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Summary
Background Successful seizure onset zone (SOZ) localisation for epilepsy surgery often relies upon intracranial re-
cordings. Accurate delineation requires anatomical detail yet influences of intracranial electrode density on clinical
variables have not been systematically studied.

Methods In this experimental study we compared SOZ localisation between spontaneously captured seizures on
higher-density depth and grid electrode arrays (4–5 mm inter-electrode spacing) vs. lower-density resampled versions
of those same seizures (8–10 mm spacing). Since traditional review of channel traces would reveal density conditions,
we instead projected seizure activity data as heatmaps on patient brain reconstructions and hid electrode locations.
Using a single-blinded randomised crossover design, six attending-level epileptologists viewed these visualisations
from ten patients under both higher-density and lower-density conditions (n = 120 observations) and digitally
annotated SOZs.

Findings Inter-rater agreement between epileptologists on annotated margins was moderate (average Cohen’s kappa:
0.47) and lower for the lower-density condition (p = 0.021, mixed effects model). Scorer confidence ratings did not
differ between higher- and lower-density conditions (p = 0.410). The spatial extents of annotated SOZs for higher-
density recordings were 25.4% larger on average (p = 0.011) and always closer to true SOZ extents in computer
simulations, relative to lower-density.

Interpretation Epileptologists using higher-density depth and subdural intracranial EEG recordings had higher inter-
rater agreement and identified larger extents of SOZs compared to lower-density recordings. While further studies
assessing surgical outcomes in more patients are needed, these results suggest higher densities of electrodes on
already-implanted hardware may reveal sub-centimetre extensions and clearer functional contiguity of the SOZ(s)
for better appraisals of pathophysiological margins in epilepsy surgery.

Funding This work was supported by the National Institutes of Health through NINDS grant K23NS110920 and
through a UCSF Weill Institute for Neurosciences Pilot Award.

Copyright © 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Keywords: Electrocorticography; Stereo-EEG; Depth; Grid; Epilepsy; Density; Intracranial; Subdural
Introduction
Examining intracranial electroencephalography (ICEEG)
recordings to characterise the seizure onset zone (SOZ)
is crucial to epilepsy surgery. If there is no concern for
eloquent function in the SOZ, the margins of tissue
proposed for removal are defined by whether they are in
the SOZ vs. those that are not. Much of this decision
hinges upon the details of the ICEEG recordings, and
*Corresponding author. Department of Neurology, 400 Parnassus Avenue, 8
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the accuracy of this delineation–hence the removal of
the SOZ–is key to successful epilepsy surgery.1,2

Delineating the SOZ and its margins is predicated on
sufficient spatial sampling, meaning having enough
electrodes in and around the SOZ.3,4 Traditional epilepsy
surgery recordings have used subdural grid electrode
arrays placed over the SOZ, and their conventional inter-
electrode spacing is generally 10 mm which is assumed
th Floor, UCSF Epilepsy Center, San Francisco, CA, USA.
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Research in context

Evidence before this study
We reviewed existing literature (PubMed search) on
intracranial electroencephalography (ICEEG) and electrode
density regarding their role in epilepsy surgery, particularly
focusing on seizure onset zone (SOZ) localisation. Our search,
updated through February 1st 2024, included terms
“(intracranial) AND (localisation) AND (surgery) AND
(density).” Multiple studies evaluated higher-density EEG yet
with scalp electrodes. One intracranial study assessed digital
surface area alteration as opposed to subsampling, while
another study used intracranial electrode subsampling
comparisons yet for sLORETA source imaging on interictal
discharges for a single patient. We have included in our
references these and other studies that examine electrode
densities in ICEEG for research-related goals (e.g. speech
decoding). No study to our knowledge has evaluated
intracranial seizure localisation using resampled electrode
arrays, nor applied recent advances in seizure data
visualisation to accomplish a blinded study design.

Added value of this study
This research adds value to existing evidence by providing a
direct and unbiased comparison of how electrode density
influences multiple clinically relevant variables for seizure
localisation. Judgements of fully trained epileptologists
applied to anatomical accuracy, subjective confidence, and
inter-rater reliability were assessed using balanced and tightly
controlled mixed effect statistical models. Our approach
utilised a single-blinded randomised crossover design and

quantitative clinical data visualisation techniques for new
insights into spatial detail influences during SOZ delineation.
Our findings suggest that HD ICEEG recordings offer better
inter-rater reliability and more precise localisation of the SOZ,
crucial factors for successful epilepsy surgery outcomes.

Implications of all the available evidence
The results of our study demonstrate clinical benefits for
human health regarding the use of higher densities of
electrode arrays in ICEEG for epilepsy surgery. This influence
may be analogous to the importance of increased resolution
in neuro-imaging over the past few decades (e.g. tumour
margin estimation), despite being different modalities and
contexts. In other words, by influencing judgement on tissue
margins and the diagnostic agreement between clinicians, the
spatial resolution of ICEEG as a functional diagnostic test
holds strong clinical implications for epilepsy surgery.
Specifically, increasing the sheer number of electrodes on
already-implanted depth, strip, and grid arrays may lead to a
better understanding of disease in terms of SOZ localisation,
and by extension plausibly better surgical outcomes though
prospective studies with larger patient numbers are needed.
This study also highlights the need for further research into
optimising ideal electrode densities in ICEEG recordings,
particularly for stereo-EEG which has become the dominant
ICEEG method. This work is timely considering parallel
advances in higher density arrays and their increasing clinical
promise.
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to be sufficient for sub-lobar SOZ delineation.5–7 Linear
depth electrode arrays with inter-electrode spacing of
5–10 mm can be combined with subdural grid array re-
cordings in order to simultaneously sample from deep
brain structures.7 Most centres now use depth electrode
arrays exclusively (several or even dozens) in the brain to
localise the SOZ, referred to as stereo-EEG (SEEG).8,9

