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Abstract

Objective: Stereotactic laser amygdalohippocampotomy (SLAH) is an appealing option for 

patients with temporal lobe epilepsy, who often require intracranial monitoring to confirm mesial 

temporal seizure onset. However, given limited spatial sampling, it is possible that stereotactic 

electroencephalography (stereo-EEG) may miss seizure onset elsewhere. We hypothesized that 

stereo-EEG seizure onset patterns (SOPs) may differentiate between primary onset and secondary 

spread and predict postoperative seizure control. In this study, we characterized the two-year 

outcomes of patients who underwent single-fiber SLAH after stereo-EEG and evaluated whether 

stereo-EEG SOPs predict postoperative seizure freedom.

Methods: This retrospective five-center study included patients with or without mesial temporal 

sclerosis (MTS) who underwent stereo-EEG followed by single-fiber SLAH between August 

2014 and January 2022. Patients with causative hippocampal lesions apart from MTS or for 

whom the SLAH was considered palliative were excluded. A SOP catalogue was developed based 

on literature review. The dominant pattern for each patient was used for survival analysis. The 

primary outcome was two-year Engel I classification or recurrent seizures before then, stratified by 

SOP category.

Results: 58 patients were included with a mean follow-up duration of 39 ± 12 months after 

SLAH. Overall one-, two, and three-year Engel I seizure freedom probability was 54%, 36%, 

and 33% respectively. Patients with SOPs including low voltage fast activity or low frequency 

repetitive spiking had a 46% two-year seizure freedom probability, compared to 0% for patients 

with alpha or theta frequency repetitive spiking or theta or delta frequency rhythmic slowing (log 

rank test, p = 0.00015).

Significance: Patients who underwent SLAH after stereo-EEG had a low probability of seizure 

freedom at two years, but SOPs successfully predicted seizure recurrence in a subset of patients. 

This study provides proof of concept that SOPs distinguish between hippocampal seizure onset 

and spread and supports using SOPs to improve selection of SLAH candidates.

Keywords

Stereotactic electroencephalography (stereo-EEG); stereotactic laser amygdalohippocampotomy 
(SLAH); seizure onset patterns (SOP); laser interstitial thermal therapy (LITT); epilepsy surgery; 
temporal lobe epilepsy (TLE)

1. Introduction

While anterior temporal lobectomy (ATL)1 and selective amygdalohippocampectomy 

(SelAH)2 have been the standard surgical treatment for patients with pharmacoresistant 

mesial temporal lobe epilepsy (mTLE), 2 stereotactic laser amygdalohippocampotomy 

(SLAH) is a less invasive alternative with lower complication rates and possibly fewer 

neuropsychiatric side effects.3,4 However, although seizure freedom rates are comparable 
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to ATL in the first year after SLAH, the probability of seizure freedom falls below 50% 

beyond two years.5 One study of 12 patients without mesial temporal sclerosis (MTS) 

reported that seven were seizure free after SLAH if stereo-EEG confirmed mesial temporal 

seizure onset.6 However, only one seizure free patient had at least two years of follow-up. 

A recent meta-analysis of laser interstitial thermal therapy (LITT) showed a 42% prevalence 

of seizure freedom in 69 patients across five studies examining LITT after intracranial EEG, 

compared to the overall prevalence of 56% with or without intracranial EEG. Of note, most 

of the 69 patients underwent LITT of non-mesial temporal structures.7 Thus, the long-term 

efficacy of mesial temporal ablation after stereo-EEG is not well-characterized.

