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Summary for Social Media If Published

1. The corresponding author uses the following Twitter handle: @LaraJehiMD

2. Current knowledge: Both stereo-EEG and subdural electrode evaluations are used for
epileptogenic zone localization when considering surgery for drug resistant epilepsy
(DRE), but the choice of modality is largely preference based.

3. Question addressed: Using propensity score matching, this study investigated whether the
two invasive EEG modalities differed in terms of outcomes, specifically with regards to
resection likelihood, seizure freedom, and major neurosurgical complications after
surgery.

4. What the study adds: This study provides the first evidence-based approach towards the
selection of two commonly used invasive EEG modalities in epilepsy surgery.

5. Impact on the practice of neurology: The choice of modality when proceeding with
invasive EEG should be subject to shared decision making and incorporate the key
findings of this study: SDE is more likely to lead to resection, but SEEG is more likely to

lead to seizure freedom, and less likely to lead to major neurosurgical complications.
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Abstract:

Objective: To compare the outcomes of subdural electrode (SDE) implantations versus stereo-
electroencephalography (SEEG), the two predominant methods of intracranial EEG (iEEG)

performed in difficult to localize drug-resistant focal epilepsy.

Methods: The Surgical Therapies Commission of the International League Against Epilepsy
created an international registry of iEEG patients implanted between 2005-2019 with > 1 year
follow-up. We used propensity score matching to control exposure selection bias and generate
comparable cohorts. Study endpoints: 1) likelihood of resection after iEEG; 2) seizure-freedom
at last follow-up; and 3) complications (composite of either post-operative infection,

symptomatic intracranial hemorrhage, or permanent neurologic deficit).

Results: Ten study sites from seven countries and three continents contributed 2,012 patients,
including 1,468 (73%) eligible for analysis (526 SDE, 942 SEEG) of whom 988 (67%)
underwent subsequent resection. Propensity score matching improved covariate balance
between exposure groups for all analyses. Propensity-matched patients who underwent SDE had
higher odds of subsequent resective surgery (odds ratio OR = 1.4, 95% CI 1.05 — 1.84), and
higher odds of complications (OR=2.24, 95% CIl 1.34-3.74; unadjusted: 9.6% after SDE vs.

3.3% after SEEG). Odds of seizure-freedom in propensity-matched resected patients were 1.66
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times higher (95% CI 1.21, 2.26) for SEEG compared to SDE (unadjusted: 55% seizure-free

after SEEG-guided resections vs. 41% after SDE)

Interpretation: Compared to SEEG, SDE evaluations are more likely to lead to brain surgery in
patients with drug-resistant epilepsy, but have more surgical complications and lower probability
of seizure-freedom. This comparative-effectiveness study provides the highest feasible evidence

level to guide decisions on iEEG.
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Introduction

Resective brain surgery is the gold standard for treating drug-resistant focal epilepsy. When a
surgical plan cannot be developed via non-invasive tests, intracranial EEG (iEEG) recordings are
obtained for epilepsy localization. Subdural EEG (SDE) and stereotactic EEG (SEEG) are the
two major IEEG tools used in practice. Both modalities require complex technical resources,
significant costs, prolonged hospitalizations with significant risks, and multiple surgical
procedures for intracranial electrode implantation and explantation. Yet, SDE and SEEG
necessitate different neurosurgical expertise, ancillary personnel, and technical support. SDE
requires a craniotomy but offers the chance of a resection in the same hospitalization. The less
invasive SEEG, by comparison, is completed through a series of minimally invasive burr holes,
but often requires a separate admission weeks later for the therapeutic brain resection. While
many surgical programs could support both modalities, most exhibit a strong preference for one
over another, with these preferences changing slowly over time. A recent shift in North
American centers from SDE to SEEG has occurred™ ? with little scientific data, and no Class 1 or

2 evidence comparing the two invasive-EEG practices.

The highest level of available evidence is a “consensus-based expert recommendation” from the
Diagnostic Methods Commission of the International League Against Epilepsy (ILAE) and the
Pediatric Epilepsy Surgery Taskforce describing the perceived strengths and weaknesses of SDE
and SEEG®, and proposing specific clinical scenarios for which each technique is “believed to be
best suited”. Few retrospective descriptive case series using traditional regression methodologies
have tried to compare outcomes across the two modalities® * °, but demonstrated drastic baseline
differences between patient cohorts who had SDE versus SEEG, preventing clear and

meaningful comparisons. As with other significantly different neurosurgical procedures,
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randomized clinical trials (RCTs) comparing the two methods are virtually impossible®: only a
handful of surgical programs have the versatility needed to offer both procedures®, and patients
often have strong preferences given the significantly different approaches’. Over the past 20
years, the number of iEEG investigations without a subsequent therapeutic resection has tripled
in the United States and Europe®. Clinical practice has become preference-sensitive, rather than

evidence-based.

