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Summary

Objective: Laser interstitial thermal therapy (LITT) for mesial temporal lobe epilepsy (mTLE) 

has reported seizure freedom rates between 36% and 78% with at least 1-year of follow-up. 

Unfortunately, the lack of robust methods capable of incorporating the inherent variability of 

patient anatomy, the variability of the ablated volumes, and clinical outcomes have limited three-

dimensional quantitative analysis of surgical targeting and its impact on seizure outcomes. We 

therefore aimed to leverage a novel image-based methodology for normalizing surgical therapies 

across a large multicenter cohort to quantify the effects of surgical targeting on seizure outcomes 

in LITT for mTLE.

Methods: This multicenter, retrospective cohort study included 234 patients from 11 centers who 

underwent LITT for mTLE. To investigate therapy location, all ablation cavities were manually 

traced on postoperative MRI, which were subsequently non-linearly normalized to a common atlas 

space. The association of clinical variables and ablation location to seizure outcome were 

calculated using multivariate regression and Bayesian models, respectively.

Results: Ablations including more anterior, medial, and inferior temporal lobe structures, which 

involved greater amygdalar volume, were more likely to be associated with Engel I outcomes. At 

both 1- and 2-years after LITT, 58.0% achieved Engel I outcomes. A history of bilateral tonic-

clonic seizures decreased chances of Engel I outcome. Radiographic hippocampal sclerosis was 

not associated with seizure outcome.

Significance: LITT is a viable treatment for mTLE in patients who have been properly evaluated 

at a comprehensive epilepsy center. Consideration of surgical factors is imperative to the complete 

assessment of LITT. Based on our model, ablations must prioritize the amygdala and also include 

hippocampal head, parahippocampal gyrus, and rhinal cortices to maximize chances of seizure 

freedom. Extending the ablation posteriorly has diminishing returns. Further work is necessary to 

refine this analysis and define the minimal zone of ablation necessary for seizure control.
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Introduction

Mesial temporal epilepsy (mTLE) affects the majority of surgical drug-resistant epilepsy 

(DRE) candidates.1 Although more efficacious than medical therapy alone for DRE, 

epilepsy surgery remains highly underutilized, in part due to concerns of the morbidity 

associated with traditional craniotomies.2 While anterior temporal lobectomy (ATL) remains 

the “gold standard” for the treatment of drug-resistant mTLE, newer therapies such as laser 

interstitial thermal therapy (LITT) have emerged. As a minimally-invasive procedure with 
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shorter hospitalizations and lower morbidity, including less impairment to cognitive 

function, LITT has the potential to gain wider acceptance.3–7 To date, single-institution 

series of LITT have demonstrated 38–78% seizure freedom with at least 1-year follow-up, 

with upwards of 60–89% seizure freedom in those with radiographic evidence of 

hippocampal sclerosis (rHS).3–6,8–12

While no studies have identified any significant correlation between ablation volumes and 

seizure outcomes,3,4,8 laser catheter placement is thought to play a role.4,8,13 As such, we 

must consider potential differences in surgical technique. Unfortunately, no study has 

specifically studied the optimal region of ablation for LITT in mTLE. Given the novelty of 

LITT, no protocol for targeting exists and no single center has the experience to define 

optimal laser catheter placement. The only study to specifically address this issue revealed 

that greater mesial hippocampal head ablation correlates with improved seizure outcome.4 

Ultimately, the lack of robust methods capable of incorporating the inherent variability of 

patient anatomy, the variability of the ablated volumes, and clinical outcomes have limited 

three-dimensional quantitative analysis of surgical targeting and its impact on the likelihood 

of seizure freedom. As such, specific characteristics of an optimal ablation in three-

dimensional space remain unknown.

We therefore aimed to investigate both patient and surgical factors associated with seizure 

outcome from LITT for mTLE in a large multicenter cohort in order to better understand 

patient selection, surgical technique, and overall outcome for this procedure.