The interpretation of hippocampal seizure onset with stereo-EEG is not necessarily 

straightforward. Since seizure onset, propagation, and semiology can progress 

rapidly, distinguishing primary hippocampal onset from secondary propagation can be 

challenging.8–9 This is especially important in considering SLAH since seizure onset can 

occur in anterior temporal neocortex or parahippocampal gyrus (PHG) which are note 

ablated. Furthermore, while generally interpreted to indicate seizure onset, ictal activity seen 

on electrocorticography can represent a local response to a seizure generated elsewhere.10–12

Prior literature supports using intracranial EEG visual seizure onset patterns (SOPs) for 

predicting epilepsy surgery outcomes. For instance, certain SOPs have been associated 

with areas of secondary propagation rather than primary onset.13 However, many studies 

on the prognostic value of SOPs were in the context of ATL.14,15 Since ATL removes 

the amygdalohippocampal complex (AHC) as well as the PHG, temporal pole, and lateral 

temporal neocortex, it is unclear whether SOPs that portend a favorable prognosis in ATL 

are applicable to SLAH. Likewise, due to its spatial specificity and sparing of the PHG 

and neocortex, SLAH offers an ideal proof of concept for studying the predictive value of 

stereo-EEG biomarkers.

Few studies exist leveraging SOPs with focal ablations. One series of 35 patients showed 

that stereo-EEG SOPs are helpful in predicting good outcome after laser interstitial thermal 

therapy for extra-temporal lobe epilepsy.16 Another series of nine patients with mTLE who 

underwent laser ablation after stereo-EEG demonstrated that frequencies below 14 Hz, 

regardless of SOP, at hippocampal seizure onset were associated with a worse prognosis 

compared to frequencies above 14 Hz.17

In this study, we present a survival analysis for stereo-EEG-guided SLAH and explore 

factors associated with two-year seizure freedom. We then generated a catalogue of SOPs 

based on prior literature and analyzed patient outcomes based on their stereo-EEG SOP.

2. Materials and Methods

2.1 Patient selection and stereo EEG recordings

We performed a five-center retrospective analysis of consecutive patients with mTLE treated 

with stereo-EEG-guided single-fiber SLAH between August 2014 to January 2022. The sites 

involved were Columbia University, University of Chicago, University of Pennsylvania, 

Brigham and Women’s Hospital, and University of Texas-Southwestern. Retrospective 
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patient data collection and analysis was conducted in accordance with protocols approved by 

each center’s Institutional Review Board.

Patients with pharmacoresistant epilepsy underwent presurgical evaluation according to 

standard clinical practice at their respective institutions. Such patients underwent intracranial 

implantation due to discordant data, or suspicion of a neocortical seizure focus based 

on the presurgical evaluation. Patients were included if seizure onset was in the mesial 

temporal stereo-EEG contacts. SLAH was offered as a curative option for their seizures and 

cases were excluded if SLAH was considered palliative (e.g., multiple seizure onset zones 

identified but SLAH was performed to decrease the frequency of a single seizure type), 

if they had multiple ablation targets, or if the approach utilized two fibers. Patients were 

included with or without magnetic resonance imaging (MRI) evidence of MTS,18 or findings 

thought to be unrelated to their seizures based on presurgical workup (e.g., small cavernous 

malformations distant to the theorized epileptogenic zone). Patients were excluded if they 

had a lesion other than MTS thought to be driving their seizures (e.g., glioma or focal 

cortical dysplasia visualized on MRI), or if they were enrolled in a trial that precluded 

inclusion in other studies.

All patients were evaluated using stereo-EEG depth arrays with 8-16 contacts each. The 

electrode manufacturer, specifications, recording and reviewing equipment were institution 

specific. One center (University of Chicago) used subdural strips together with depth arrays 

in a subset of patients, but patients were excluded if they demonstrated onset in the strip 

contacts prior to onset in the depth contacts. Electrode positioning in the hippocampus and 

amygdala were verified by co-registration of the post-implant CT with pre-operative MRI at 

the time of implant and confirmed by review of records at each institution.

2.2 Seizure onset pattern catalogue

A catalogue of nine SOPs was developed based on analysis of current literature17,18–23 and 

observations from microelectrode recordings (Figure 1).8,12,24,25 Each SOP was classified 

based on expected prognosis for seizure outcome (Table 1). A SOP was categorized as 

a “favorable pattern” if prior literature showed a higher likelihood of seizure freedom 

following open resection, or if the pattern was associated with primary seizure onset. 

Likewise, a pattern was categorized as an “unfavorable pattern” if prior literature showed 

a low likelihood of seizure free outcomes following open resection, or if the pattern was 

consistently associated with areas of secondary seizure propagation.

