence of such movement in the iEEG traces.

In the same example seizure event, a magnified view of the ini-
tial time period following the transition to spike-and-wave activity
reveals the relative phase differences between the activity
recorded in both electrodes (Fig. 2A). Notably, the phase relation-
ship between the two electrode recordings changes with time and
reverses �23–24 s following the onset of the seizure. Similar rever-
sals in the phase relationship between electrodes have previously
been observed.9,16 This reversal suggests that the source of the
emitted travelling waves may initially start closer to one electrode,
then reach a point that is equidistant to the two electrodes, before
becoming closer to the second. If the phase difference between
two electrodes changes, then the hyperbola used to estimate
the location of the source of the emitted waves will also change

(Fig. 2B; see ‘Materials and methods’ section). In the same example
seizure event, the hyperbola corresponding to the phase difference
observed in the two electrodes initially curves towards the lateral
electrode (Fig. 2C). At a later time point when the phase relation-
ship between the electrode reverses, the hyperbola curves towards
the medial electrode. Because the phase differences between elec-
trode contacts are relatively stable over several hundred millisec-
onds, there is no change in the shape of the extracted hyperbolae
over millisecond timescales.

We computed the phase difference between multiple electrode
pairs at every time point during this seizure and counted the num-
ber of times the seizure source was estimated to lie in each brain
region of interest during each 1-s epoch (Fig. 2D). Over three sam-
ple 1-s epochs spanning 8 s, we found that the estimated location
of seizure activity moves from the anterolateral to the medial sub-
temporal cortical surface. Using the phase differences between
electrode pairs at every time point, we were able to observe the
progressive transit of the seizure source over the cortical surface
with time.

We next examined the temporal evolution of the seizure source
over the entire course of this seizure. We coloured each location by
the time in the seizure at which that location was estimated to be
the seizure source (Fig. 3A). We were also interested in where the
estimated location of the seizure source lay with respect to the lo-
cation of the resection that was subsequently performed, shaded
in black. During this same seizure event, the estimated seizure
source first briefly localized to the left subtemporal cortex, then
migrated to the right anterior lobe, then to the right lateral tem-
poral lobe and finally briefly returned to the left lateral temporal
cortex. Consistent with previous observations, these results sug-
gest that the source of seizure activity may migrate and occupy
several distinct foci over the course of a seizure.8 During three

Table 1 Patient demographic information

Patient ID Sex Age Seizure type MRI Procedure Pathology Engel
class

1 F 33 FIAS, F2BTCS NL L lateral temporal
topectomy

MDG 2b

2 F 30 FIAS NL L SAH HS, MDG 2b
3 F 59 FIAS L MTS L ATL HS 1a
4 F 49 FIAS, F2BTCS L MTS L SAH HS 3a
5 M 45 FIAS, F2BTCS NL R F topectomy MDG 1a
6 M 33 FIAS, F2BTCS NL L ATL MDG 3a
7 F 35 FIAS, F2BTCS Possible B MTS L ATL HS, MDG 1a
8 M 33 FIAS, F2BTCS B PVNH L ATL MDG 1a
9 F 28 FIAS L MTS L ATL HS, MDG 1b
10 F 30 FIAS R P encephalo-malacia,

R MTS
R ATL HS 1b

11 M 34 F2BTCS NL R P topectomy MDG 2b
12 M 27 Focal, some electrographic L LT LGG L T

lesionectomy LGG 1a
13 M 29 FAS, F2BTCS NL R P topectomy MDG 4b
14 M 32 FIAS, F2BTCS B PVNH L ATL MDG 1a
15 F 33 FIAS R F FCD R F lesionectomy FCD 1a
16 M 21 FIAS, F2BTCS NL R ATL MDG 1a
17 M 26 FIAS, F2BTCS NL L F topectomy FCD 1a
18 M 57 FIAS, F2BTCS R T encephalocele R ATL MDG 1a
19 F 53 FIAS NL R ATL HS, FCD 1b
20 M 45 FIAS R4 L perisylvian

polymicrogyria
R ATL HS, MDG 1b

ATL = anterior temporal lobectomy; B = bilateral; F = frontal; F2BTCS = focal to bilateral tonic-clonic seizures; FCD = focal cortical dysplasia; FIAS = focal impaired awareness