However, there is often substantial space between grid
to depth, and depth to depth, leaving swaths of cortex
unsampled. Unless sufficiently dense in the right re-
gions, defining SOZ margins can be challenging
considering the large areas of unsampled tissue.7

Despite these presumed concerns, it remains un-
known whether a higher density of electrodes on already-
implanted hardware components is more effective for
determining the SOZ and its margins relative to a lower
density. While more detail is often better (e.g. video screen
resolution), higher electrode density in subdural or depth
arrays would bring trade-offs of increased complexity in
recordings (amplifiers with higher channel capacity, larger
data storage and mobilisation needs) and in clinical
interpretation (i.e., larger numbers of channels).

The current study was driven by the unacceptable
current rates of patients requiring repeat epilepsy surgery
(particularly non-lesional cases)10 which may stem from
subtotal estimation and resection of the SOZ, and ob-
servations that higher densities of electrodes show richer
spatial detail of epileptiform activity (Fig. 1a).12,13 Whereas
prior studies assessing density influences have largely
focused on scalp EEG, magnetoencephalography (MEG),
or interictal discharges,14,15 we hypothesise that there is a
clinical benefit of ICEEG recordings at higher density
(SEEG-depth and/or subdural arrays) compared to con-
ventional recordings.

We used a randomised single-blinded crossover
approach to directly compare higher-density (HD) elec-
trode sampling vs. lower-density (LD) sampling in terms
of anatomical accuracy, reviewer confidence, and other
clinically relevant measures of SOZ delineation. Standard
ICEEG review (trace-based) is not suited to answer this
question since scorers would see obvious disparities in a
number of electrodes (up to four times as many for
higher-density grids), preventing blinding and thus risk-
ing bias. Therefore, we instead utilised a data visual-
isation technique projecting the level of epileptiform
activity as a heatmap on patient-specific brain re-
constructions (omni-planar and surface casting of
epileptiform activity; OPSCEA).11 This approach has been
www.thelancet.com Vol 113 March, 2025
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Fig. 1: HD and LD intracranial SOZ data visualisation. a. Trace-based ICEEG recording within seconds of seizure onset using HD electrodes
(left) and subsampled LD version used for clinical purposes (right). b. Reconstructed personalised brain of Patient 1 and the HD recording
locations (dots, left panel). Blue dots indicate the subsampled version electrode contacts utilised to approximate LD density spacing of many
clinical recordings, shown in the right panel. c. For each seizure, OPSCEA videos were rendered for both HD (left) and subsampled LD (right)
versions. Electrode locations (small dots) and projection of seizure intensity (line-length transform)11 are shown during an example frame
(corresponding grey windows in A) just after ictal onset to demonstrate the subtle differences in heatmap spatial detail. This includes adjacent
HD sites (arrows, lower panels) that show similar or more activity in the HD version, but which are not available in the LD version, potentially
affecting the interpretation of SOZ activity intensity, area, and contiguity.
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recently validated to provide direct visualisation of onset
and propagation patterns with clinical relevance5,11,16,17 and
it enables direct comparison of blinded LD vs. HD
conditions.
Methods
ICEEG recordings and patient selection
Our centre (UCSF Medical Center, Parnassus Campus,
San Francisco, CA) has routinely implanted HD electrode
grid arrays (in combination with strips and depth probes;
termed “hybrid recordings”.7) in about half of patients
undergoing ICEEG recordings since 2012, the rest being
SEEG (depths only). The signal is split to enable inter-
mittent (5–10 min) recordings from all HD electrode for
research (Tucker Davis Technologies 512-channel
amplifier) and 24/7 continuous clinical recordings from
every other row and column of the grid (Fig. 1a). These
“subsampled” or simulated LD recording versions serve
to reduce the number of channels to within clinical
amplifier capacities (256-channel Quantum Amplifier,
www.thelancet.com Vol 113 March, 2025
Natus Medical Inc.). This maintains a roughly similar
extent of anatomical coverage while increasing the
spacing between electrodes similar to many clinical ar-
rays (10 mm spacing18–20). All electrodes from depth
(5 mm spacing) and strip electrodes (10 mm) are recor-
ded on both research and clinical systems.

Occasionally, a spontaneous seizure occurs while a
patient is actively participating in a research recording,
during which data from all available HD electrodes is
captured. Inclusion criteria for patient seizure videos in
this study were being >18 years old and having a
spontaneous focal-onset seizure while undergoing HD
recordings during a research task (e.g. passive listening,
naming, language mapping). Ten patients between 2012
and 2021 met these focused criteria. Clinical data
including sex (self-reported) and age were obtained from
retrospective chart review (Table 1).