Patterns associated with a favorable prognosis:

1. Low-voltage fast activity (LVFA). Fast (>13 Hz) oscillatory activity generally 

<30-50 uV at onset. This pattern is widely described and associated with a 

favorable surgical outcome in neocortical and mesial temporal epilepsy.21

2. Herald spike, polyspike, and burst followed by low-voltage fast activity 
(HS>LVFA, HPS>LVFA, HB>LVFA). In vivo neocortical multiunit recordings 

suggest that local seizure onset may be associated with LVFA when preceded 
by a herald spike.8 Additionally, polyspikes lasting < 5 seconds followed 

by LVFA has been associated with focal cortical dysplasia and a favorable 
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surgical outcome,23 but this pattern has not previously been reported in 

hippocampal seizures. To explore the prevalence and relevance of these patterns 

in hippocampal seizures, we defined them as a single spike, polyspike complex, 

or burst(s) of polyspiking lasting <5 seconds and immediately followed by the 

onset of LVFA. To classify as a herald pattern, the spikes must be distinct from 

the interictal background, and multiple seizures may be evaluated to determine 

whether the heralding spike is separate from background interictal populations.

3. Low frequency repetitive spiking (LFRS). High amplitude spiking ≤ 3 Hz and 

lasting for > 5 seconds, which has been referred to as “preictal spiking”19,26 and 

widely reported. This pattern is associated with hippocampal neuronal loss and a 

favorable surgical prognosis.21,23

Patterns associated with an unfavorable prognosis:

1. Repetitive spiking in the theta, alpha, or beta frequency range (RSPT, RSPA, 
RSPB). High amplitude repetitive spikes in the theta, alpha, or beta frequency 

range (5-25 Hz), lasting for > 5 seconds. Repetitive spiking at various 

frequencies has been associated with better or worse surgical outcomes, and 

there is considerable heterogeneity of which frequency ranges are included in 

analyses.21 Prior studies in patients undergoing resection22,27 and one study in 

SLAH17 showed that alpha or theta frequency activity is associated with a worse 

prognosis than high frequency activity.

2. Rhythmic slowing (RSL). Rhythmic slowing in the theta or delta frequency 

range, with or without overriding high frequency activity. These patterns have 

been associated with secondary seizure propagation13 and a worse surgical 

outcome.23

Electrodecrement—In addition to the above patterns, we added electrodecrement (ED) 

as a modifier and defined it as attenuation of background amplitude with or without 

superimposed fast activity.28 ED was categorized as focal if it occurred only in the 

electrodes demonstrating maximal seizure onset or diffuse if it extended to electrodes 

outside of the temporal lobe that were not part of the primary seizure onset (Figure 2).

2.3 Seizure onset pattern scorings

SOPs were analyzed independently by two epileptologists blinded to clinical outcomes 

(A.J.M. at all sites; C.A.S. at Columbia University; A.G. at University of Pennsylvania; 

S.W. at University of Chicago; S.T. at Brigham and Women’s; H.D. at University of Texas 

Southwestern). All seizures were evaluated by the primary site reviewer. Representative 

examples of each patient’s SOPs and ambiguous SOPs were secondarily reviewed by 

A.J.M. (C.A.S. at Columbia). Seizure onset was defined as the first clear departure from the 

interictal background, and the SOP was graded on the first pattern seen. If consensus could 

not be reached by both reviewers, the seizures were classified by consensus of two senior 

epileptologists (C.A.S. and K.A.D.), again blinded to outcome. Reviewers were allowed to 

use multiple montages and bandpass filters to reach a decision. If a patient had multiple 
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SOPs seen across seizures, the dominant pattern (most frequently occurring pattern) was 

used for analysis.

2.4 Laser ablation

Standard single-fiber SLAH was performed as described elsewhere3 and entailed stereotactic 

placement of a laser fiber and MRI thermometry during the ablation. Each institution 

performed the procedure in accordance with its own practices. Operative notes were 

reviewed to ensure each procedure was in accordance with the traditionally described 

approach, and deviations were noted (e.g., limiting the trajectory due to atypical anatomy). 