We generate strong observational evidence comparing the yield of SDE and SEEG in three
specific outcomes: the likelihood of subsequent resection, achieving seizure-freedom after
surgery, and neurosurgical morbidity/mortality. We leverage an international network of epilepsy
surgery programs, a robust approach to data and outcome definition and collection, and the
statistical methodology of propensity score matching to account for exposure selection bias
between these two patient populations (SDE vs. SEEG) providing robust causal inferences

beyond the current descriptive literature.
Methods:
Registry creation and study design:

We created an international registry governed by the Surgical Therapies Commission of the
ILAE, to consolidate outcomes and complications information on patients with drug-resistant
epilepsy who underwent iEEG in one centralized database. The ten participating sites included
Cleveland Clinic (USA); University of Calgary (Canada); Northwestern University, (USA);
University of California Irvine, (USA); University of Utah, (USA); SanBo Brain Hospital,
Capital Medical University, Beijing (China); Aix Marseille University Hospital, (France);

Ospedale Niguardia, Milan (Italy); University Medical Center, Utrecht, (Netherlands); and
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University College London (United Kingdom). Sites were selected to ensure uniformity in
neurosurgical standards while providing diversity in geographical representation. The study team
held a series of regular structured meetings over the course of three years, initially to finalize
study design, define variables of interest, and develop a uniform data dictionary for variable
collection, and then to periodically review data collection efforts, analysis, and results. All

decisions were made by consensus.

Patient selection and data management:

Patients included in this study were 16 years or older at the time of SEEG or SDE implantation.
At least 1 year of follow-up post-implantation was required. Patients who had both frame-based
depth electrodes and craniotomy for SDE were designated as an SDE implantation. To ensure
comparable levels of maturity in SEEG practice, and since sites started practicing SEEG at
different dates in this international cohort, the sites were instructed to provide either a complete
dataset of all their iIEEG patients implanted over a 5-year timeframe between 2005 and 2019
inclusive, starting at least two years after their first SEEG case, or provide a random subset of at
least 50 patients/site who fulfill these same inclusion criteria. For patients who underwent
several iIEEG procedures during the study timeframe, we only included the patients’ first IEEG
and analyzed outcomes of that first implantation. We excluded patients with epilepsy and
progressive neurodegenerative diseases. The data dictionary is provided in the supplementary
material. Data sharing abided by the appropriate confidentiality and compliance standards,
including the General Data Protection Regulation. All data were sent to the Data Coordinating

Center (Cleveland Clinic) and were de-identified prior to pooling and statistical analysis.
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Outcome measures and assessment:

Yield of invasive EEG was expressed as the proportion of patients who underwent resective

epilepsy surgery as a result of invasive monitoring via SEEG or SDE.

Seizure outcome was assessed as the proportion of resected patients who achieved seizure-

freedom at last follow-up after resection, allowing for isolated auras and for breakthrough
seizures with anti-seizure medication withdrawal (Engel class 1). Patients who undergo epilepsy
surgery are routinely followed up with an outpatient visit at 6 postoperative weeks, then at 6
months, and yearly thereafter. Patients with recurrent seizures have more frequent clinic visits,
and those who are not seen in clinic are typically contacted yearly by telephone to update their

clinical and drug treatment status.

Patient and surgery characteristics were obtained from clinical charts. For patients with acute
postoperative seizures, time to recurrence was the time to the first seizure occurring after the
acute postoperative period (>1 week). For patients who did not have an exact date of recurrence,
the recurrence date was estimated to be halfway between the two dates of ascertained outcome

neighboring it.

Surgical complications were assessed using three key morbidity outcomes: frequency of post-

operative infection (including wound or intracranial infections occurring within 30 days of
surgery), symptomatic intracranial hemorrhage (defined as radiologically proven intracranial
hemorrhage within the brain parenchyma, attributable to surgery, and leading to altered mental
status, neurological deficits, or requiring escalation of care or further surgery to treat the
hemorrhage), and complication resulting in a permanent neurologic deficit lasting at least 6

months following the procedure. Given the small number of patients with the individual
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complications, we elected a composite outcome (defined as the incidence of any one of these
three complications in a patient) as our analysis endpoint. Only two out of 2,012 patients died
following IEEG across all centers; so, mortality outcomes were not amenable to robust statistical

analysis.
Statistical Methods: Propensity score matching and choice of covariates

In RCTs, patients are randomly assigned to treatment arms, thereby minimizing the confounding
effect of baseline differences in patient characteristics. In observational studies where
randomization is not utilized, analyses must be carefully designed to minimize the potential for
confounding. One way to accomplish this goal in an observational dataset is to generate
comparable cohorts in such a way that cohorts are acceptably similar in all respects except for
the intervention of interest. One of the most statistically robust methods to build such
comparable cohorts is through propensity score matching ® ® 1°. All available baseline patient
characteristics potentially related to treatment choice or outcome are used to create a logistic
regression model that yields a propensity score for each patient. This score reflects the
probability that the patient would undergo a given treatment. A patient with a given propensity
score who happened to receive treatment A is matched with a patient with a similar score who
happened to receive treatment B. Thus, two comparable cohorts are created analogous to an RCT
though a trial may not be feasible. The improved power and accuracy of causal inferences after
generation of comparable cohorts using propensity scores were emphasized at a recent workshop
in the National Institute of Neurological Disorders and Stroke on launching effectiveness
research in neurosurgery®, and have been exemplified in several neurosurgical contexts such as
the International Spine Study Group data set™, cognitive outcomes after invasive EEG™, and

other fields in medicine®®.