Preprocessing and electrode density subsampling
The HD seizure recordings were referenced to a sub-
galeal electrode and sampled at 3052 Hz. These
3
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ID Sex Age (y) Onset
age (y)

First
condition
shown

Depth Subd. Total
electrodes

Implant
laterality

SOZ
laterality

SOZ localisation Engel
outcome

1 Female 30 28 LD – Yes 256 L L Posterior superior temporal gyrus IA

2 Female 21 3 HD Yes Yes 362 L L Inferior lateral temporal region IVB

3 Male 21 15 LD Yes Yes 366 L L Superior temporal gyrus IIIA

4 Female 40 4 HD Yes – 120 B L Medial temporal lobe N/A

5 Male 20 16 HD – Yes 322 R R Posterior margin of the superior and middle frontal gyri IA

6 Male 24 18 LD Yes Yes 318 R R Inferior temporo-occipital junction IA

7 Male 46 35 LD Yes Yes 342 R R Medial temporal lobe IC

8 Female 40 1 LD – Yes 274 L L Frontal lobe and superior parietal lobe RNS

9 Male 31 23 HD Yes Yes 212 L L Anterior medial basal temporal and medial occipital lobes IA

10 Female 50 16 HD Yes – 84 B L Medial temporal lobe DBS

The SOZ localisation is the original clinically determined seizure-onset zone determined from retrospective chart review. The number of original ICEEG electrodes in the recording (HD condition) is in the
“Total electrodes” column. Abbreviations: ID, patient study identifier; y, year; Subd., subdural; HD, higher-density; LD, lower-density; R, right; L, left; B, bilateral; RNS, responsive neurostimulation; DBS, deep
brain stimulation; N/A, not applicable (did not undergo resection nor neuromodulation treatment).

Table 1: Demographics and pertinent clinical information for the ten patients included in the scoring analysis.
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referential recordings were low-pass filtered to <255 Hz
(anti-aliasing) before resampling to 512 Hz. Channels
with poor signal were excluded, and notch filters at
60 Hz and harmonics were applied.

The referential LD recordings were created by sub-
sampling HD recordings prior to rendering heatmap
OPSCEA seizure videos. For grids (4 mm electrode
spacing; HD), we digitally omitted every other row and
column, resulting in 8 mm spaced LD recordings
analogous to our clinical recordings described above.
For depth probes (5 mm-spaced electrodes), we similarly
omitted every other electrode to create 10 mm LD
spacing.

Heatmap visualisation
To minimise potential bias interpretation related to
knowledge of the density condition, we incorporated
approaches from the rapidly expanding field of quanti-
tative EEG and data visualisation. OPSCEA11 is a quan-
titative ICEEG data review approach recently validated as
a helpful adjunct for identifying the SOZ, with accuracy
similar to the gold standard (clinical teams using tradi-
tional trace-based recordings), and even relation to
treatment outcomes.11 Specifically, OPSCEA colourises
a digitally reconstructed brain surface with a heatmap
according to the intensity of the seizure activity on
nearby electrodes. Seizure activity is estimated using a
line-length transform metric that is normalised (z-
scored) for each channel to a pre-ictal baseline. Heatmap
colourisation of each location on the brain utilised
values based on seizure intensity from nearby electrodes
with a distance-based Gaussian drop-off function. It was
adapted for this study from the additive approach in the
original method (synergistic influences of electrodes in
closer vicinity,21 which would be confounded due to
density condition) to an adapted maximum-based
approach in which colour data was assigned by taking
the maximum from all electrodes in the vicinity.
Many SOZs are deep targets (e.g. hippocampus),
hence the importance of SEEG and hybrid ICEEG re-
cordings.7,22 As described in the original publication,
OPSCEA provided additional brain views including all
depth electrode recording sites via “omni-planar” slice
views running parallel to each depth probe trajectory.
The MRI voxels running along this plane illustrated the
patient’s individual anatomy (grey and white matter),
upon which the heatmap visualisations were projected
similar to the surface views, and scorers were able to
annotate these slices for deep SOZ sites using the user
interface in the same manner as cortical surface sites.

To enable blinding and to prevent bias to condition
and direct comparison (HD, LD), we hid the electrode
locations (Fig. 1b and c) from reconstruction heatmap
videos. We also omitted raw ICEEG traces (previously
displayed adjacently11), yet for temporal calibration we
left the ICEEG axis intact to display time elapsed in
seconds. A schematic for the scoring procedure is
shown in Fig. 2a (watch video) and Fig. 2b (annotate),
and Fig. 2c shows an example video screenshot dis-
played in the scoring interface for annotation. For each
of the ten seizures, we made independent ictal heatmap
(OPSCEA) videos for both HD and LD conditions
(n = 20 videos).

Ethics
This study was approved by the UCSF Institutional
Review Board/Committee on Human Research (Study
Number: 22-37089) and all patients and scorers pro-
vided written informed consent.

Scoring participants and procedure
Participants were eligible if they were board-certified
epileptologists at our institution (UCSF Medical Cen-
ter) and willing to participate as scorers in the study by
independently reviewing all seizure videos and using a
computer interface to annotate them. For each OPSCEA
www.thelancet.com Vol 113 March, 2025
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Fig. 2: Seizure viewing and annotation procedures. a. Scorers watched individual seizure videos in blinded fashion (electrode dots hidden, no
ICEEG traces; see Methods). Panel shows a heatmap of z-scored line length activity on the brain from an example video frame (seizure in
Fig. 1c). b. Scorers subsequently annotated their SOZ area interpretation using a customised user interface (example from an individual scorer
shown). c. User interface used for annotation and confidence levels (SOZ count-confidence level for the number of independent SOZ zones; SOZ
localisation-confidence in the region annotated being the actual SOZ).
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video seizure, a screenshot still of the video (without
heatmap) was displayed on a customised graphical user
interface created in MATLAB (Fig. 2c), and the scorer
annotated polygons outlining their opinion of the loca-
tion of the likely SOZ (Fig. 2b). A five-point Likert-scale
confidence rating was also given by scorers (1–5 for
Uncertain, Possible, Likely, Probable, Certain).