Authors at each center reviewed postoperative imaging to confirm that the ablation cavity 

included the intended targets, i.e. amygdala and hippocampal head and body.

2.5 Clinical variables

Patient information collected included clinical history, MRI and positron emission 

tomography (PET) findings, epilepsy risk factors, and seizure types. Surgical outcome was 

based on review of postoperative follow-up records and rated in accordance with the Engel 

classification scale.29 Seizure freedom was defined as an Engel I outcome (i.e. freedom 

from disabling seizures), and failure was defined as an Engel II-IV outcome. Patients with 

any duration of follow-up were included for survival analysis. The selection of two-year 

outcomes for SOP analysis was based on our observation, consistent with prior studies, 

that seizure freedom after SLAH drops sharply through the first two years postoperatively. 

Accordingly, patients who were seizure free but with less than two years of follow-up were 

excluded from subgroup analysis.

2.6 Statistical analysis

Descriptive statistics were presented as mean (range) and percentages. Kaplan-Meier 

survival curves were generated from the overall cohort and dichotomized by favorable 

vs. unfavorable prognostic pattern. To avoid negatively biasing results because of seizure 

free individuals being lost to follow-up, we used right-censoring which assumes that these 

individuals had the same survival probability as the rest of the cohort. Comparison of 

survival curves for onset patterns was performed using the log-rank test. Fisher’s two-tailed 

exact test was used for subgroup analysis. A P ≤ 0.05 was considered statistically significant. 

Statistical tests and figures were generated with Python 3.9.7 using publicly available 

packages.30–32

3. Results

3.1 Population

Sixty patients were identified and 58 were included for analysis (35 female; mean age 39 

years; range 20-66 years; Table 2). Two patients were excluded in whom seizure outcome 

could not be graded: one with epileptic encephalopathy without discrete electroclinical 

seizures and another with a profound nonepileptic seizure burden. The mean follow-up 

duration was 39 (± 26) months. MTS was seen in 14 patients and was more common 

in patients with favorable SOPs (13 patients with favorable SOPs had MTS versus only 

one patient with an unfavorable SOP). By two years, 48 patients had either failed or were 
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seizure free with follow-up data and were included in year-two analysis. Review by senior 

epileptologists was required in one case where there was ambiguity between repetitive 

spiking and herald bursts. This was due to the varying length of spiking across seizures (in 

some seizures lasting > 5 seconds and others < 5 seconds. The consensus was to grade this 

as herald bursting, since the spiking was usually less than 5 seconds.

The probability of seizure freedom in the cohort was 54%, 36%, and 33% at one, two, and 

three years, respectively (figure 3a). There was no difference in two-year seizure freedom for 

patients with MTS compared to no MTS (5/11 vs. 10/37; p > 0.1) or with concordant PET 

positivity compared to discordant or normal PET (11/33 vs. 4/15; p > 0.1; Figure 3B).

3.2 Seizure onset pattern prevalence

LVFA with or without preceding transient features comprised 55% of all dominant patterns 

(LVFA: 20.7%, HS>LVFA: 6.9%, HPS> LVFA: 12.1%, and HB>LVFA: 15.5% (figure 4a). 

Low frequency repetitive spiking comprised 19% of dominant patterns. Theta and alpha 

frequency spiking was seen in 17.2% of patterns. Beta frequency spiking was not observed 

as a dominant pattern. Multiple SOPs, i.e., SOPs varying across seizures recorded from an 

individual, were observed in 16 patients (28%). There was no predilection for which patterns 

co-occurred.

Focal ED was noted in the seizures of ten patients and diffuse ED was seen in seven patients. 

Focal ED was seen mostly in the context of LVFA-containing SOPs (three LVFA, two 

HB>LVFA, two HPS>LVFA, one HS>LVFA) and once in RSPT. Diffuse ED was seen in 

HPS>LVFA (4), and once each in LFRS, RSPT, and RSL.