Methods

Study Design

This multicenter, retrospective cohort study included 234 patients who underwent 

amygdalohippocampal complex (AHC) LITT for treatment of mTLE across 11 centers in the 

United States between December 2011 and August 2017. Each participating institution 

obtained their own Institutional Review Board (IRB) approval for collecting the data and 

sharing deidentified versions of this data. Given the retrospective nature and the use of only 

deidentified data for this study, no patient consents were required.

Aggregation, deidentification, normalization, and comparison of data was accomplished 

with the CranialCloud platform (Neurotargeting LLC; Nashville, TN) and algorithms 

developed at Vanderbilt University.14,15 The CranialCloud architecture addresses issues of 

patient privacy by allowing sharing of encrypted and deidentified data between institutions, 

while retaining potential patient identifiers within each institution, according to respective 

IRB policies.

Participants

Patients who underwent LITT for mTLE with at least one-year follow-up were included in 

this study. A total of 274 patients had undergone local multidisciplinary evaluation for DRE, 

at which time each institution’s epilepsy program had agreed upon the diagnosis of mTLE 

and determined the appropriateness of AHC LITT. The operative procedure has been 

previously described and involves stereotactic placement of a laser fiber and MRI 
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thermometry for real-time feedback of the ablation.4,5,13 Given the retrospective nature of 

this study, each institution performed the procedure according to its own practices, with no 

effort to standardize across institutions. At least one year of clinical follow-up was available 

for 234 patients. To critically assess ablation location, patients were required to have a 

preoperative volumetric 1-mm3 voxel-size T1-weighted MRI of the brain; as well as 

postoperative volumetric 1-mm3 voxel-size T1-weighted gadolinium-enhanced MRI of the 

brain, in which the ablation cavity could be clearly identified. A total of 175 MRI pairs were 

analyzed after excluding patients with insufficient imaging [Figure 1].

Data Collection

For 234 subjects, clinical data were obtained retrospectively from each participating 

institution. Demographic data consisted of sex and handedness. Clinical variables consisted 

of laterality of mTLE, presence of rHS on MRI, presence of a lesion aside from rHS on MRI 

(dual pathology), concordant positron emission tomography (PET) temporal 

hypometabolism, seizure type (focal aware seizures (FAS), focal impaired awareness 

seizures (FIAS), focal to bilateral tonic-clonic (FTC) seizures), concordance of video-EEG, 

and use of intracranial EEG (iEEG) monitoring prior to LITT. Radiographic interpretations 

regarding the presence of rHS or dual pathology were initially performed by a 

neuroradiologist and confirmed by a consensus decision at each institution’s 

multidisciplinary surgical epilepsy conference. Similarly, to define the region of seizure 

onset, the interpretation of long-term video-EEG was agreed upon during this same 

conference. Clinical outcomes consisted of seizure outcomes (Engel score) at 6-month 

intervals until their most recent follow-up, the presence of intracranial hemorrhage on 

postoperative imaging, and reported postoperative complications. The retrospective nature of 

this study and the variability in neuropsychological panels performed at each institution 

prevented collection of standardized quantitative cognitive and mood assessments across the 

cohort.

Ablation Cavity Quantification

All ablation cavities were manually traced by an investigator blinded to seizure outcomes. 

By convention, the ring of gadolinium enhancement was included within the segmented 

ablation volume, as this enhancement represents blood-brain barrier breakdown. Since this 

postoperative sequence is acquired immediately after completion of ablation, there is no 

time-dependent variability in the radiographic appearance of the ablation between patients.13

Image Normalization

In order to compare the specific location of the ablation across patients, pre- and post-

operative scans for each subject underwent non-linear registration to a common reference 

space derived from 7-Tesla MRI. We have previously described and validated this method to 

have a mean error of 1.34-mm (~1 voxel).15

Volume of Ablation

The extent to which the amygdala and hippocampus were ablated was calculated for each 

subject in common atlas space. Once normalized, the manually segmented ablation cavity 
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was superimposed over anatomical structures, which allowed for the calculation of the 

percentage of amygdala and hippocampus ablated. [Figure 2]

Statistical Analysis of Clinical Variables

Two binary indicator variables were derived to identify whether a patient had (1) an Engel I 

outcome or (2) either Engel I or II outcomes at 6-, 12-, 18-, 24-months, and at last follow-up. 