11

This article is protected by copyright. All rights reserved.



Accepted Article

Our propensity score model estimates the probability of undergoing invasive monitoring with
SDE. We identified 18 covariates believed to be important contributors to the likelihood of
choosing SDE versus SEEG and/or to undergo subsequent resection, and to achieve seizure
freedom (Table 1-2). To study complications, we also identified 8 key co-variates that influence
choice of IEEG and surgical risk to include major medical co-morbidities (age, sex, prior
surgery, unilateral/bilateral disease, presence of abnormal MRI findings, diabetes, hypertension,
hyperlipidemia) (Table 3). All chosen covariates are measured prior to invasive EEG monitoring
and/or resective epilepsy surgery. Evidence for the choice of these variables is found in multiple
publications on surgical seizure outcomes from our group and others™. Specifically, we created
separate propensity-matched pairs (each containing a unique SDE patient and a matching SEEG
patient) for each studied outcome to balance the two study groups on the following covariates:

15, 16

basic demographic characteristics (age, gender)™ =, clinical seizure outcome determinants such

as epilepsy duration®’, baseline seizure-frequency*®?°

, and presence of focal to bilateral tonic-
clonic seizures®, with additional interaction terms to account for the differential prognostic
impact of these variables in different types of epilepsy (such as a higher probability of poor
seizure outcome in patients with frontal lobe epilepsy and long epilepsy duration®’, or in patients
with temporal lobe epilepsy and a history of focal to bilateral tonic clonic seizures®). Our

covariates also included the MRI categorization®

, the expected extent of the epileptogenic
zone (lobar, multilobar; unilateral vs bilateral), and dominant hemisphere localization, as all of
these variables are expected to influence the choice of invasive EEG modality and surgical
outcome® 24 2% History of prior failed epilepsy surgery was also accounted for as it may lead

one to favor SEEG? to avoid the risks of a repeat craniotomy and has been linked to poorer

seizure outcomes after resective surgery’® ?°. Since we can only use covariates available PRIOR

12
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to intervention, epilepsy etiology was determined based on MRI findings and clinical history,

rather than on histopathological findings.

We then used logistic regression models to compare the two surgical groups relative to the
categorical outcomes (resection, seizure freedom since surgery, complications), accounting for

the propensity to be in the SDE group determined through matching.

We used R version 4.1.0 for all statistical analyses®. The key packages used for propensity score

n3l n32

matching and evaluation of covariate balance were the "Matching™*" and "cobalt"** packages.

Matching with vs without replacement:

Each of our propensity-matched samples was created by matching each of the available subjects in the
relevant SDE sample to subjects in the SEEG sample. That matching was done with replacement, so that
the same SEEG subject could be used to match to different SDE subjects in creating our matched pairs. In
each case, we evaluated whether matching with replacement in this way provided a meaningful
improvement in covariate balance over the alternative strategy, which would have been to still match all
available SDE subjects to SEEG subjects, but not allow the same SEEG subject to match to multiple SDE
subjects — which we call matching without replacement. This would have created the same number of
matched pairs, but those individual pairs (in some cases) would have been less well-balanced. We made
our decisions between whether to match with or without replacement on the basis of covariate balance,
prior to examining the outcomes. The decision about whether the improved “balance” between SDE and
SEEG subjects after matching with replacement is strong enough to use compared to matching without

replacement needs to be made without reference to the outcome data, so as to avoid creating a bias.

In the “Resection analysis cohort” and the “Complications analysis cohort”, the balance is stronger after
matching with replacement, but is still reasonable even if we had chosen to use matching without

replacement. However, this was not true of the “Seizure outcomes cohort”, where the balance is too weak

13
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after matching without replacement to justify our inferences, and so matching with replacement was

required and that is the method we followed.

Results:

Patient population:

A summary of the patient distributions for the two study arms is provided in Figure 1. The ten
participating sites provided 2,012 patients. After verifying the study criteria (age, surgery
period), and known resection and implantation status, 1,468 were eligible for analysis (526 SDE
and 942 SEEG), including 1,405 patients with complete data for complications analyses, (the
“complications analysis cohort™), and 1,393 patients with complete data to analyze the likelihood
of undergoing subsequent resection (the “resection analysis cohort”). Of those, 405 patients did
not proceed to subsequent resection (295/942 (31%) in the SEEG group, and 110/526 (21%) in
the SDE group), and 988 patients underwent subsequent resective surgery. After excluding 15
patients with missing seizure-outcome data, 130 patients with missing localization of resection,
and six with missing epilepsy etiology, we were left with 837 study subjects (531 SEEG and 306

SDE) in the “seizure outcomes cohort” used for the corresponding analyses.