Thirteen of 14 patients with MTS had either LFRS or LVFA, but neither LFRS nor LVFA 

were significantly associated with MTS when compared to non-MTS patients (5/14 patients 

with MTS had LFRS and 8/14 had LVFA, and 6/44 without MTS had LFRS and 24/44 had 

LVFA).

3.3 Seizure onset patterns predict post-ablation outcome

Patients with favorable SOPs had a 46% probability of two-year seizure freedom, compared 

to a 0% probability for patients with unfavorable SOPs (p = 0.00015; figure 4b). The median 

time to seizure recurrence for patients with favorable SOPs was 9.5 months, compared to 1 

month for patients with unfavorable SOPs. All but one patient with unfavorable SOPs had 

recurrent seizures in the first year. When excluding all patients with MTS, patients with 

favorable SOPs still had a higher probability of seizure freedom (p = 0.0016).

SOP-specific outcomes—Of patients with at least two years of follow-up, twelve of 27 

patients with LVFA (44%) and 3 of 9 patients with LFRS (33%) were seizure free at two 

years. None of the twelve patients who demonstrated RSPT/RSPA or RSL as a dominant 

SOP were seizure free at two years (figure 4c).

Patients who had multiple SOPs had similar outcomes at two years (10/33 seizure free in 

the single SOP group vs 5/15 in the multiple SOP group; p >0.05). Though this study was 

not powered to directly compare these subgroups, we observed that all nine patients who had 
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RSL either as a dominant pattern or as one of multiple patterns had seizure recurrence within 

2 years.

Of the 17 patients with ED, 14 had two-year follow-up. The overall ED outcomes were 3/14 

(21%) seizure free at two years (two of eight with focal ED and one of six with diffuse 

ED), compared to 13/34 (38%) without ED (p > 0.05). When restricted to patients who 

demonstrated SOPs with a favorable prognosis, three of ten patients with ED (30%) were 

seizure free at two years.

3.4 Effects of deviations in ablation trajectories

Seven patients had slight deviations in the ablation trajectory or lesion on review of 

postoperative imaging. Two patients had some residual amygdala on postoperative MRI; 

three patients had slightly altered fiber trajectories, and two had modifications to their 

ablation target (one targeting the hippocampal body, and the other with a standard trajectory 

but with incomplete ablation of the hippocampal body). The results of the primary analysis 

were unchanged after excluding these patients (p = 0.00044).

4. Discussion

Although SLAH is a less invasive, lower morbidity alternative to ATL for many patients 

with pharmacoresistant epilepsy,3,4 little is known about how it performs in patients with 

discordant data requiring stereo-EEG. In this study, we demonstrated one- through three-

year outcomes in patients undergoing SLAH after stereo-EEG. Then, using a SOP catalogue, 

we dichotomized SOPs into favorable or unfavorable categories and identified a subset who 

have a high probability of failure within two years.

One-, two-, and three-year seizure freedom probability in our cohort was 54%, 36%, 

and 33%, respectively (figure 3). The drop between one- and two- year outcomes is 

consistent with prior literature5 and cautions against using one-year seizure freedom to study 

prognostic factors related to SLAH.

The overall outcomes in this cohort are poor compared to larger SLAH studies that mainly 

consisted of patients without preceding stereo-EEG.5 By limiting our study to patients 

who underwent stereo-EEG, we selected a more complex patient population who could 

not be diagnosed with mTLE based solely on noninvasive presurgical evaluation. Similar 

outcomes have been found in other stereo-EEG-guided ablation cohorts (see Barot 2022 for 

review), though few of these have focused on laser ablation for mTLE.6,33 Comparing these 

outcomes to historical outcomes in stereo-EEG-guided ATL,34,35 this cohort performed 

worse at two years. However, given the potential benefits of SLAH over ATL, there is 

a clinical need to develop biomarkers to identify ideal candidates. Though speculative, 

biomarkers that are predictive for SLAH may also be informative for SelAH with or without 

MTS, in which the amygdalohippocampal complex and parahippocampal gyrus are removed 

and disconnected while sparing the lateral neocortex.2

By leveraging the highly focal nature of SLAH to study classically reported SOPs, we 

were able to precisely evaluate removal of the hypothesized epileptogenic zone relative to 
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seizure onset zone (SOZ) localization. In our cohort, despite ablation of areas demonstrating 

favorable SOPs thought to represent the SOZ, half of patients still failed (figure 4B). 