A randomised single-blinded cross-over design was
used, in which each scorer first scored each of ten sei-
zures in OPSCEA, which were randomised for density
by permuting the order of five instances of each density
condition across the ten seizures (HD or LD, i.e.,
blocked randomisation by seizure; density order in
Table 1; randomisation performed using MATLAB’s
randperm.m function completed by J.K.K.). Following a
break in scoring, they then scored the same ten seizures
in the opposite condition (LD or HD). Thus, the HD and
LD conditions for a given seizure were separated by
several other seizures in the interim as focused
distraction. Importantly, scorers were not told they
would see the same seizures more than once, and by
www.thelancet.com Vol 113 March, 2025
extension they were thus blinded as to whether HD or
LD was presented first for a given seizure (allocation
concealment). Furthermore, scorers were not allowed to
go back to view prior videos to compare nor to revise
results, and they were not told the results of the study
until all analyses were complete. A carryover effect was
assessed between seizures in which the LD condition vs.
the HD condition was shown first (both n = 5; see
Table 1).23

Statistics
All analyses were performed in MATLAB (version
2022b, Natick, MA, USA) including internal functions
in the Statistics and Machine Learning Toolbox. For
inter-rater reliability assessment, to help account for
agreement that might occur by chance (e.g. SOZs from
different patients have varying sizes in the annotated
images) we utilised unweighted Cohen’s kappa scores
for a primary outcome. These scores were computed
between each of the 15 unique pairs of 6 individual
scorers (pair-wise scorer combinations) on the SOZ
5
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annotation region. Specifically, we evaluated whether
the individual pixels highlighted by one scorer over-
lapped or not with pixels highlighted by the other scorer
relative to all pixels in the image. We did this similarly
for intra-rater assessment, using HD vs. LD conditions
of the same seizure for each scorer. We based the
retrospective clinically determined “correct” SOZ on the
actual retrospective determination made by the clinical
team using the available clinical pre-surgical workup
information at the time of each individual patient case
included herein. We evaluated whether the scorers
included any or all of the SOZ anatomic area(s) (speci-
fied in the retrospective clinical team documentation) in
their annotations for each patient, and if so this was
deemed an “overlapping” annotation similar to our
previous clinical validation study of the OPSCEA heat-
map method.11

We used linear mixed effect models to study primary
outcome measures of seizure onset zone area (spatial
extent of annotated pixels, natural log transformed due
to positive skew) and confidence level (numeric; see
ordinal model below) in SOZ localisation. Independent
variables were fixed effects of the density of electrode
sampling (HD vs. LD; binary), whether the SOZ was
classified by the scorer as multifocal or unifocal (binary),
and whether the annotation overlapped with the correct
clinical SOZ (binary), as well as random effects of scorer
(six levels) and patient seizure (ten levels). Clinical var-
iables (e.g. age, sex) were not built into the design of the
study. In light of sample size limitations scorer and
patient seizure random effects were modelled as un-
correlated. Given the relevance of inter-rater reliability
relevance for scorer confidence,24 individual kappa
scores (average of pairwise kappa scores with all other
scorers) were also included in the confidence level
model.

We assessed normality, homogeneity and sphe-
ricity,25 and linearity assumptions of our models using
plots of model residuals. The dispersion of the residual
data point clouds was checked for normality and ho-
mogeneity, along with the consistency and linearity of
the variance across fitted values for our quantitative
predictors. We also verified that our results using con-
fidence level were robust to ordinal regression as an
alternative model (cumulative logit link mixed model
with Laplace approximation using the clmm function in
R; Indianapolis, IN, USA).

The ten seizures, with six scorers and two conditions
(HD, LD) for a total of 120 observations, were a retro-
spective convenience sample that leveraged a rare sce-
nario. Nevertheless, we considered whether the available
sample would be large enough to detect clinically
important differences. For the primary HD vs. LD
comparison, there were n = 60 vs. n = 60 observations,
and we assumed a conservative design effect of 3.0
which would imply an effective sample size of 20 vs. 20
independent observations. This would give 80% power
to detect a 0.9 SD difference between HD and LD
scores, suggesting our study was likely powered to
detect relatively large effect sizes.

Role of funders
The funders had no role in study design, data collection
or analyses, interpretation, or the writing of this
manuscript.
Results
There were 10 patients in the 2012–2021 study period who
met the inclusion criteria defined in the Methods section.
All recordings were of high quality and no patients were
excluded. Clinical and demographic data is detailed in
Table 1. Of the 10 patients 5 identified as female and 5
identified as male. Ages ranged from 20 to 50 years of age,
and ages of epilepsy onset ranged from 1 to 35 years old
(2–39 year history of epilepsy prior to invasive moni-
toring). The number of electrodes recorded ranged from
84 to 366 total per patient. There were 5 hybrid cases
(depth probes and subdural grids and strips), 3 subdural
only, and 2 SEEG (depths only). Among these, 5 were left-
sided cases, 3 right-sided, and 2 bilateral (Fig. 3). SOZs
were left-sided in 7 cases and right-sided in 3 cases (no
bilateral multifocal cases). All patients had at least 2 years
of post-operative follow up. Table 1 also shows the SOZ
localisation and Engel outcomes for patients who under-
went subsequent resection surgery.