Propensity score matching improved covariate balance between the two exposure (iEEG) groups
in all study cohorts. Characteristics of the “resection analysis cohort”, “seizure outcomes
cohort”, and “complications analysis cohort” before and after matching are in Tables 1-3 and
Figure 2. Despite clear baseline differences prior to matching, there are no substantial differences

between the propensity score matched cohorts in terms of key baseline characteristics (Figure 2).

Likelihood of resection: After SDE implantations, 78.6% (95% CI 74.8%-82.0%) underwent

resective brain epilepsy surgery as opposed to 66.5% (95% CIl 63.3%-69.5%) after SEEG.

14
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Propensity-matched patients who underwent SDE had higher odds of resective epilepsy surgery
(odds ratio OR = 1.4, 95% CI: 1.05 — 1.84), matching the direction of the unadjusted estimate

(OR =1.85, 95% CI: 1.44-2.39).

Seizure outcomes:

In patients who underwent resective surgery after iEEG, 54.6% (95% CI 50.4%- 58.8%) were
seizure-free at last follow-up after SEEG-guided resection as opposed to 41.1% (95% CI 35.8%-
46.8%) after SDE-guided resections. Odds of seizure-freedom following resection were 1.66
times higher (95% CI 1.21, 2.26) for propensity-matched patients undergoing SEEG as

compared to SDE, mirroring the unadjusted effect estimate (OR = 1.72, 95% CI: 1.29, 2.29).

Surgical complications:

In the complications analysis cohort, 9.6% (95% CI 7.3%- 12.5%) had a major surgical
complication after SDE implantation as opposed to 4.4% (95% CIl 2.9%- 6.6%) after SEEG
implantation. Odds of complications following SDE were 2.24 times higher (95% CI 1.34, 3.74)
for propensity-matched patients undergoing SDE as compared to SEEG, mirroring the
unadjusted effect estimate (OR = 3.08, 95% CI: 1.93, 4.97). One patient died following

complications attributed to SDE, and one patient died after SEEG.

The estimates of the risks of the individual complications included in the composite outcome and

adjusted Odds Ratios are shown in Table 4.

The adjusted and unadjusted propensity score odds ratios are shown in Figure 3. In a post-hoc
calculation of propensity-matched patients without replacement done per reviewer’s request, similar

direction of the OR was observed [1.53 (1.16, 2.02) for likelihood of resection, 1.63 (1.18,2.25) for

15
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seizure-freedom albeit with a worse matching balance, and 2.32 (1.35, 3.97) for complications].To
address a potential “site and time effect” resulting from varying levels of experience with SEEG
across our centers over the study period, we repeated our analyses excluding three sites that only
contributed SEEG data and one site that only contributed SDE data. The results and conclusions

were unchanged.
Discussion:

Currently, invasive EEG is the ultimate electrophysiological tool available to localize the
epileptogenic zone (EZ) in challenging patients with drug-resistant focal epilepsy. Such patients
face a 1% yearly risk of sudden death®. In this context, the surgical risks of invasive EEG,
regardless of the modality (SDE or SEEG), often are justifiable to improve patient survival and
quality of life” . However, current data comparing the two modalities are limited to expert-

opinion review articles® >’

, single center descriptive studies with insufficient sample size to
compare outcomes” ®, an exclusive focus on surgical complications and length of stay favoring
SEEG”, with the two single center case series on the topic reporting unadjusted estimates of
seizure-freedom (one with equivalent outcomes between SEEG and SDE®, and one with better
outcomes of SEEG compared to SDE?). All studies reported important differences in the baseline
characteristics of patients who had SDE vs. SEEG, limiting any meaningful conclusions on how
the two modalities truly compare. Without hard data comparing these two modalities, one cannot
validate the current patient care approach where the choice of SDE vs. SEEG is guided by
“beliefs”, logistical considerations, and physician/patient preference.

The gold standard randomized controlled clinical trial cannot be successfully completed to obtain
the sought-after, objective, comparative data for SDE and SEEG for multiple reasons. First, from

a logistical perspective, very few surgeons are experienced in both techniques, so finding enough
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study sites for an adequately powered randomized controlled trial would be challenging. Second,
even in hypothetically acceptable study sites, and despite an argument for equipoise at the level
of the scientific community as a whole, strong “beliefs” for the superiority of one technique for
any given patient would compromise equipoise at the individual physician level and delay
recruitment® > “°. Third, given significant pragmatic differences between the two modalities
(required craniotomy in SDE vs. burr holes only for SEEG placement; immediate resection upon
conclusion of SDE evaluation vs. a 6 week delay after SEEG, among other differences), patients
are more likely to choose one over the other upfront, rather than be equally comfortable with
both and thus open for randomization. Observational research is an excellent feasible option to
investigate this topic, as supported by a recent workshop at the National Institute of Neurological
Disorders and Stroke on effectiveness research in neurosurgical interventions®. Propensity
modeling, in particular, provides a unique opportunity to statistically equate these disparate
patient groups (SDE vs. SEEG) in order to approximate a randomized controlled trial using
observational data’. Estimating a valid propensity score requires considerable reflection on the
types of data that influence the decision makers, and might include inherent patient
characteristics, prognostic factors, factors related to the surgery, and other patient characteristics.
It is not unusual for around 20 variables to contribute to the propensity score®®: in our model, we
used 18 in the resection and seizure outcome analyses, and 8 in the complications analysis.