Univariate logistic regression was performed using the aforementioned demographic 

variables, clinical variables, and complications as independent variables. Missing data was 

removed prior to performing the regressions. Odds ratios (OR) were used to estimate the 

effect of candidate independent variables on either freedom from disabling seizures or being 

almost seizure free (p<0.05). Multivariate logistic regression was subsequently performed.

Statistical Analysis of Ablation Location

Each ablation cavity was duplicated and mirrored to the contralateral side such that 

regardless of the side of ablation, each patient would contribute to ablation locations over an 

AHC in atlas space. [Figure 2] The reliability of the mirrored image is only possible through 

the utilization of our validated non-linear image normalization algorithm. An aggregate 

ablation map was first generated corresponding to the frequency each voxel was ablated 

across the entire cohort.

To analyze the role of the ablation location in seizure outcome, a positive predictive value 

(PPV) map (association between Engel I outcomes and the ablation of a voxel) and a 

negative predictive value (NPV) map (association between Engel II-IV outcomes and not 

ablating a voxel) were calculated. The details of this statistical analysis are delineated in the 

Supporting Information; but in short, Bayesian models were generated for each ablated 

voxel to quantify the probability of Engel I outcome at last follow-up. Each voxel was 

treated independently because generation of models with dependencies on either patient or 

outcome groups would not only be exceedingly complex to generate, but also difficult to 

clearly interpret.

Finally, in order to translate these findings, a theoretical favorable ablation zone with the 

dimensions of a typical ablation cavity was generated. Since the highest NPVs represent 

voxels associated with the most significant chance of persistent seizures if not ablated, all 

values greater than 50% were included in this theoretical zone. This zone was then translated 

anteriorly and medially as to maximize inclusion of the highest PPVs. Although multiple 

theoretical unfavorable ablation zones may exist, such a zone was generated by excluding all 

NPVs less than 80% and minimizing inclusion of the highest PPVs.

Results

Seizure Outcomes

At 1-year postoperatively, 134 of 231 patients (58.0%) achieved Engel I outcomes; and 178 

patients (77.1%) achieved either Engel I or II outcomes. At 18-months, 82 of 161 patients 

(50.9%) achieved Engel I outcomes; and 118 patients (73.3%) achieved either Engel I or II 

outcomes. At 2-years, 96 of 167 patients (57.5%) achieved Engel I outcomes; and 134 
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patients (80.2%) achieved either Engel I or II outcomes. At last follow-up of at least 1-year 

(30±14 months, 12–75 months), 134 of 234 patients (58.0%) achieved Engel I outcomes; 

and 180 patients (76.9%) achieved either Engel I or II outcomes.

Given the retrospective nature of this study, seizure outcomes were not available at all time 

intervals for all patients. In combination with limited follow-up in some patients, this 

limitation resulted in different cohort sizes at each time point. Statistical analyses of 

demographic information and clinical details relative to seizure outcomes is summarized in 

Table 1.

There were no significant differences in seizure outcomes between the rHS and non-rHS 

subgroups after 6-months follow-up [Figure 3]. Even after excluding patients with dual 

pathology from this rHS subgroup, no significant difference was seen at any time point 

(p≥0.078). Implementation of iEEG was not associated with seizure outcome (p≥0.475); but 

since iEEG monitoring in patients without rHS may confirm isolated mesial onset and the 

use of iEEG was disproportionately high in the non-rHS group (n = 33, p<0.001), further 

analysis was performed by combining non-rHS patients who underwent iEEG with the rHS 

subgroup. This cohort of rHS patients plus non-rHS patients with iEEG confirmation of 

mesial onset did not experience greater rates of Engel I outcomes either (p≥0.239).

Patients with a history of FTC were less likely to demonstrate Engel I outcomes at last 

follow-up (OR=0.52, 95%CI=0.27–0.98, p≤0.042) and either Engel I or II outcomes at 6-

months, 12-months, and last-follow-up (OR=0.31–0.38, 95%CI=0.14–0.83, p≤0.014).