One explanation for this is that SOZ identification is dependent on sampling, and while 

sEEG samples the hippocampus adequately, it has relatively sparse neocortical coverage. 

This discrepancy may bias encephalographers toward hippocampal localization. Historically, 

this false localization may be less critical, as patients undergoing SelAH or ATL would 

benefit from removal/disconnection of the parahippocampal gyrus, and in the latter case, the 

temporal pole and lateral neocortex. However, since these structures are spared with single 

fiber SLAH, the possibility is raised that they play a more important role in hippocampal 

seizures than previously thought.

4.1 Clinical significance of individual SOPs

No patient demonstrating RSPT/RSPA was seizure free at two years. The presence of 

spiking in these frequency bands has been associated with worse outcome when compared to 

high frequency activity.17,22,27 Similarly, none of the nine patients demonstrating RSL were 

seizure free at two years. Rhythmic slowing in the theta or delta frequency range has been 

associated with a poor prognosis across several studies and is commonly seen in areas of 

seizure propagation.12,13 These findings suggest that RSPT/RSPA and RSL serve as reliable 

biomarkers of poor response to SLAH.

Consistent with several other studies in both neocortical and mesial temporal epilepsy,16,21 

LVFA was associated with a higher likelihood of seizure freedom. This finding was seen 

independently of whether the LVFA had preceding spiking or bursting. The importance 

of a herald wave or waves preceding LVFA is poorly studied. One study of 69 patients 

who underwent resection reported preictal discharges associated with seizure onset in 52 

patients and found that its presence did not adversely affect resection outcome even when 

the discharge was bilateral or diffuse.22 Another analysis of the SOPs of 252 patients 

found herald bursting followed by LVFA in fifteen patients with FCD and noted that it was 

associated with a good post-resection prognosis.23

Although previous studies demonstrated improved seizure freedom with LFRS,21,23 we 

found only 3 of 9 patients were seizure free at two years. We also did not observe an 

association with MTS in contrast to prior studies,14,26,36 though this could be due to 

inadequate power.

Twenty six percent of patients demonstrated multiple SOPs, but this did not affect seizure 

freedom. Although many prior studies either excluded patients with multiple SOPs or did 

not mention them,21 their role in outcomes remains unclear. Good outcomes after resective 

surgery range from 42%37 to 82%.36 Less is known about its importance in mesial temporal 

resections specifically, though a study examining single vs. multiple SOPs in patients 

who underwent resection of mesial temporal structures found that multiple SOPs were not 

associated with a worse outcome.38

ED28 was seen in 17 patients. Our study was not powered to determine whether ED is a 

relevant predictor for mesial temporal SLAH. However, our results suggest that ED may not 

be a uniformly negative predictor in this population. This may reflect biophysical differences 
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in ED sources (e.g., hippocampus vs. neocortex) which may warrant further investigation. 

ED in stereo-EEG is variably reported. Lagarde et al. did not observe diffuse ED in any of 

820 seizures across 252 patients, positing that this may be a signature of grid recordings 

of a distant seizure onset.23 Conversely, Dolezalova et al.20 and Jiménez-Jiménez et al.22 

found diffuse ED was associated with poor outcomes in patients undergoing stereo-EEG. 

The variable reporting may reflect differences in definitions of ED and underscore the need 

for standardized definitions or quantitative analysis.

4.2 Mesial temporal sclerosis

We found no association between MTS and seizure freedom. The role that MTS plays 

in determining ablation outcomes is controversial, and the lack of pathological diagnosis 

may also result in misclassification of patients with MRI-negative MTS. While a recent 

systematic review showed improved outcomes in MTS mTLE cases in SLAH,7 individual 

studies focusing on stereo-EEG-guided SLAH have found differing results. Youngerman et 

al. found no association between MTS and outcome after SLAH,6 whereas Tao et al. found 

that patients with MTS were more likely to become seizure free.33 Although MTS is likely a 

predictor, the observed effect size would require a much larger sample to achieve statistical 

significance. This contrasts with SOPs which showed a robust effect size in our cohort. 