Before propensity matching was applied, patients in the observed SDE and SEEG groups did
differ meaningfully across several key baseline characteristics. The power of propensity score
matching is that it allows for the creation of pairs of similar patients that differ only in regard to
treatment type, thereby reducing the effect of potentially confounding baseline differences. The

propensity score adjustment used here resulted in excellent covariate balance between the two

17
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surgical groups, as demonstrated by the small differences in baseline characteristics between the
matched SDE and SEEG cohorts (Table 1-3) and the markedly narrower spread around the zero
standardized-difference line after matching (Figure 2). Having generated well matched cohorts,
we were able to conduct statistically robust inferential analyses to find differences in our
outcomes of interest that were attributable to treatment type alone.

Our findings (Figure 3) suggest that SDE evaluations are associated with a higher likelihood of
being followed by a resective epilepsy surgery (adjusted O.R. of 1.39) and developing
complications (adjusted O.R. of 2.24), while SEEG is associated with higher odds of seizure-

freedom (adjusted O.R. of 1.66).

Resection yield: The completion of a resective surgery after IEEG depends on measurable factors

such as satisfactory localization of the EZ, and acceptable risk versus benefit equation following
this localization. SDE implantations provide a more comprehensive cortical coverage allowing
for a more straightforward mapping of functional eloquent cortex, facilitating the risk versus
benefit assessment*’. This extensive cortical coverage may also better enable the EZ delineation
in a neocortical epilepsy. When coupled with free-hand depth electrode implantations in the
insula, operculum, or cingulate, it can also provide reasonable confidence of localization in these
more complex epilepsies®’. However, proceeding to a resection after iEEG also depends on more
impalpable factors such as patient willingness to proceed with surgery, and the logistical
considerations of convenience and feasibility of the procedure. A higher likelihood of resection
following SDE evaluation - even after adjusting for the epilepsy’s biology as we did in our
propensity matched model - may mostly reflect a reality where these intangible influencers favor
SDE over SEEG. The threshold to proceed with a morbid craniotomy for SDE may be higher

than that of performing burr-holes for SEEG, and thus require a higher level of pre-procedural
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confidence in ability to localize the EZ and resect it. A patient who committed to the morbidity
of SDE may be less risk-averse than one who only committed to a SEEG exploration. The SDE
patient may also have a harder time foregoing a subsequent resection when the iEEG localization
is suboptimal. Lastly, the second craniotomy to remove SDE electrodes provides a convenient
and tempting opportunity to perform a resection, even if expected to be purely palliative rather

than curative.

Seizure outcomes: Postoperative seizure freedom largely depends on successful localization of

the EZ and its complete resection. The localization of the EZ with any invasive EEG tool
depends primarily on the strength and clarity of the implantation hypothesis, which in turn drives
the design of the implantation and the interpretation of its result. In patients with a robust pre-
implantation hypothesis, the findings of the iEEG are interpreted in the appropriate context and
can lead to favorable results. Emphasis on this anatomo-electro-clinical correlation is high in
SEEG, optimizing the design of the implantation to comprehensively define the epileptic
network and to better understand its extent, enhancing the surgical strategy. In addition, while
SDE recordings predominantly provide coverage of the cortical surface, SEEG allows targeting
of deeper structures, often suspected to account for seizure recurrence after surgery. An obvious
example is the exploration of the opercular, cingulate, and insular regions in challenging patients
considered for a temporal lobe resection, the most common type of epilepsy surgery often
thought to fail due to a “temporal plus” extent involving the peri-Sylvian region. Lastly, the risk
versus benefits balance in SEEG as opposed to SDE favors resections with a high likelihood of

Success.

Surgical complications: A higher risk of peri-operative infection was the main driver of

increased major complications after SDE as compared to SEEG. The two surgeries present
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significantly different levels of complexity (one requires a craniotomy; the other, burr holes), so
it is not unexpected that complications, particularly peri-operative infections vary. Our findings
are consistent with the conclusions of a recent systematic review on iIEEG morbidity finding

lower morbidity with SEEG compared to SDE *.