Age was not associated with long-term Engel I or II outcomes. At no time point was sex, 

handedness, side of ablation, side of MTLE, dual pathology, ablation of the dominant 

hemisphere, concordant PET hypometabolism, or concordance of video-EEG significantly 

associated with seizure outcomes.

Complications

Postoperative hemorrhage was identified in three patients (1.3%), of which one was 

associated with clinical symptoms (transient double vision). A total of 42 complications 

were recorded for 35 patients (15.0%); of which 8 were transient neurologic deficits and 34 

were persistent at last follow-up. Visual disturbances were most common (5.1%), followed 

by worsening of a preexisting affective disorder (4.3%). Given the retrospective nature of the 

study, details regarding the severity of symptoms were not consistently available. Similarly, 

language and memory deficits could not quantified and are likely underestimated. The one 

death in this cohort was attributed to sudden unexplained death in epilepsy (SUDEP) 

occurring 12 months postoperatively. Recorded complications are detailed in the Supporting 

Information.

The presence of a postoperative complication was associated with a lower chance of Engel I 

outcomes at 24-months and at last follow-up (OR=0.18–0.26, 95%CI=0.04–0.86, p≤0.026).
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Volume of Ablation for Mesial Structures

Multivariate regression analysis demonstrated that more extensive amygdalar ablation was 

associated with Engel I outcomes at 6-, 12-, 18-months, and at last follow-up (OR=1.60–

1.77 per additional percent ablated, p≤0.040); and increasing hippocampal ablation was 

associated with a decreased chance of Engel I outcomes at 6-, 18-, and 24-months (OR=0.04 

per additional percent ablated, p≤0.040).

Ablation Location

The aggregate ablation map for 175 patients illustrates that all ablations were centered 

around the long-axis of the AHC [Figure 4]. The overall diameter of the ellipsoid 

representing all possible ablated voxels measures approximately 30-mm in the coronal 

plane. Since the ablation is roughly centered around the laser catheter and has an average 

diameter of 15-mm, we can estimate a maximal difference in implanted probe position of 

approximately 15-mm. This finding highlights the degree of variability that currently exists 

in AHC targeting for LITT.

The PPV and NPV maps for Engel I outcomes associated with each voxel are shown in 

Figure 5. The theoretical favorable and unfavorable ablations are delineated in Figure 6. 

Ablation of more mesial, anterior, and inferior structures of the temporal lobe – including 

the amygdala, hippocampal head, parahippocampal gyrus, entorhinal cortex, and perirhinal 

cortex – were associated with higher rates of Engel I outcomes. Excluding these structures 

from the ablation and focusing only around the hippocampal body and tail was associated 

with persistent seizures. Ablations extending posteriorly beyond the coronal plane in line 

with the lateral mesencephalic sulcus were less likely to be associated with Engel I 

outcomes and avoiding these posterior voxels was not associated with high rates of 

persistent seizures.

Discussion

To date, small single-institution series have suggested that AHC LITT is a viable treatment 

for drug-resistant mTLE.3–6,8–12 Unfortunately, without consideration of specific therapy 

location, which is subject to variability in patient anatomy and the surgery itself, these 

studies are limited in their ability to reliably report clinical outcomes. In this study we have: 

(1) proposed a novel robust methodology using non-linear normalization and statistical 

models to study complex brain therapies such as LITT for mTLE; (2) applied it to 

previously existing data in the largest and most comprehensive multicenter study to date; (3) 

demonstrated in 234 patients with at least 1-year follow-up that 58.0% achieved Engel I 

outcomes and 76.9% achieved either Engel I or II outcomes at the time of last follow-up; 

and (4) present the first three-dimensional model of a favorable laser ablation zone.

Patient Factors

The presence of rHS on MRI has been associated with favorable surgical outcomes.6,9,12,16 

Our findings, however, agree with recent studies, which have suggested that LITT is 

effective in properly selected patients with mTLE, regardless of isolated rHS.11,17 In truth, 

the presence of rHS should not be viewed as a singular epilepsy phenotype, but rather an 
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attribute of distinct MTLE subtypes.18 As such, the importance of a thorough preoperative 

assessment leveraging multiple modalities used to localize seizure onset emphasizes the 

need for LITT candidates to be evaluated at an experienced comprehensive epilepsy center.