Annotation agreement
Six board-certified epileptologists scorers agreed to
perform the study and completed it with no missing
data. Agreement between epileptologists on the extent of
the SOZ (inter-rater reliability; Fig. 4a–c, pair-wise
scorer combinations illustrated in Fig. 4b), assessed by
overlap of the total area of annotations, was moderate
overall across all 20 seizure videos (average unweighted
Cohen’s kappa: 0.47). Pairwise agreement for individual
scorers (i.e., row averages in Fig. 4b for example seizure
in 2a) across all seizures ranged from slight to sub-
stantial (0.07–0.78). Kappa scores were significantly
higher for the HD condition (mean: 0.49 ± 0.17 stan-
dard deviation) than the LD condition (mean:
0.45 ± 0.19) and significantly different when adjusting
for scorer and seizure (Coefficient: 0.044, 95% C.I.
0.007–0.081, p = 0.021, mixed effects model).
Comparing the HD vs. LD conditions within each scorer
(intra-rater reliability), we found a mean Cohen’s kappa
across all scorers and seizures of 0.56, with a range
across individual scorers from 0.45 to 0.69.

Seizure onset zone area
The spatial extent of the SOZ(s), measured as the total
area of annotated image pixels, was significantly higher
for the HD condition (i.e., lower for the LD condition;
Coefficient: 0.227, 95% C.I. 0.052–0.402, p = 0.011,
www.thelancet.com Vol 113 March, 2025
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Fig. 3: Intracranial electrode coverage. Semi-transparent views of each ICEEG patient’s brain are shown as individual digital mesh re-
constructions along with co-registered electrode locations (red dots indicate depth electrode contacts). Three panels are shown for each patient,
providing different anatomical perspectives (panels from left to right: right lateral, anterior, left lateral).
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mixed effects model; Fig. 5a). In other words, on
average HD presentations resulted in SOZ that were
25.4% times larger (e0.227) than LD presentations.
Scorers’ annotations overlapped with the retrospective
clinically determined SOZ (trace-based, based on chart
review, see Methods) 91.7% of the time ( ± 3.9 standard
deviation). A larger SOZ area was predicted by whether
the annotation overlapped11 with the clinically-
determined (trace-based) SOZ (Coefficient: 1.606, 95%
C.I. 1.070–2.141, p < 0.0001), but not scorer confidence
levels in localising the SOZ for a given seizure
(p = 0.084) nor whether scorers designated the seizure
as multifocal (vs. unifocal; p = 0.085).

Scorer confidence
Scorer confidence in their localisation of the SOZ
was lower if the SOZ was designated as multifocal
www.thelancet.com Vol 113 March, 2025
(vs. unifocal; Coefficient: −0.873, C.I. −1.281 to −0.465,
p < 0.0001, mixed effects model; Fig. 5b). There was no
relation of scorer confidence to SOZ annotation agree-
ment (kappa scores) across raters for a given seizure
(p = 0.086), nor whether the annotation overlapped with
the retrospective clinically determined SOZ (p = 0.978).
Scorer confidence was not affected by electrode density,
or in other words, whether the recording condition was
HD (vs. LD; p = 0.410).

Carryover assessment
In light of the crossover design of our study, we wished
to assess whether the order of the density condition (i.e.,
whether LD or HD was delivered first for each consec-
utive seizure video) functioned as a carryover effect to
influence our results.23 While this was unlikely with our
design (balanced randomised density condition order
7
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Fig. 4: Inter-rater agreement of SOZ. a. The reconstruction view shown in OPSCEA videos for seizure 1 is shown with overlaid SOZ annotations
for all scores (coloured outlines) for the HD (top) and LD (bottom) conditions. Darker shades of semi-transparent grey demonstrate overlap and,
hence higher agreement across scorers. b. Pair-wise agreement (Cohen’s kappa) between scorers for the HD (top) and LD (bottom) conditions
for the seizure depicted in a. c. Kappa scores for all seizures (thick black lines; thick red line, for example, seizure in a, b) between HD and LD
conditions averaged across all scorer pairs (n = 15 pairs averaged for each dot). Despite considerable variation across scorers (a, b) and seizures,
the difference between HD and LD conditions is generally apparent as mostly negative line slopes for individual seizures.
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for each consecutively viewed seizure; see Methods,
Table 1), we fit alternative models in which the order of
the density presented was added as a predictor. There
was no effect of whether LD was shown first vs. HD
shown first in the SOZ Area model (p = 0.652, mixed
effects model), nor for the Scorer Confidence model
(p = 0.431, mixed effects model), nor any notable
changes in the significance of the fixed effects described
above for these alternative models.