seizure; HS = hippocampal sclerosis; L = left; LGG = low-grade glioma; MDG = microdysgenesis; MTS = mesial temporal sclerosis; NL = no lesion; P = parietal; PVN = periven-

tricular nodular heterotopia; R = right; SAH = selective amygdalohippocampectomy; T = temporal.
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additional seizures in the same participant (Fig. 3B), we observed a
similar stereotyped pattern of seizure source movement, suggesting
that patterns of seizure origin and spread are conserved within indi-
vidual participants across different seizures.3,14,15,20

In the same example seizure, we calculated the rate of localiza-
tion for each region of interest, defined as the number of times the
estimated source localizes to each region of interest during every
second of each seizure. This rate can change from moment to mo-
ment, and over the course of an individual seizure, each region of
interest will have its own peak rate of localization that occurs at
some time point in that seizure. For each region of interest, we
identified the maximum rate observed up to and including three
different time points during the seizure (Fig. 3C; for all partici-
pants, see Supplementary Fig. 1). As the seizure progressed in
time, the regions of interest containing the greatest rate of local-
ization were located in the anterior temporal lobe. Even during
later time points in the seizure when the source was estimated to
lie in the lateral temporal cortex, the rate of localization did not ex-
ceed the initial rates of localization in the anterior temporal lobe.
In this participant who achieved seizure freedom following surgi-
cal resection, the region of greatest detection rate also lay within
the resection cavity.

The rates of localization suggest that robust early source local-
ization can be more focal than estimates that are generated during
later time points in the seizure. To more clearly visualize this in
four seizures in this participant, we collapsed the locations of the
estimated source across the superior-inferior and left-right dimen-
sions and retained only the anterior-posterior dimension, plotted
against time (Fig. 3D). In all four seizures, robust source detection
arose in the anterior temporal lobe within the resection cavity at
around 15–20 s after seizure onset. Notably, in all three seizures
the estimated location of the seizure source then became more dif-
fuse and less consistent, appearing to migrate posteriorly.

We quantified the degree of spatial spread of our localized
source points to determine the extent to which source localization
becomes more focal or diffuse over time. During every second of
every seizure, we computed the centroid of the discovered source
points. We then computed the mean Euclidean distance from each
source point discovered during that second to the corresponding
centroid. This calculation is akin to the standard deviation in three
dimensions. Across all seizures in this participant, we found that
the average measure of spatial spread was significantly smaller
during the first 30 s compared with the next 30 s of seizure
[3.97 ± 2.06 versus 6.88 ± 2.33; t(5) = 8.28, P = 0.0004, paired t-test;
Fig. 3E, left]. We repeated this analysis for all participants, and
across participants again found that the spatial spread during the
first 30 s was significantly smaller than the next 30 s [4.94 ± 1.46
versus 6.35 ±2.15; t(17) = 2.98, P = 0.008, paired t-test; Fig. 3E, right].
This suggested that the source expands over time. We then exam-
ined the extent to which the location of the source changes over
the course of a seizure. We computed the mean location of all
centroids during the first 30 s of a seizure and compared that to
the mean location during the second 30 s. Across participants, the
average difference in spatial location across seizures was
17.88 ±12.91 mm, substantially greater than the spatial spread. In
addition, we found that the maximal distance between all cent-
roids, averaged over all participants, was 77.10 ± 23.28 mm.
Together, these data suggested that the focal source of seizure ac-
tivity may become more diffuse with time or may expand
(Supplementary Figs 1, 3 and 4), but that the movement of the cen-
troid of source activity may exceed the expansion.