In line with prior analyses of epilepsy surgery,19 FTC seizures were negatively associated 

with seizure outcome. Particular caution should therefore be exercised when performing 

AHC LITT in patients with a history of FTC seizures, as they were 62% less likely to 

become almost seizure free. This finding can be explained by the fact that patients with FTC 

are more likely to have lateral neocortical rather than mesial onset.20

A shorter duration of epilepsy at the time of surgical intervention has also been described as 

a positive prognostic indicator.21,22 Unfortunately, given the retrospective nature of this 

study, such data was not reliably available from all participating centers and was therefore 

not included in our analysis.

Surgical Factors

An appropriate surgical approach is critical to optimizing clinical outcomes in properly 

selected patients. The extent of surgical resection has remained controversial. Studies have 

emphasized the need for sufficient hippocampal resection to maximize chances of seizure 

freedom.23,24 At the same time, selective amygdalohippocampectomy has been shown to 

provide outcomes comparable to standard anterior temporal lobectomy;25,26 and the extent 

of hippocampal resection has been found to have no bearing on seizure freedom.26–28 Prior 

studies of LITT for mTLE have demonstrated no relationship between the ablation volumes 

and seizure outcomes.3,4,8

When considering these recommendations, one must acknowledge the considerable 

complexity of accurately measuring of surgical resections. After a craniotomy, tissue 

manipulation, removal of brain tissue, loss of cerebrospinal fluid, gravity, and use of osmotic 

therapy distort patient anatomy on postoperative imaging.29 As such, measurements on 

postoperative images remain challenging for procedures like a temporal lobectomy. The 

minimally-invasive nature LITT, however, results in minimal anatomical distortion and 

affords more accurate quantification of the intervention.

Multivariate regression analysis revealed that more extensive amygdalar ablation was 

associated with greater chances of Engel I outcomes at almost every time point. While more 

extensive hippocampal ablation was negatively associated with Engel I outcomes at almost 

every time point, this association was modest (OR=0.04 per additional percent ablation) 

relative to those seen with volumes of amygdala ablated (OR=1.60–1.77 per additional 

percent ablated). This finding may suggest that beyond some threshold volume of 

hippocampal ablation, further ablation may be counterproductive. In order to ablate greater 

volumes of the hippocampus, the laser trajectory would also have to involve the 

hippocampal body and tail posteriorly – consequently compromising ablation of the 

hippocampal head and amygdala. Further analysis is required to fully investigate this 

possibility.
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Our investigation was therefore extended beyond ablation volumes with the goal of better 

understanding optimal targeting for LITT in mTLE. The requirement of cannulating the 

curved AHC with a straight laser catheter forces a compromise on ablation coverage. With a 

single laser trajectory, one must decide whether the amygdala and hippocampal head, 

entorhinal cortex and parahippocampal gyrus, versus hippocampal tail should be prioritized. 

Little data currently exists to guide surgeons in their decision making, which is the likely 

reason significantly different therapy locations exist between patients – we estimated a 

maximal targeting difference of approximately 15-mm [Figure 4].

Given their complementary nature, PPV and NPV maps must be considered along with the 

map of ablation distributions. Of note, caution must be exercised at the periphery of these 

maps, which may be comprised of no more than half the cohort and is susceptible to extreme 

values. It is also important to remember that statistics were calculated independently for 

each voxel – resulting in artificial regional clusters with similar probability values. Given the 

capabilities of LITT and the consequent range of ablation volumes included in this analysis, 

we can only generalize our findings to ablations of comparable shapes and sizes. One cannot 

conclude that ablation of only high PPV or NPV regions in isolation will maximize chances 

of Engel I outcomes. Instead, as we have demonstrated in Figure 6, we can infer that 

inclusion of these regions within a typical ablation cavity will maximize chances of Engel I 

outcomes; while exclusion of these regions may be detrimental to chances of Engel I 

outcomes.