Limitations: Our list of covariates cannot be exhaustive of all specific clinical scenarios where
one may speculate a superiority of one technique over the other: for example, a fronto-parietal
opercular epilepsy involving also the depths of the insula may be more appropriately explored
with SEEG, whereas a depth of the sulcus dysplasia near the perirolandic cortex may be best
approached via a combination of SDE and SEEG*. A confounding by indication may occur
where significant modality-related outcome differences in these very specific situations may be
masked by a comparison of SDE and SEEG in the larger, more prevalent, patient groups. We do
not have center-specific data to quantify what proportion of patients who were labeled “SDE”
had in fact “SDE+depths”, but this is unlikely to significantly change our findings since this is a
minority of patients across our study sites, and depths are typically used to supplement SDE in a
combined approach, rather than the reverse. We did not specifically study durations of
implantations, or other specific neurosurgical variables (e.g: type of electrodes) across the two
IEEG modalities in this analysis, but this would also factor in patient and physician choice.
Since surgical resection followed immediately after SDE electrode explantation, it is difficult to
distinguish precisely if the complication was due to the resection or the SDE. Nonetheless, the
fact remains that the decision to perform SDE carries a higher risk of complications than SEEG.
The superiority of one iIEEG modality over another should inform surgical decision making, but
does not override other considerations such as local surgical expertise and special patient

considerations. The “best” surgery for a patient with drug-resistant epilepsy is the surgery that
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can be accomplished most expeditiously and safely. In fact, a “center effect” with varying
outcomes by site (better outcomes with a given procedure in centers who have longer experience
in it) cannot be entirely ruled out. In our study, we tried to mitigate this potential confounding
factor by limiting our analysis to patients operated at least two years after first SEEG case in
sites that started their SEEG programs during the study duration to increase homogeneity of
experience, and by reanalyzing the data excluding sites that exclusively perform one procedure.

This analysis yielded the same results.

Conclusions:

Both SDE and SEEG are acceptable invasive EEG modalities for patients with focal drug-
resistant epilepsy. While SDE evaluations are more likely to lead to a therapeutic resection, they
are associated with higher surgical morbidity, and a lower likelihood of postoperative seizure
freedom as compared to SEEG. Future work is necessary to continue the incremental progress of
our approach to invasive EEG, better understand how to inform patient choices, and how to

understand the implications of these choices.
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Figure Legends

Figure 1: Patient distribution across the different study arms. *some patients had multiple fields
with missing data.

Figure 2. Standardized differences for baseline covariates for patients who underwent invasive
EEG (the “resection analysis cohort”, panel 2A), for patients who had resective surgery (the
“seizure outcomes cohort”, panel 2B), and for the complications analysis cohort (panel 2C)
before and after propensity score matching.

Figure 3.

Panel A. Odds ratio estimates (with 95% confidence intervals) for resection in the resection
analysis cohort before and after propensity score matching. Odds ratio here describes the odds of
resection in SDE patients as compared to SEEG. Higher OR indicates higher probability of
resection after SDE. The “unadjusted” estimate fails to account for the large separation in
baseline covariate distributions across the SDE and SEEG groups within this cohort.

Panel B. Odds ratio estimates (with 95% confidence intervals) for seizure-free status in the
seizure outcomes cohort before and after propensity score matching. Odds ratio here describes
the odds of seizure-freedom in SEEG patients as compared to SDE. Higher OR indicates higher
probability of seizure freedom after SEEG. The “unadjusted” fails to account for the large
separation in baseline covariate distributions across the SDE and SEEG groups within patients
who had resective surgery after iEEG in this cohort.

Panel C. Odds ratio estimates (with 95% confidence intervals) for incidence of surgical
complications (defined by composite outcome of any one of post-operative infection,
symptomatic intracranial hemorrhage, or complication resulting in a permanent neurologic
deficit) before and after propensity score matching. Odds ratio here describes the odds of
complications in SDE patients as compared to SEEG. Higher OR indicates higher probability of
complications after SDE. The “unadjusted” fails to account for the large separation in baseline
covariate distributions across the SDE and SEEG groups within the complications analysis
cohort.

28

This article is protected by copyright. All rights reserved.



[ Initial sample (n=2012) ]
Excluded (n=544): < 16 years of age, implantation Missing data (n=63): data missing on composite
before 2005, resection status or implantation type —_— outcomes (n=37) and covariates (n=26)
not available |
[ Eligible for analysis (n=1468) } z
Missing data (n=75): data missing on Epilepsy ‘
onset (n=14), seizure frequency (n=45), Prior fe——————ux | v
0) convulsions (n= 37), MRI (n=13), Unilateral versus
p— bilateral evaluation (n=7), Prior surgery (n=14) [ “Resection analysis cohort” (n=1393) ] [ “Complications analysis cohort” (n=1405) ]
= |
N
— SEEG SDE
4: (n=880) (n=513)
vU Yield? Yield?
Q \ |
Q Resection No resection Resection No resection
15) (n=585, 66.5%) (n=-295, 33.5%) (n=403, 78.6%) (n-110, 21.4%)
Q <«— | Missing data (n=54) «— | Missing data (n=97)
SEEG available for seizure outcome analysis SDE available for seizure outcome analysis
(n=531) (n=306)

This article is protected by ¢

“Seizure outcomes cohort” (n=837)