The seizure source emerges from early high
frequency activity

An established clinical approach for identifying the seizure onset
zone using iEEG is to identify electrodes that exhibit early onset of
high-frequency activity. One measure of such high-frequency ac-
tivity is the EI. The EI quantifies the ratio between high- and low-

Figure 2 The estimated location of the source of seizure activity changes with
time. (A) A magnified view of 10 s of the iEEG time series data (top, middle
insets) recorded by two electrodes demonstrates the phase relationship be-
tween the tracings recorded by both electrodes (bottom). Initially, activity in
the lateral electrode (yellow) leads activity in the medial electrode (blue, left in-
set), but this phase relationship reverses around 23 s following the onset of
the seizure (right inset). (B) Using the phase difference between the signals
recorded in each pair of electrodes generates a hyperbola (grey) for each pair
that constrains the estimated location of the source of seizure activity at every
time point. If the phase differences change over time, the hyperbolae, and
therefore the estimated location of the source, also change, suggesting that
the source of the emitted waves is moving (grey to red star). (C) For the two
example electrodes, the hyperbola (black) that estimates the location of the
source on the reconstructed cortical surface initially curves towards the lateral
electrode (yellow), but then curves towards the medial electrode (blue) at a
later time point. (D) We aggregated the number of times any location was esti-
mated as the source of the emitted waves into regions of interest during each
1-s epoch. Each region of interest is coloured according to the number of
times a point within that region of interest was estimated as the seizure
source during that 1-s epoch. Over three epochs, the location most frequently
estimated as the seizure source moves from the anterolateral to medial sub-
temporal cortex.
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Figure 3 The seizure source moves over long timescales in a stereotyped fashion across seizure events. (A) We visualized all locations that were iden-
tified as the estimated source of seizure activity throughout this seizure, colour-coded by the time following seizure onset that each location was
identified. The size of each point reflects the number of times each individual location was identified as the seizure source. Locations that were iden-
tified multiple times are colour-coded by the mean time of their identification. This participant had a subsequent anterior temporal lobectomy (resec-
tion region shaded black). For clarity, we collapsed all points along the superior-inferior axis (right) to demonstrate the location of each point along
the anterior-posterior and left-right dimensions. A transparent brain is shown for reference. The source of the emitted waves initially localizes briefly
to the left lateral temporal lobe, then to the right temporal tip, the right lateral temporal cortex, and then again to the left lateral temporal cortex at
the end of the seizure. (B) Across three additional seizures captured in this participant, the temporal evolution of the seizure source exhibits a similar
stereotyped pattern of movement. (C) We aggregated discovered source points into regions of interest accumulated over time up to and including
three time points in the seizure. Over the course of the seizure, the estimated location of the source migrates from the right anterior subtemporal cor-
tex to the lateral temporal cortex, but rate of localization in these areas does not exceed the high initial rate of source discovery, which localized to
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frequency energy in the iEEG signal and assigns a high EI to any
electrode that demonstrates a high ratio early in the seizure.1 This
metric assigns each electrode an EI, as well as a specific detection
time, Nd, when high-frequency activity begins (Supplementary ma-
terial). When using phase differences to estimate the location of
the source, we only consider signals with frequency 512 Hz. We
were therefore interested in how well source localization using
low-frequency phase differences matches the localization using EI.

In the same example participant as shown in Figs 2 and 3, we
averaged the recorded iEEG time series over all electrodes in each
subdural strip or grid during a single seizure (Fig. 4A). The average
time series data demonstrated that the subtemporal strip electro-
des in this participant are the first to exhibit a clear increase in
high-amplitude activity. For each electrode, we computed the ratio
of high to low-frequency energy at every time point and then com-
puted the average ratio across every electrode in each strip or grid
(Fig. 4B; see ‘Materials and methods’ sections and Supplementary
material). High-frequency activity initially emerged in the anterior
subtemporal electrodes. The electrode with the highest EI was
located within this region and had a detection time of Nd = 1.3 s.
About 20 s later, high-amplitude activity emerged in the iEEG time
series data in the same location.

We then examined the location of the seizure source estimated
using the phase differences in the low-frequency signal. At every
time point, we mapped the estimated source point to its closest
electrode contact based on geodesic distance. We then counted
the number of times each subdural grid or strip contained an elec-
trode that was found to be closest to the estimated seizure source
during every second of the seizure (Fig. 4B). Source detection began
around 15 s after seizure onset. The closest electrodes to these
detected sources were in the grid and the anterior temporal and
subtemporal strips, mirroring the emergence of clear high-ampli-
tude activity in these electrodes as well as the location determined
by the EI. The detected source then migrated to a location that was
nearest to the temporal grid.