We have demonstrated that patients have the greatest opportunity for Engel I outcomes when 

the ablation includes anteromesial temporal lobe structures including the amygdala, which 

coincides with our findings on amygdalar ablation volumes. Further examination of the 

maps highlights the importance of targeting the mesial hippocampus, parahippocampal 

gyrus, entorhinal cortex, and perirhinal cortex – as missing these structures frequently 

resulted in persistent seizures. The rhinal cortices are known to be highly epileptogenic and 

intensely interconnected within the limbic network;30 and Jermakowicz et al has previously 

described the importance of ablating the mesial hippocampal head.4

Extending the ablation beyond the coronal plane in line with the lateral mesencephalic 

sulcus yields diminishing returns. More importantly, ablations that extend further posteriorly 

have been associated with damage to the optic radiations with resultant visual field deficits.
31 The lack of significant benefit with ablation of the hippocampal tail posteriorly may be 

related to the negative relationship between hippocampal ablation volumes and seizure 

outcome – as ablation of the hippocampal tail with a straight laser catheter necessitates a 

compromise of hippocampal head coverage.

Overall, this study sheds new light on previously published results by demonstrating the 

importance of therapy location in LITT. Specifically, the wide range of seizure freedom rates 

published to date may stem not only from the fact that these studies may have been 

underpowered, but also from differences in ablation locations. In order to maximize the 

opportunity for seizure freedom, properly selected patients must undergo LITT of the 

appropriate mesial structures. Previously, variability in surgical targeting has not been 

consistently taken into consideration – an approach analogous to analyzing the efficacy of a 
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new drug without factoring in drug serum levels or even the administered dosages. 

Ultimately, ablating the necessary anatomical structures is more important than the total 

amount of tissue ablated with LITT. That being said, a significant amount of work is still 

needed to further elucidate the nuances of ablation location and its impact on clinical 

outcomes. With strict criteria of therapy delivery, LITT may be associated with higher rates 

of seizure control for appropriately selected patients with mTLE.

Complications

The observed overall complication rate of 15.0% is comparable to existing has received on 

surgery for mTLE.32,33 The 1.3% rate of radiographic hemorrhage, 0.4% rate of 

symptomatic hemorrhage, and 0.4% rate of permanent deficit from hemorrhage is 

comparable to reported rates in stereotactic neurosurgical procedures.34 The most common 

complications observed were affective disorders and visual disturbances. Comorbid mood 

disturbances in epilepsy patients with worsening of symptoms after temporal lobe surgery 

have been described.35 Unfortunately, the retrospective nature of this study limited our 

ability to quantify and critically evaluate neuropsychological changes in a large multicenter 

cohort. It is also unknown if these complications would resolve as patients are followed 

beyond the time constraints of this study. Visual disturbances such as diplopia and visual 

field loss have also been commonly described complications of temporal lobe surgery.
10,29,36,37 Visual complications in 5.1% of this cohort is lower than what has been reported 

for both LITT and temporal lobe resections. Interestingly, the presence of a postoperative 

complication was associated with poorer seizure outcome. Given the importance of ablation 

location on seizure outcomes, suboptimal ablation may result in both a decreased 

opportunity for seizure freedom and increased complications.

Limitations

The retrospective nature of this study is its major limitation. Specific data points were 

obtained from each center through a chart review to develop a uniform data set for statistical 

analysis. As such, the analysis is subject to both recall and misclassification bias. 

Complications, in particular, may have been underreported as minor complications not 

documented in the medical record would have been missed. Similarly, the details of each 

complication were not consistently available, which limits a clear interpretation of its 

impact.

As previously noted, seizure outcome data was only recorded in 6-month epochs, rather than 

at every available time point. Furthermore, outcome data was not consistently available for 

all epochs, which explains the presence of larger numbers of subjects at later time points. As 

a result of such missing data, a formal Kaplan-Meier analysis could not be properly 

performed – as it would serve as a skewed representation of a small subgroup of the entire 

cohort. Instead, we have reported the proportion of patients with Engel I outcomes at each 6-

month time point after LITT.