Low Seizure Frequency* - B Before Matching

Intermediate Seizure Frequency* -
Abnormal MRI* 1

Male*

@® Propensity-Matched

Prior surgery™ -

Age at implantation -

Epilepsy duration at implantation -

Prior GTC*
Unilateral invasive EEG* [ |
logit(Propensity Score) [ |

1
1
1
1
1
1
1
1
1
1
High Seizure Frequency* - . | J
1
1
1
1
1
1
1
1
1
1
1
1
1

Propensity Score (raw)- M

-0.50 025 0.00
Standardized Mean Differences

rticle

ation of cortical development™* - )
Multilobar epilepsy*+{ [ Before Matching
Abnormal MRI* - )
Low Seizure Frequency*- @ Propensity-Matched
Male™ 4
Frontal lobe localization* -
osterior Quadrant localization™ -
High Seizure Frequency™ -
Cryptogenic epilepsy™ -
ermediate Seizure Frequency* -
Mesial Temporal Sclerosis™ -
Prior surgery™ -
Other epilepsy etiologies™ -
Prior GTC* 1 [ |
pilepsy duration at implantation | ]
Unilateral invasive EEG* - [ |
[ ]
[

A

ted

Temporal localization™ 4
Dominant hemisphere™
Age at implantation [ |
logit(Propensity Score) O
Propensity Score (raw)- [l

08 04 0.0
Standardized Mean Differences

Accep

Abnormal MRI*1 [l Before Matching : ‘ m

Male*{ @ Propensity-Matched E ® N E

Diabetes™* : :
Hyperlipidemia* 1 E .1 E
Hypertension* - ., me :

Prior surgery* - E e E

Age at implantation | e
Unilateral invasive EEG* A [ | E E
logit(Propensity Score){ M : |
Propensity Score (raw)- M : :
This article is protected by copyrighg All rights reserved._q) 4 02 ' 00 '

Standardized Mean Differences



: 1.44 2.39
Unadjusted 1 : 1.85
1.04 1.84
Propensity-Matched - : 1.39
# : . |
1.0 15 210
O Resection Odds Ratio for SDE vs. SEEG
op
< | : 1.29 2.29
Unadjusted 1 : 1.72
U I 1(21 2.26
H)pensity-Matched 1 1.66
1?2 1?6 2?0
O Seizure-Free Odds Ratio for SEEG vs. SDE
: 1.93 4.97
Unadjusted - : 3.08
L 1.34 3.74
Propensity-Matched 4 | 2 24
This article is protq:cted by copyright. All riéhts reserved. :'3 :1 é

Composite Odds Ratio for SDE vs. SEEG




Accepted Article

Table 1: Baseline Characteristics of the Resection Analysis Cohort before and after Propensity
Score Matching. Despite obvious baseline differences across most variables, matching
accomplished very good to excellent balance.

The “Resection Analysis Cohort”

SEEG before SDE SEEG after
Matching (n=513) Matching
(n =880) to 513 SDE
subjects’
Demographic Variables
Mean age at implant (+ SD), 31.5(x10.8) | 33.0(+£11.6) 33.8 (x11.7)
years
Male, n (%) 474 (53.9) 259 (50.5) 256 (49.9)
Epilepsy-Related Variables
%ng‘ epilepsy duration (+ SD), 17.4 (+107) | 19.0 (+12.1) 19.3 (+11.9)
Seizure frequency
High, n (%) 237 (26.9) 184 (35.9) 190 (37.0)
Intermediate, n (%) 482 (54.8) 261 (50.9) 246 (48.0)
Low, n (%) 161 (18.3) 68 (13.3) 77 (15.0)
Prior focal to bilateral tonic- 352 (68.6)
clonic ? Yes, n (%) 467 (53.1) 341 (66.5)
MRI Abnormal? Yes, n (%) 570 (64.8) 313 (61.0) 315 (61.4)
- . - 5
E(J)/r;)llateral invasive EEG? Yes, n 564 (64.1) 444 (86.5) 446 (86.9)
. . 5
Prior neurosurgery for epilepsy 148 (16.8) 108 (21.1) 92 (17.9)

Yes, n (%)

Epilepsy duration = time between seizure onset and implantation. Low seizure frequency was
defined as two or less seizures/month, high seizure frequency was 1 or more seizures per day,

and n = number of cases.

! In this match, to create 513 matched pairs, we use 317 SEEG subjects. 193 of those subjects are
used just once, 301 of those subjects are used three times or less, and the remaining 16 more than
three times. Summaries in the table describe the 513 matched pairs.
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Table 2: Baseline Characteristics of the Seizure Outcomes Cohort before and after Propensity
Score Matching. Despite obvious baseline differences across most variables, matching
accomplished very good to excellent balance.