We compared the location initially estimated as the source of
seizure activity to the location of the electrode exhibiting the high-
est EI (Fig. 4C). In every seizure in every participant, we identified
the first second in which a source location could be estimated and
then identified the region of interest containing the most esti-
mated locations during that initial second of localization. We
measured the geodesic distance between the centre of the identi-
fied region of interest and the location of the electrode with the
highest EI. In participants with good outcomes, the regions of
interest containing the most estimated source locations during the
initial second of localization are more likely to fall within the re-
section cavity [v2(1, n = 122) = 37.17, P 5 0.0001] and are closer to
the electrode with the highest EI than in participants with poor
outcomes [89.70 ± 53.43 versus 117.47 ±47.15; t(111) = 2.39, P = 0.02]
(Supplementary Fig. 5A and B).

We also directly compared the detection time for the electrode
with the highest EI to the time when we were first able to estimate
the location of any source of seizure activity in all seizures in all
participants (Fig. 4D). We again identified the first second during
which we were able to estimate the location of the source based

on low-frequency phase differences. Relative times to source detec-
tion are binned along the horizontal axis, where bins to the right of
the vertical axis contain instances in which the first source detec-
tion using low-frequency phase occurs after the detection time, Nd.

In most cases, the first seizure source detection occurs within
20 s of Nd. In fact, in many cases, source detection appears to even
precede the EI detection time, Nd. We examined this and found
several examples in which seizures began with a rhythmic onset
rather than low voltage fast activity2 or in which they began with a
herald spike (Supplementary Fig. 5C and F). In seizures with rhyth-
mic onset, EI is not reliable and is typically detected late in a seiz-
ure or not at all. Likewise, in seizures that begin with a herald
spike, source localization using the observed phase differences in
the iEEG electrodes may arise early. In both cases, source detection
will appear to precede EI. To confirm this, we removed all rhyth-
mic onset seizures from our analysis and recomputed the time be-
tween source localization and EI (Supplementary Fig. 5E).

The estimated seizure source localizes to the
resection territory in participants with good
outcome

Our data suggest that the phase differences between waves of low-
frequency activity detected at the recording electrodes can be used
to estimate the location of the source of those waves. An import-
ant question is whether widespread high-amplitude rhythmic ac-
tivity does in fact reflect a focal source. An alternative hypothesis,
for instance, would posit that the observed recruitment rhythm in-
stead reflects the recruitment of broad areas of cortex into active
seizures. To examine this hypothesis, we measured phase-locked
high gamma activity in the iEEG signal, which has recently been
shown to serve as a marker for cortical recruitment into ictal activ-
ity.26,27 We found that phase-locked high gamma activity, like our
localized seizure source, was likewise focal, and recruitment
matched source localization results from the low-frequency phase
differences in space and time (Supplementary Fig. 6).

Even with the use of electrographic metrics, there still remains
no direct measure of the specific brain region where seizures ori-
ginate in human patients with epilepsy. However, in some partici-
pants it is possible to identify the epileptogenic zone, which
represents the region of the brain that, when resected, has led to
seizure freedom.43,44 We divided our participants into those who
achieved freedom following surgical resection, and therefore had
a good outcome, and those who did not achieve seizure freedom
and therefore had a poor outcome. We examined whether the
locations estimated to be the source of travelling waves were
within or outside the resection territory, which by definition con-
tains the epileptogenic zone in participants with good outcomes
and does not contain it in participants with poor outcomes.

In an example participant with a good outcome, we counted
the number of times any location in the brain was estimated to be
the source of the emitted waves during every second of every
seizure and divided those locations into those that fell within the
resection cavity and those that were outside of it. On average,
across all seizures for this participant, robust source localization