This study design also precluded critical assessment the effect of LITT on 

neuropsychological outcomes. Both the temporal pole and basal temporal regions have been 

associated with category-specific naming deficits and a more inferior ablation could lessen 
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the described cognitive benefits of LITT.7,38 Further analysis of the specific effects of LITT 

location on cognitive and mood outcomes are necessary.

The image-based analysis depends entirely on the accuracy of the non-linear registration 

algorithm. Although we chose to accept the mean error of 1.34-mm (~1 voxel), this certainly 

serves as a potential source of error. Ultimately, we believe that this compromise does not 

significantly affect the overall results of the image-based analysis presented here.

Finally, it is again important to note that the calculation of PPV and NPV maps treated each 

voxel independently and did not group voxels by patients or outcomes. As delineated above, 

this limits the generalizability of our findings and mandates a degree of caution in the 

interpretation of the resulting probability maps.

Conclusion

This work represents the first multicenter study of LITT for mTLE; and the largest LITT 

series to date with long-term follow-up of seizure outcome. The Engel I outcome seen in 

58% of the cohort is comparable to what has been published to date; and the persistence of 

this seizure outcome at 2-years demonstrates the durability of this therapy. Radiographic 

evidence of hippocampal sclerosis was not associated with seizure outcome. Patients 

presenting with a history of FTC are less likely to experience either Engel I or II outcomes. 

Consideration of surgical factors – with a focus on ablation location more so than ablation 

volumes alone – is imperative to the complete assessment of LITT. Our novel method of 

image analysis in this large multicenter cohort has revealed that ablations prioritizing the 

amygdala, but also including the hippocampal head, parahippocampal gyrus, and rhinal 

cortices are associated with a greater chance of seizure freedom; while extending the 

ablation to the hippocampal tail yields diminishing returns. While this serves as the first step 

towards standardizing targeting for LITT in mTLE, further work with the incorporation of 

more complete complications data is necessary to refine this analysis and define the minimal 

zone of ablation necessary to maximize seizure control and minimize associated morbidity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Point Box:

• Specifics details of surgical targeting must be taken into consideration when 

assessing the efficacy of a surgical intervention.

• We introduce a novel technique to normalize and quantify LITT across 

subjects from multiple centers in three-dimensional atlas space.

• LITT for mTLE should prioritize ablation of the amygdala, hippocampal 

head, parahippocampal gyrus, and rhinal cortices.

• Ablations posterior to the lateral mesencephalic sulcus yields diminishing 

returns and has been associated with increased complications.

• Further work is needed to further elucidate the nuances of ablation location 

and its impact on seizure and non-seizure outcomes.
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Figure 1 –. 
Flowchart of subject selection for analysis of clinical outcomes and calculation of the Engel 

I outcomes probability map in normalized atlas space.
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Figure 2 –. 
Workflow for image-processing. For each patient, the ablation cavity was manually 

segmented according to previously-described methods.13 Preoperative and postoperative 

images along with the manually-segmented ablation cavity were normalized to a common 

reference space.15 Once completed for the entire cohort, a critical population-based analysis 

of ablation volumes and locations could be performed.
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Figure 3 –. 
Rates of Engel I outcome at 6-month epochs for the entire cohort, the rHS subgroup, and the 

non-rHS subgroup. Error bars represent the standard error. Univariate regression 

demonstrated no significant difference in the 95% confidence intervals between the rHS and 

non-rHS subgroups. Seizure outcomes were durable between 12-months after LITT and at 

last follow-up.
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Figure 4 –. 
Heat map of the distribution of ablations in 175 patients treated across 11 comprehensive 

epilepsy centers. Effectively all ablations (red) were centered around the long-axis of the 

AHC and extended posteriorly to the level of the lateral mesencephalic sulcus. Variation in 

ablation location is represented by the less frequently ablated regions (green and blue) 

extending from this central core.
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Figure 5 –. 
Maps representing the positive predictive value (PPV) [A-F] and negative predictive value 

(NPV) [G-L] of Engel I outcome associated with at least 1-year follow-up for each voxel 

ablated in normalized atlas space for 175 patients. Panels A and G represent axial views; 