The “Seizure Outcomes Cohort”

SEEG before SDE SEEG after
Matching (n = 306) Matching
(n=531) to 306 SDE
subjects’

Demographic Variables

This article is protected by copyright. All rights reserved.
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Mean age at implant (= SD), 31.0(x10.8) | 34.5(x11.7) 33.7 (x11.0)
years
Male, n (%) 280 (52.7) 150 (49.0) 163 (53.3)
Epilepsy-Related Variables
3')’;2";‘: epilepsy duration (+ SD), 17.3 (+10.8) | 19.1 (+12.6) 19.6 (+13.2)
Seizure frequency
High, n (%) 132 (24.9) 74 (24.2) 70 (22.9)
Intermediate, n (%) 293 (55.2) 183 (59.8) 175 (57.2)
Low, n (%) 106 (20.0) 49 (16.0) 61 (19.9)
Prior Convulsions? Yes, n (%) 273 (51.4) 206 (67.3) 212 (69.3)
MRI Abnormal? Yes, n (%) 343 (64.6) 179 (58.5) 182 (59.5)
Unilateral invasive EEG? Yes, n 371 (69.9) 268 (87.6) 268 (87.6)
(%)
Prior neurosurgery for epilepsy? 75 (24.5)
Yes, n (%) 96 (18.1) 71 (23.2)
Language Dominant 236 (44.4) 201 (65.7) 196 (64.1)
hemisphere? Yes, n (%)
Epilepsy localization
Frontal, n (%) 113 (21.3) 54 (17.6) 70 (22.9)
Multilobar, n (%) 128 (24.1) 30 (9.8) 20 (6.5)
Posterior Quadrant, n (%) 30 (5.6) 14 (4.6) 14 (4.6)
Temporal, n (%) 260 (49.0) 208 (68.0) 202 (66.0)
Etiology (%)
Cryptogenic, n (%) 166 (31.3) 97 (31.7) 79 (25.8)
MCD, n (%) 203 (38.2) 64 (20.9) 82 (26.8)
MTS, n (%) 71 (13.4) 57 (18.6) 46 (15.0)
Other, n (%) 91 (17.1) 88 (28.8) 99 (32.4)

Epilepsy duration = time between seizure onset and implantation. Low seizure frequency was
defined as two or less seizures/month, high seizure frequency was 1 or more seizures per day,

and n = number of cases.

! In this match, to create 306 matched pairs, we use 170 SEEG subjects. 112 of those subjects are
used just once, 151 of those subjects are used three times or less, and the remaining 19 more than
three times. Summaries in the table describe the 306 matched pairs.
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Table 3: Baseline Characteristics of the Complications Analysis Cohort before and after
Propensity Score Matching. Despite obvious baseline differences across most variables,
matching accomplished very good to excellent balance

The “Complication Analysis Cohort”

SEEG before SDE SEEG after
Matching (n =502) Matching
(n=903) to 502 SDE
subjects’
Demographic Variables
%Z";‘Q age atimplant (+ SD), 317 (+10.9) | 33.3 (+11.4) 33.7 (+11.0)
Male, n (%) 486 (53.8) 254 (50.6) 236 (47.0)
Epilepsy-Related Variables
MRI Abnormal? Yes, n (%) 590 (65.3) 302 (60.2) 303 (60.4)
g/r;)llateral invasive EEG? Yes, n 567 (62.8) 435 (86.7) 433 (86.3)
Prior Surgery? Yes, n (%) 146 (16.2) 106 (21.1) 108 (21.5)
Comorbidities
Diabetes? Yes, n (%) 22 (2.4) 15 (3.0) 12 (2.4)
Hypertension? Yes, n (%) 43 (4.8) 46 (9.2) 39 (7.8)
Hyperlipidemia? Yes, n (%) 31 (3.4) 28 (5.6) 29 (5.8)

Epilepsy duration = time between seizure onset and implantation. Low seizure frequency was
defined as two or less seizures/month, high seizure frequency was 1 or more seizures per day,

and n = number of cases.

! In the third match, to create 502 matched pairs, we use 343 SEEG subjects. 235 of those

Accepted Article

subjects are used just once, 332 of those subjects are used three times or less, and the remaining
11 more than three times. Summaries in the table describe the 502 matched pairs.
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Table 4: Raw baseline rates of specific neurosurgical complications in the total cohort, and
adjusted odds ratios for each in the propensity matched cohorts.

SEEG before SDE | Odds Ratio (95% CI)
Matching (n =502) in SDE after

(n =903) Matching SEEG

to 502 SDE subjects

Symptomatic intra-
cranial hemorrhage?
Yes, n (%; 95% CI)

14 (1.6%; 0.9%-2.6%)

9 (1.8%; 0.9%- 3.4%)

1.29 (0.48-3.45)

Peri-operative
infections? Yes, n
(%; 95% CI)

8 (0.9%; 0.4%- 1.8%)

35 (7.0%; 5.1%-9.6%)

5.83 (2.45-13.9)

Postoperative
permanent
neurological deficit?
Yes, n (%; 95% CI)

15 (1.7%; 1.0%- 2.7%)

8 (1.6%; 0.8%- 3.2%)

0.53 (0.23-1.26)

Composite outcome?
Yes, n (%; 95% CI)

30 (3.3%; 2.3%-4.7%)

48 (9.6%; 7.3%- 12.5%)

2.24 (1.34-3.74)
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