SEEG simulation
The precise, true anatomical margins of the SOZ are
unknown prior to resection (Fig. 6a–d), to both clini-
cians and researchers, hence the need for diagnostic
testing including ICEEG for pre-resection approxima-
tion. We performed an SEEG simulation in which the
true SOZ extent was known and scaled at different sizes,
while the measured (observed) volume based on positive
electrodes (electrode with SOZ boundaries) was
compared between different density conditions. As
demonstrated in Video 1 and Fig. 6c, the measured SOZ
volume using HD (5 mm) spacing was consistently and
10–50% larger than when using LD (10 mm) spacing
(aligning with the mixed model result of 25.4% above)
and always closer to the true SOZ volume (Fig. 6d).
Using very high density (1 mm) electrode spacing
further improved estimation (i.e., closer to the true
volume) beyond HD (5 mm) spacing.
Discussion
In this study we used a single-blinded randomised
crossover design to compare LD vs. HD resolution
electrode sampling for clinical metrics of SOZ
www.thelancet.com Vol 113 March, 2025
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Fig. 5: Coefficient estimates for mixed effects models. a. Co-
efficients and 95% confidence intervals for the mixed effect model
that estimated area of the annotated SOZ (total number of pixels,
natural log transformed). Predictors included whether the recording
was HD (vs. LD) (p = 0.011), whether the annotation included the true
clinically determined SOZ (vs. not) (p < 0.0001), whether the scorer
qualified the SOZ as multifocal (vs. not) (p = 0.084), and level of
confidence that the annotated SOZ reflected the true SOZ (vs. not; 5-
point Likert scale with higher indicating more confidence) (p = 0.085).
Predictors showing notable relations are shown in red with asterisks. b.
Similar to a for the mixed effect model that estimated localisation
confidence. Predictors included whether the recording was HD (vs. LD)
(p = 0.410), whether the annotation included the true clinically
determined SOZ (vs. not) (p = 0.978), whether the scorer qualified the
SOZ as multifocal (vs. not) (p < 0.0001), and kappa scores (inter-rater
reliability, IRR) (p = 0.086).
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localisation. Trained epileptologists tended to annotate
less tissue as involved in the SOZ and had less consis-
tency with each other when viewing a LD recording
compared to HD. Removing the SOZ more thoroughly
is associated with a better surgical outcome, and there-
fore our findings of potential SOZ underestimation in
LD recordings may be clinically problematic.26 In other
words, we suspect recordings with higher electrode
densities may help “move the needle” for the pervasive
problem of surgically-refractory epilepsy, though further
studies are imperative, as we were not sufficiently
powered in this study to assess related outcomes.

This work adds further clinical motivation for recent
advances in translational research using higher-density
electrode arrays to capture epileptiform biomarkers,
www.thelancet.com Vol 113 March, 2025
including focal interictal spikes and high-frequency os-
cillations with relevance for epilepsy surgery.12,27–29

While our study focused on the extent (3D margins) of
the SOZ, it echoes concepts raised by previous work on
the spatiotemporal scale of seizures. Highly focal sei-
zures have been detected on micro-wires30 positioned
between macrocontacts (e.g. microseizures), and detec-
tion at sub-centimetre scales is feasible through the
addition of more electrodes (higher densities) on
implanted arrays.13,28,31–34 We would argue that depth or
subdural arrays with either homogenous or hybrid mi-
cro-/meso-/macro-contacts may provide additional clin-
ical benefit so long as the actual density of anatomical
sampling is increased (Fig. 6) and factors such as elec-
trode diameter and impedance are considered.35

Standard clinical ICEEG review (viewing voltage
traces on screen) was not feasible for an unbiased
evaluation of the influence of electrode density on
seizure localisation because the sheer numbers of elec-
trodes and their traces prevent blinding to condition
(i.e., up to four-fold more traces on the screen for high
density grids; Fig. 1a). Whether or how knowledge of
electrode density might confound annotations was not
clear prior to our results, but nevertheless, we strived to
minimise theoretical risks of expectation bias (e.g. as
consistently rating confidence higher (or lower) for the
HD (or LD) condition). In addition to our single-blinded
design (Methods), we utilised a recently described and
validated method of direct visualisation of seizure ac-
tivity (OPSCEA method) for this study in lieu of typical
review of tracings. This data visualisation method en-
ables anatomical approximation of the SOZ digitally in
situ which relates to surgical outcomes in clinically-
meaningful ways.11 Moreover, in this study it enabled
direct visualisation of onset and propagation patterns yet
with relatively blinded comparison of HD vs. LD con-
ditions, and clinical relevance.5,11 Scorers were not told
that they would see the same seizures in two different
conditions, nor were they told to attend to the potential
density as they annotated. Thus, while scorers may have
been able to discern some level of electrode spacing in
certain video heatmap appearances, it is unlikely that the
results herein could be explained by this knowledge as a
potential confound.