Figure 3 Continued
the anterior temporal lobe. (D) The temporal evolution of the location of the estimated seizure source is stereotyped across the four different seizures
shown in A and B. Locations are shown in only the anterior-posterior direction and are collapsed across the superior-inferior and left-right directions.
Each grey dot represents a single estimated source location at that time. The region that was subsequently resected in this participant is shaded in
black. (E) We quantified spatial spread by extracting the mean pairwise distance between estimated source locations during every second of every
seizure. We computed the mean spatial spread over the first and second 30 s of each seizure. Across all seizures in this participant, seizure source lo-
calization is significantly more diffuse in the second 30 s (P = 0.0004; left; each dot represents a single seizure). We repeated this analysis in every par-
ticipant and, averaging across participants, we found a similar difference in spatial spread between the first and second 30 s of seizure (P = 0.008;
right; each dot represents a single patient).
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Figure 4 The seizure source emerges from early high-frequency activity. (A) All electrodes in an example participant are colour-coded and labelled (left). We
averaged the iEEG time series across all electrodes in each strip or grid during a single seizure (right). (B) The ratio of high- to low-
frequency energy, averaged for each electrode in each strip or grid for this seizure, increases almost immediately after seizure onset in the anterior
subtemporal electrodes, with a detection time Nd of 1.3 s (top). In the same seizure, we mapped the estimated location of the seizure source based on low-fre-
quency phase differences to the closest electrode (bottom). Each bar represents the number of times the closest electrode to the estimated source location lay
within each strip or grid at every second. (C) In every seizure in every participant, we identified the first second during which a source location could be esti-
mated, and identified the region of interest containing the most estimated locations during that initial second. We binned the geodesic distances between
the centres of the identified regions of interest and the location of the electrode exhibiting the highest EI. (D) For every seizure in every participant, we identi-
fied the electrode with the highest EI and its detection time, Nd. We computed the relative time between Nd and the first second during which a source loca-
tion could be estimated based on the low frequency phase differences. We binned these time differences across all seizures in all participants. ALT =
anterolateral temporal; AST = anterior subtemporal; G = grid; IF = inferior frontal; L = left; MST = middle subtemporal; OF = orbitofrontal; P = parietal; PLT =
posterolateral temporal; PST = posterior subtemporal; R = right; SF = superior frontal; TT = temporal tip.
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within the resection cavity occurred relatively early in each seiz-
ure (Fig. 5A, top). In a different participant with a poor outcome,
however, the number of times during which the estimated source
localized to a region within the resection cavity was markedly

less (Fig. 5A, bottom). We then examined the number of times any
location in the brain was estimated to be the source of the emitted
waves at every time point in every seizure in every participant
(Supplementary Fig. 1). Averaging across all seizures in each

Figure 5 The estimated seizure source localizes to the resection territory in participants with good outcome. (A) Source localization in an example
participant with a good outcome (top) and a poor outcome (bottom). For every second and for every seizure, we counted the number of times any loca-
tion in the brain was estimated to be the source of the emitted waves, and whether those estimated locations fell within or outside the resection ter-
ritory. Bars represent the average counts per second across all seizures for each participant. The maximum count in any one second is 1000, given
the sampling rate of the recorded iEEG trace. Bars are colour-coded by the frequency of the signal detected by the closest electrode to the estimated
source at each time point, averaged across seizures. The frequency of the presumed source decreases with seizure progression. (B) Counts per second
of the estimated locations that fall within and outside the resection territory, averaged across all seizures in each participant and then averaged
across all participants with good outcomes (top) and with poor outcomes (bottom). Bars are colour-coded by the mean frequency detected by the clos-
est electrode to the estimated source, averaged across seizures and then across participants. (C) As the seizure progresses in time, we identified the
region of interest with the highest peak rate of localization thus far and whether that region of interest is within the resection territory. The likeli-
hood (probability) that the identified region of interest with the highest peak thus far is within the resection territory is computed by aggregating this
information across all seizures in each participant. Lines represent this probability, averaged across all participants with good and poor outcomes.
Shaded regions represent the standard error of the mean (SEM) across participants.
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participant and then across all participants in each group, we
found that phase multilateration robustly identifies the estimated
location of the source within the resection cavity in those partici-
pants with good outcomes but not in those with poor outcomes
(Fig. 5B).