Further, we found no association between concordant PET hypometabolism and seizure 

freedom. While MTS was more common in the favorable SOP group, the findings of the 

survival analysis were still significant when we excluded patients with MTS.

4.3 Limitations

There are several limitations to this study. Although we sought to strengthen our findings 

by conducting a multicenter study and defining SOPs a priori, the study was underpowered 

for detection of smaller subgroup effects in multivariable analysis, or to assess each SOP 

independently.

Surgical technique and ablation targets play a role in SLAH outcomes. While some studies 

found no association between ablation volume and seizure freedom,39,40 a larger multicenter 

study found improved seizure freedom with increased ablation volume of the amygdala 

and inclusion of the hippocampal head, PHG, and rhinal cortex.41 Another analysis of 

28 patients found that patients with Engel I outcomes had a higher percentage of PHG 

ablated,42 and a recent study of 11 patients undergoing a two-fiber approach to target the 

piriform and entorhinal cortex suggested improved outcomes.43 Conversely, other studies 

have found no correlation with ablation of these regions and outcome.44,45 Some centers 

now use two fibers including an oblique lateral entry point to cover the amygdala and 

entorhinal cortex. Although the results of our primary analysis did not change when we 

excluded patients who had an altered or incomplete ablation, we did not perform quantitative 

analysis of ablation structures and volumes.

Our goal was to analyze commonly encountered SOPs. Quantitative analysis of SOPs may 

be helpful in refining categorization and should be addressed in future studies. While tools 

are in development to automate quantitative analysis, it is not routinely performed at many 

surgical centers. Contrary to quantitative measures, SOPs are readily clinically accessible 
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and require no post-processing. Further efforts should be made to develop biomarkers 

utilizing this.

5. Conclusions

SOPs are useful in predicting two-year outcomes after stereo-EEG-guided SLAH, consistent 

with prior literature in patients undergoing open resection. Repetitive spiking in the theta or 

alpha range and rhythmic slowing in the theta or delta range were strongly associated with 

a poor outcome. Future studies are warranted to understand the impact of less frequently 

encountered SOPs on seizure freedom, how integration of quantitative EEG and MRI 

analysis influence outcome prediction, and how seizure network dynamics underlie the 

emergence of specific SOPs.
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Key Points

• We described extended seizure outcomes in a five-center retrospective review 

of 58 patients.

• Seizure onset patterns (SOP) were categorized as putative positive vs. 

negative predictors of postoperative seizure freedom.

• Low voltage fast activity or low frequency repetitive spiking are associated 

with higher seizure freedom probability.

• A 0% Engel I probability was found for patients whose dominant SOP was 

rhythmic slowing or repetitive spiking in the theta or alpha frequency bands.

Michalak et al. Page 15

Epilepsia. Author manuscript; available in PMC 2024 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
The nine seizure onset patterns broken down by association with a good prognosis (A-E) 

or poor prognosis (F-I). A. Low voltage fast activity (LVFA). B. Herald spike followed by 

LVFA (HS>LVFA). C. Herald polyspike followed by LVFA (HPS>LVFA). D. Herald burst 

followed by LVFA (HB>LVFA). E. Low frequency repetitive spiking. F. Repetitive spiking 

in the theta frequency range (RSPT). G. Repetitive spiking in the alpha frequency range 

(RSPA). H. Repetitive spiking in the beta frequency range (RSPB). I. Rhythmic slowing in 

the delta frequency range. Although we did not encounter any seizures with high amplitude 

gamma brushing as exemplified by Lagarde et al., 23 we observed several examples of lower 

amplitude gamma brush overriding sinusoidal delta activity (inset). A-I: Low frequency 

filter: 1 Hz, High frequency filter: off, scale legend 300uV/1 second.
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Figure 2. 
Electrodecrement (shaded areas). A. Diffuse electrodecrement which manifests as 

attenuation with or without superimposed faster frequencies at the site of seizure onset 