Adding more recording datapoints between existing
electrodes enables the detection of problematic inter-
mediate areas that would have otherwise been missed.
Missing these intermediate extensions due to less elec-
trodes (LD) would thus underestimate the SOZ further
from its true extent (see simulation in Video 1, Fig. 6).
Thus, the (roughly 25%) larger SOZs annotated in HD
recordings may have been driven by the additional
spatial detail, since additional electrode sites in the HD
condition36 may reveal seizure activity that is present
between, and sometimes even stronger than, adjacent
LD electrodes (see arrows in Fig. 1b). These “uncertain
zones” (UZ) are problematic because they obscure the
9
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Fig. 6: Schematics and simulations of density influence on estimated SOZ size. a. Linear electrode arrays (e.g. single depth probe or subdural
strip) with HD (5 mm) and LD (10 mm) spacing are shown to illustrate the smaller observed SOZ (and thereby a larger uncertain zone, UZ) in LD
due to the trade-off between sampled and unsampled tissue. Clinically marked SOZ electrodes are in red, unmarked in black. b. Two-
dimensional electrode arrays (i.e., grids) with HD (4 mm) and LD (8 mm) spacing, similar to a in illustrating the smaller observed SOZ (and
larger uncertain zone) in LD. c. Simulation of three-dimensional multiple-probe electrode arrays (i.e., SEEG) with LD (10 mm; top row) and HD
(5 mm; bottom row) spacing. Similar to schematics in a and b, a theoretical “true” SOZ is simulated in yellow as a sphere, and the electrodes
enveloped in this SOZ for each condition are annotated in red. These red electrodes are used to create a 3D “estimated” SOZ (i.e., the “Certain”
SOZ from a and b). d. Estimated SOZ volumes are plotted as a function of increasing true SOZ volumes (spheres in left panels of c), compared to
the ideal scenario (i.e., estimated volume = true volume; black line). Higher density sampling is always closer to the true SOZ size (top panel),
and a percentage difference between the two (lower panel) demonstrates that SOZ size estimation with HD electrodes will always be larger than
LD electrodes by roughly 5–50%.
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extent and contiguity of SOZ tissue. A truly non-
contiguous SOZ may also seem even less contiguous
when fewer recording data points are used (see example
in Fig. 1), presumably clouding the specific anatomic
boundaries of the SOZ (i.e., where to draw annotation
lines, and hence, resection margins). We speculate that
this produced more variance between scorers, lowering
inter-rater reliability. Furthermore, as with low resolu-
tion pictures or imaging studies, under-sampling can
miss small margin extensions, irregularities, or conti-
guities in a lesion, leading to inaccurate lower-bound
measurement of lesion area or volume (Fig. 6).

The issue of under-sampling (schematic in Fig. 6) is
rooted in discretising a continuous space (brain anat-
omy) to a finite resolution (evenly spaced electrodes). It
is related to the problems of resolution uncertainty and
quantisation error in analogue-to-digital conversion.
Despite being different modalities, ICEEG under-
sampling has some similarity to the partial volume ef-
fect in biomedical imaging, which can be especially
problematic for smaller regions of interest.37–39 In addi-
tion, due to relatively small electrode contact sizes, tis-
sue located in gaps between electrodes is not sampled at
all aside from volume conduction to nearby electrodes.28

Thus, compared to biomedical imaging in which voxel
boundaries are adjacent, this problem may be more
pervasive in ICEEG recordings.

The additional spatial detail afforded by HD re-
cordings may be most relevant for low-voltage fast ac-
tivity (LVFA), an electrophysiological signature which
generally represents pathological activity directly under
the electrode contact.40 Spiking and other epileptiform
activity patterns of sufficient voltage amplitude are often
seen on nearby intracranial electrodes due to volume
conduction, though nearby dipoles can go undetected if
oriented orthogonal to electrode position. More impor-
tantly, LVFA constitutes the most common seizure
onset pattern at roughly 40–50% of intracranial re-
cordings for drug-resistant epilepsy.40 These aspects
suggest that our results may be relevant for the majority
of intracranial recordings. The trade-off between the
certain SOZ and the UZ (Fig. 6) is also applicable to the
intraoperative environment and bedside functional
stimulation mapping of eloquent cortex, or when eval-
uating for interictal activity including spikes and HFOs
if using in consideration of resection margins.12,27,41

Importantly, SOZ margin precision is most relevant
for tailored surgeries, but not necessarily surgeries with
pre-defined margins, particularly standard anterior
temporal lobectomies (ATLs). Caveats could include
tailored ATLs such as when the SOZ is determined to
have cortical extension beyond the standard ATL mar-
gins, or when more posterior extensions of deep targets
(e.g. hippocampal tail) are involved.42 HD recordings
may also be beneficial in situations where the SOZ
abuts eloquent cortex for more precise functional mar-
gins defined by electrical stimulation mapping.36
www.thelancet.com Vol 113 March, 2025
The inter-rater agreement of anatomical SOZ anno-
tation across epileptologists/scorers was moderate, a
pervasive problem described previously in studies using
ICEEG40,43,44 and scalp EEG.45,46 This ranged up to sub-
stantial agreement depending on the seizure/patient in
this study (Fig. 3c). We adjusted for this variation across
different scorers and seizures using mixed effect
models, revealing higher agreement for HD recordings
relative to LD. This HD-associated improvement in
agreement has clinical implications considering how the
pervasive issue of inter-rater reliability may undermine
clinical seizure localisation.40,43,44 Prospectively testing
whether higher electrode densities improve inter-rater
reliability and whether this is associated surgery out-
comes would be beneficial in future work.

Subjective confidence ratings for seizure localisation
using a Likert scale provide a clinically relevant measure
for individuals11 but these were not significantly asso-
ciated with electrode density, nor inter-rater reliability
for a given seizure. Instead, confidence was inversely
related to SOZs being reported as multifocal (vs. uni-
focal). These latter results potentially reflect uncertainty
subjectively for cases in which the SOZ was more
obvious (thus more consistent across scorers) or had
more complexity (multifocal networks).