Even in participants with good outcomes, the estimated loca-
tion of the source can fall outside the resection territory at some
time points during a seizure. The estimated source, however,
clearly localizes more frequently within the resection in these par-
ticipants. To assess this directly, we calculated the rate of localiza-
tion for each region of interest, defined as the number of times the
estimated source localizes to each region of interest during every
second of each seizure. We tracked the progression in time of
every seizure in every participant and identified the single region
of interest containing the highest peak rate thus far when consid-
ering only the time points from the onset of the seizure up to and
including each time point of a seizure. Across participants with
good outcomes, we found that the region of interest with the high-
est peak rate identified thus far was increasingly likely to be within
the resection territory as the seizure progressed in time (Fig. 5C).
On the other hand, in participants with poor outcomes, it was un-
likely that the region of interest with the highest peak rate was
within the resection territory. Using low-frequency power alone to
localize the source did not distinguish between participants with
good and poor outcomes (Supplementary Fig. 7A). In addition,
when we shuffled the labels for each electrode, we confirmed that
source localization did not arise by chance alone (Supplementary
Fig. 7B and C).

Discussion
We observed the presence of time delays in wave receipt between
electrode pairs during the ictal recruitment rhythm, consistent
with a model in which a focal source emits travelling waves of
pathologic activity that travel over the cortical sheet. We demon-
strated that the sources localized using this model originate from
within resected areas in patients with favourable seizure out-
comes following surgery and align with standard markers of ictal
activity such as the EI and phase-locked high gamma activity. Our
results therefore support the emerging hypothesis that, in many
brain regions recording rhythmic activity during seizures, this ac-
tivity may have propagated from a focal source.

A central challenge in the interpretation of iEEG data is deter-
mination of the location and timing of seizure origin and spread.
Indeed, although surgery is an established treatment for drug-re-
sistant epilepsy, outcomes remain imperfect, particularly in cases
where no lesion is seen on preoperative imaging.45–49 Poor out-
comes may be more likely in patients with diffuse, multifocal or
progressive underlying pathologies.48,49 However, reoperation for
temporal lobe epilepsy after recurrence improves seizure control
relative to the first surgery.50–54 This suggests that, at least in some
patients with an initially poor post-surgical outcome, inaccurate
localization of a focal source may have played a role. We address
the central challenge of iEEG interpretation by demonstrating that
a simple model in which a focal source emits travelling waves can
capture properties of the seizure source.

Substantial efforts have recently been invested in the develop-
ment of neurophysiological metrics for identification of the brain
regions involved in seizures. One of the most widely utilized meth-
ods is the EI, which identifies electrodes that exhibit an early in-
crease in high-frequency power, which is characteristic of seizure
onset.1 The interpretation of lower-frequency rhythms that
emerge later in a seizure is less clear. The traditional interpret-
ation of these rhythms is that they reflect an active seizure in the
underlying cortex. Microelectrode recordings, however, have

suggested that neuronal activity can remain disorganized even in
the presence of such rhythms and only becomes hypersynchro-
nous during and after the passage of the ictal wave-
front.9,13,14,17,26,27 Previous work has shown that phase-locked high
gamma activity may be a marker for hypersynchronous neuronal
firing and therefore for active seizures. Moreover, regions demon-
strating such hypersynchronous activity are spatially confined
and migrate slowly across the brain.26,27 Our data are consistent
with these findings, and suggest that in patients with focal epi-
lepsy, seizures may remain more focal for much longer than has
previously been understood or suggested by clinical interpreta-
tions of iEEG recordings.

Our approach differs considerably from standard neurophysio-
logical measures of seizure onset in that we rely on phase differen-
ces in low-frequency activity. Nevertheless, we found robust
source detection that is consistent in space and time with the EI in
patients with good outcomes. Along with neurophysiologic meas-
ures, our model of a focal source of travelling waves, if correct,
ought to be corroborated by clinical measures. No direct measure
of the seizure source exists in the study of human epilepsy. The
current gold standard for establishing the source of seizures is to
determine whether an identified location falls within the epilepto-
genic zone, the brain region that, when resected, leads to seizure
freedom.43,44 We found that our seizure source, as localized by our
algorithm, tended to fall within the epileptogenic zone. On the
other hand, in patients with poor outcomes, localization usually
falls outside of the resection territory.