(hippocampal head; HH) as well as the lateral contacts and more distant contacts that were 

not primarily involved with the seizure (orbitofrontal cortex; OF). B. Focal electrodecrement 

constrained to the site of seizure onset (hippocampal head—LHH) but not prominently in 

the lateral or extratemporal contacts. Note the ongoing oscillatory activity in the anterior 

cingulate (LAC) and frontal to insular (LFI) contacts.
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Figure 3. 
A. Kaplan-Meier curve depicting Engel I outcomes for entire surgical cohort. At one year 

the Engel I probability was 54%. This fell to 36% by year 2 and remained stable (33%) 

at year 3. This trend informed our decision to limit the SOP predictor study to 2-year 

outcomes. Shaded area represents 95% confidence intervals. B. Two-year seizure freedom in 

48 patients with either >=2 years of follow-up or failure prior to 2 years. Absolute number 

of seizure free patients for each subgroup is stated above each bar. No variables reached 

significance on individual testing.
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Figure 4. 
A. Breakdown of dominant pattern occurrence. LVFA-containing SOPs were the dominant 

pattern in 55.2% of patients, followed by LFRS. B. Kaplan-Meier curve depicting Engel I 

outcomes dichotomized by seizure onset pattern. Patients with a dominant SOP containing 

LVFA or LFRS had a one-year seizure freedom probability of 66% compared to 11% for 

patients with RSPA, RSPT, or RSL. At two years, the survival probability was 46% and 

0%, respectively (p = 0.00015). C. Two-year seizure freedom broken down by individual 

SOPs. SOPs containing LVFA or low frequency repetitive spiking had better outcomes at 

two years when compared to rhythmic slowing or repetitive spiking in the theta or alpha 

frequency band. Outcomes did not differ if the patient had a single SOP vs. multiple SOPs, 

or if the patient’s seizures demonstrated diffuse or focal electrodecrement (DED and FED, 

respectively).
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Table 2.

Patient Characteristics

Favorable SOPs Unfavorable SOPs Total

N 43 15 58

Sex, female (%) 26 (60) 9 (60) 35 (60)

Age in years, mean (range) 40 (20-66) 37 (21-54) 39 (20-66)

Age of onset of epilepsy in years, mean (range) 25 (0-52) 24 (1-47) 25 (0-52)

Follow up in months, mean (range) 40 (3-87) 35 (6-82) 39 (3-87)

Laser side

 Right 20 (47) 9 (60) 29 (50)

Implant side

 Bilateral (%) 21 (49) 3 (20) 24 (41)

 Right (%) 11 (26) 8 (53) 19 (33)

 Left (%) 11 (26) 4 (27) 15 (26)

Risk factors

 Febrile seizure (%) 5 (12) 3 (20) 8 (14)

 Family history (%) 6 (14) 1 (7) 7 (12)

 Preterm/abnormal pregnancy (%) 3 (7) 2 (13) 5 (9)

 Head trauma (any severity) (%) 8 (19) 2 (13) 10 (67)

 CNS infection (%) 1 (2) 2 (13) 3 (5)

 Hemorrhage (%) 1 (2) 0 (0) 1 (2)

 Autoimmune (%) 1 (GAD65+) (2) 0 (0) 1 (2)

 No risk factors (%) 21 (49) 7 (47) 28 (48)

Seizure type

 Focal aware seizure (%) 18 (42) 6 (40) 24 (41)

 Focal impaired aware seizure (%) 39 (91) 15 (100) 54 (93)

 Secondary generalization (%) 39 (91) 12 (80) 51 (88)

Imaging

MTS 13 (30) 1 (7) 14 (24)

PET concordant 31 (72) 10 (67) 41 (71)

PET not concordant 11 (26) 5 (33) 16 (28)

 PET normal 3 (7) 3 (20) 6 (10)

 Bilateral PET abnormalities 5 (12) 1 (7) 6 (10)

 Extratemporal PET abnormalities 3 (7) 1 (7) 4 (7)
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