The surgical margin extent and clinical confidence
results of our study pertain to any intracranial electrode
recordings (Fig. 6), i.e., both SEEG and subdural re-
cordings, as demonstrated by our results and the
simulation in Video 1. Most patients herein underwent
recently-described “hybrid” recordings at our centre.7

These consist of both depths and grids simulta-
neously, thus sampling both deep and superficial targets
and affording detailed 3D anatomical coverage. The
annotated SOZs herein included deep targets captured
on depths (e.g. medial temporal; Table 1). Our use of
HD grids provided numerous additional data points
with regularly spaced sampling in two dimensions
(2D),36 which may translate more directly to the 2D
annotation on image screenshots performed by the
scorers and that observed by the surgeon in the oper-
ating room, though depth electrodes including in SEEG
and hybrid recordings provide spatial information for
reconstructing ictal spread and propagation patterns as
well.11,16,17,47

The full 3D volume of the functional SOZ is always
an estimation in both clinical and research contexts. It is
impossible to precisely determine its putative true extent
prior to resection, particularly for non-lesional cases.
Corroborating our results, we demonstrate through
simulation that higher electrode densities provide closer
approximation to the true 3D volume of the SOZ in
simulations, and this remains true with “very high”
density sampling (1 mm; Video 1, Fig. 6c). However, a
plateau effect is still evident, illustrated as the gaps be-
tween HD (5 mm) and higher (1 mm) density sampling
compared to the true simulated volume in Video 1 and
11
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Fig. 6c. This remaining gap is related to the overall
extent of coverage, or in other words the inter-
component spacing (e.g. depth-to-depth, depth-to grid,
etc.). While the number of implanted components is
limited for clinical reasons (e.g. risks of haemorrhage,
infection),48–50 we would argue that underestimation due
to lower densities on the components that are already
implanted is unnecessary. Our results suggest that
higher densities on already-implanted components can
help maximise their available diagnostic return
(demonstrated in Fig. 6 and Video 1). Additional local-
isation techniques such as intracranial electrical source
localisation are helpful to account for such gaps in
coverage, and importantly, higher electrode densities
(especially focused around the SOZ) are dually helpful
for source localisation methods as well, and future
studies to this effect may be helpful.14,15,51,52

Increasing the density of recordings requires
attending to more channels on the screen, yet this issue
has been recurrently overcome for scalp EEG and
ICEEG ever since the transition from analogue (paper)
EEG to digital in the past few decades. Both intracranial
and high-density scalp recordings have required higher
capacity amplifiers, and indeed, many systems now
support hundreds of channels for clinical purposes.53,54

Seizure patterns remain easily apparent in the trace-
based ICEEG of HD recordings (Fig. 1a, left panel)
and contemporary computer monitors display such
detail. Moreover, quantitative EEG and data visualisation
methods to assist clinical interpretation are rapidly
increasing for both scalp and intracranial data,11,16,17,55,56

and generating lower sampling if/when needed from
higher density arrays is feasible and validated.35 The
expanding clinical utility of such quantitative and
computational tools in digital scalp and intracranial EEG
is increasingly clear, and further studies comparing
more such tools to traditional trace-based review are
needed.

Limitations of this study include a relatively limited
patient pool due to the rarity of capturing seizures
during HD recordings during research participation
(see Methods—Statistics section regarding sample size
considerations). We were relatively underpowered to
assess differences in surgical/Engel outcomes (only 7
patients underwent resection), but future studies with
larger numbers of patients may better delineate whether
the influences of recording density on SOZ localisation
are also predictive of better outcomes. Our relatively
large confidence interval estimates for certain factors
may also suggest a sparse data bias, and the results
should be taken in context with their coefficients and
measures of variance/confidence intervals.57–59 However,
because our data are balanced by rater, seizure, and HD
vs. LD condition, we suspect that our statistical results
are robust to method choice. Another limitation was the
use of a quantitative heatmap metric compared to
traditional trace-based review (though this would have
compromised density condition blinding), and 2D
annotation on images for 3D reconstructions (area
instead of volume, and without factoring in other
anatomical factors such as specific gyri, sulci, eloquent
cortex, and white matter pathways). This may have
limited the precision of SOZ estimates compared to
traditional comprehensive review (though see simula-
tion in Fig. 6c and Video 1). However, our crossover
design–marking the same seizure in both HD and LD
conditions in a blinded fashion and randomised order
for each seizure–mitigates these factors. While 7 of 10
patients had depth electrodes (SEEG or hybrid approach,
Table 1) and our results apply to any implanted hard-
ware (Fig. 6, Video 1), future studies of electrode density
focused on SEEG approaches (depths only) may be most
prudent because the vast majority of surgical epilepsy
centres have prioritised SEEG almost exclusively in
recent years.8,9

SOZ localisation in ICEEG is highly dependent upon
pre-implantation hypotheses and related optimisation of
electrode components for strategic coverage. However,
our study reveals that higher ICEEG electrode densities
on these already-implanted electrode arrays improve
crucial functional anatomic detail and inter-rater agree-
ment of SOZ delineation by epileptologists. Spatial as-
pects of diagnostic accuracy have driven previous
advances in biomedical imaging (e.g. slice thickness),
and similar future scaling of intracranial electrode
densities may convey significant clinical benefit.
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