Our decision to consider low-frequency, high-amplitude
rhythms, which usually occur later in the seizure, was based large-
ly on practical factors. Source localization with phase differences
is limited by spatial aliasing and requires low-frequency input to
avoid ambiguity. However, this practical requirement does not ne-
cessarily prevent accurate early source localization. Some record-
ings begin with low-frequency rhythmic activity, either because
seizure onset itself is rhythmic or because initial fast activity is not
captured by implanted leads.2 In these cases, our approach may
nonetheless be used for seizure localization, whereas measures of
high-frequency activity may be inapplicable. Additionally, some
seizures begin with a herald spike, which itself may precede low-
voltage fast activity. A herald spike is detectable in our low-fre-
quency band and is often sufficient in and of itself for accurate
seizure source localization. It is also important to note that, in con-
trast with other neurophysiologic methods for source localization,
the results of our algorithm are not confined to the locations of
implanted leads.

Thus, the simplicity of our model may be one of its strengths.
Our model does not incorporate the biophysical properties of the
underlying tissue but likewise is also not restricted by these prop-
erties. Despite its simplicity, it is sufficient to account for the pres-
ence of waves with staggered times of receipt and to reconstruct
the source of those waves. This approach is analogous to those
used in image processing, for example, in which linear transfer
functions may reconstruct an underlying object, such as the tis-
sues that are captured in medical imaging, while remaining agnos-
tic to the physical properties of that object.55–57 Nonetheless, we
acknowledge that the assumptions made under our model—
namely, that travelling waves propagate outward in a uniform
fashion over the cortical surface—may not reflect reality, possibly
at the expense of the model’s accuracy. Travelling waves may
propagate with a non-uniform speed, or preferentially in some
directions, possibly along white matter pathways. Future and
more complex iterations of this model may consider the possibility
that the seizure source conveys barrages of spiking activity
through both local and non-local avenues.
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Our data provide support for the hypothesis that the source of
pathologic activity can change location over the course of the seiz-
ure and is in fact a dynamic entity.9,26,27 This is consistent with
previous in vivo and in vitro studies of epilepsy that have also sug-
gested that the seizure source is capable of migrating over the
course of a seizure.8,9,15,16,18,22,58 Our data also suggest that in some
cases, the seizure source can even split into multiple independent
entities, consistent with clinical recordings as well as animal and
computational models,8,9,22 although we cannot exclude the possi-
bility that what appears as two separate sources may in fact reflect
a single source delivering travelling waves to distinct cortical sites.
Although our data suggest that the seizure source may be dynam-
ic, the mechanisms governing the movement and spread of the
seizure source remain undetermined and may vary across patients
with different underlying aetiologies and seizure locations.
Movement of the seizure source may arise because of progressive
recruitment of larger brain regions, from local spread along the
cortical sheet or from distant spread along white matter pathways,
perhaps even involving subcortical regions.3,14,23,24,58–60 In each of
these cases, the location of the source may appear more diffuse as
the direction of propagation of the travelling waves becomes less
consistent. Nonetheless, we observed that this migration is rela-
tively stereotyped across seizures within an individual patient.
These conserved patterns of migration suggest the existence of
preferred pathways of spread, which are likely due to patterns of
structural and functional connectivity, as well as to differences in
the relative susceptibility of tissues to entrainment into patho-
logical activity.3,14,17,20

Such migration can make it difficult to capture patterns of ictal
recruitment and propagation in any individual patient. In general,
we found more consistent and focal localization earlier in the evo-
lution of seizures, which became more diffuse as the seizure pro-
gressed. In patients with good outcomes, localization tended to be
more robust and consistent following seizure onset. It is not sur-
prising then that we obtained better surgical outcomes in these
patients, who may have had a slower and more contiguous spread
of ictal activity.3,61 One possibility is that in these patients, the
seizure focus could lie within cortical areas with stronger local
connectivity, which may thus be easier to correctly localize using
sparse electrode coverage. On the other hand, in patients with
poor outcomes, seizures may exhibit broader or non-contiguous
spread patterns, involving brain regions with more widely distrib-
uted patterns of connectivity, such as association cortex. Seizures
may also arise from multiple locations simultaneously or more
diffusely from an epileptogenic network in these patients. In both
cases, source detection would be less robust, as we observe here,
and accurately identifying the area of seizure onset using sparsely
sampled electrodes will remain challenging.
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