Panels B and H represent sagittal views; and Panels C-F and I-L represent coronal views 

through the temporal pole, hippocampal head and posterior amygdala, hippocampal body, 

and hippocampal tail as represented by the reference lines on the sagittal image. Voxels were 

assigned a color if it was involved in the ablation of at least 4 patients. Each voxel was 
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analyzed independently. Both maps demonstrate the importance of targeting the anterior, 

medial, and inferior structures in the mesial temporal lobe. Ablations extending posteriorly 

beyond the coronal plane in line with the lateral mesencephalic sulcus were less likely to be 

associated with Engel I outcomes.
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Figure 6 –. 
Theoretical favorable (green) and unfavorable (red) ablation locations based on the PPV and 

NPV maps. Both ablations are of roughly the same volume, but are located and oriented 

differently within the mesial temporal structures. The theoretical favorable ablation is 

located more anteriorly, medially, and inferiorly to cover the high probability voxels for both 

the PPV and NPV maps. This ablation covers the amygdala, hippocampus, parahippocampal 

gyrus, and rhinal cortices. The theoretical suboptimal ablation is located more posteriorly, 

laterally, and superiorly to exclude the high probability voxels for both the PPV and NPV 

maps. This ablation covers the posterolateral amygdala and hippocampus, but misses a large 

part of the amygdala, the mesial hippocampal head, parahippocampal gyrus, and rhinal 

cortices.
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Table 1 –

Patient demographics and characteristics relative to seizure outcomes. Reported are p-values for the univariate 

analysis between each variable and seizure outcome. Significant values (p<0.05) are denoted by bold font.

Entire Cohort Association with Engel I outcome Association with Engel I or II outcome

n = 234 p-value p-value

μ ± σ range 6
months

12
months

18
months

24
months

6
months

12
months

18
months

24
months

Age [years] 42 ± 15 (7 – 82) 0.005 0.213 0.477 0.652 0.020 0.001 0.053 0.093

Follow-up[months] 30 ± 14 (12 – 75)

n %

Gender

  Female 124 53.0% 0.984 0.636 0.185 0.534 0.340 0.210 0.729 0.643

Handedness
†

  Right 161 83.4%

  Left 29 15.0% 0.533 0.218 0.324 0.438 0.611 0.656 0.929 0.679

  Ambidextrous 3 1.6%

Side of LITT

  Left 136 58.1% 0.604 0.732 0.719 0.953 0.804 0.691 0.690 0.440

rHS on MRI

  Yes 172 73.5% 0.048 0.289 0.225 0.613 0.232 0.587 0.751 0.969

Dual Pathology on MRI
†

  Yes 49 21.1% 0.504 0.454 0.043 0.171 0.322 0.933 0.206 0.537

PET
†

  Ipsilateral 139 73.5% 0.749 0.423 0.140 0.262 0.879 0.670 0.660 0.924

  Negative 29 15.3%

  Bilateral 16 8.5%

  Contralateral 3 1.6%

Seizure Type*

  FIAS 223 95.3% 0.311 0.392 0.506 0.158 0.800 0.701 0.369 1.000

  FTC 107 45.7% 0.841 0.506 0.490 0.106 0.016 0.007 0.109 0.030

  FAS 38 16.2% 0.684 0.708 0.327 0.870 0.206 0.074 0.078 0.346

EEG Localization
†

  Ipsilateral Temporal 180 83.7% 0.427 0.175 0.302 0.069 0.630 0.379 0.551 0.618

  Bitemporal 20 9.3%

  Multifocal 5 2.3%

  Non-localized 6 2.8%

  Ipsilateral Extratemporal 3 1.4%

  Contralateral Temporal 1 0.5%

Invasive Monitoring

  Yes 48 20.5% 0.978 0.959 0.475 0.942 0.749 0.696 0.564 0.950
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(*)
Since patients may have more than one seizure types, each patient could belong to multiple seizure type categories. For this reason, the total 

percentage of patients for this variable is greater than 100%.

(†)
Variables with missing data. The numbers and percentages reported reflect the number of patients missing data.
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