
1 
 

 

 

Computer-Assisted Planning and Robotics in Epilepsy Surgery 

Vejay Niranjan Vakharia 

 

 

Thesis submission to University College London for the degree of 

Doctor of Philosophy 

February 2020 

 

 

I, Vejay Niranjan Vakharia confirm that the work presented in this thesis is my own. Where 

information has been derived from other sources, I confirm that this has been indicated in the 

thesis. 

 

 

 

 

 

Department of Clinical and Experimental Epilepsy 

Queen Square Institute of Neurology 

University College London 

Queen Square 

London, WC1N 3BG 

United Kingdom 



2 
 

 

  



3 
 

 

Abstract  

Epilepsy is a severe and devastating condition that affects ~1% of the population. 

Around 30% of these patients are drug-refractory. Epilepsy surgery may provide a cure in 

selected individuals with drug-resistant focal epilepsy if the epileptogenic zone can be 

identified and safely resected or ablated. Stereoelectroencephalography (SEEG) is a diagnostic 

procedure that is performed to aid in the delineation of the seizure onset zone when non-

invasive investigations are not sufficiently informative or discordant. 

Utilizing a multi-modal imaging platform, a novel computer-assisted planning (CAP) 

algorithm was adapted, applied and clinically validated for optimizing safe SEEG trajectory 

planning. In an initial retrospective validation study, 13 patients with 116 electrodes were 

enrolled and safety parameters between automated CAP trajectories and expert manual plans 

were compared. The automated CAP trajectories returned statistically significant 

improvements in all of the compared clinical metrics including overall risk score (CAP 0.57 +/- 

0.39 (mean +/- SD) and manual 1.00 +/- 0.60, p < 0.001).  Assessment of the inter-rater 

variability revealed there was no difference in external expert surgeon ratings. Both manual 

and CAP electrodes were rated as feasible in 42.8% (42/98) of cases. CAP was able to provide 

feasible electrodes in 19.4% (19/98), whereas manual planning was able to generate a feasible 

electrode in 26.5% (26/98) when the alternative generation method was not feasible.  

Based on the encouraging results from the retrospective analysis a prospective 

validation study including an additional 125 electrodes in 13 patients was then undertaken to 

compare CAP to expert manual plans from two neurosurgeons. The manual plans were 

performed separately and blindly from the CAP. Computer-generated trajectories were found 

to carry lower risks scores (absolute difference of 0.04 mm (95% CI = -0.42-0.01), p = 0.04) and 

were subsequently implanted in all cases without complication. The pipeline has been fully 

integrated into the clinical service and has now replaced manual SEEG planning at our 

institution.  

Further efforts were then focused on the distillation of optimal entry and target points 

for common SEEG trajectories and applying machine learning methods to develop an active 

learning algorithm to adapt to individual surgeon preferences. Thirty-two patients were 

prospectively enrolled in the study. The first 12 patients underwent prospective CAP planning 

and implantation following the pipeline outlined in the previous study. These patients were 
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used as a training set and all of the 108 electrodes after successful implantation were 

normalized to atlas space to generate ‘spatial priors’, using a K-Nearest Neighbour (K-NN) 

classifier. A subsequent test set of 20 patients (210 electrodes) were then used to 

prospectively validate the spatial priors. From the test set, 78% (123/157) of the implanted 

trajectories passed through both the entry and target spatial priors defined from the training 

set. To improve the generalizability of the spatial priors to other neurosurgical centres 

undertaking SEEG and to take into account the potential for changing institutional practices, an 

active learning algorithm was implemented. The K-NN classifier was shown to dynamically 

learn and refine the spatial priors. The progressive refinement of CAP SEEG planning outlined 

in this and previous studies has culminated in an algorithm that not only optimizes the surgical 

heuristics and risk scores related to SEEG planning but can also learn from previous 

experience. Overall, safe and feasible trajectory schema were returning in 30% of the time 

required for manual SEEG planning.   

Computer-assisted planning was then applied to optimize laser interstitial thermal 

therapy (LITT) trajectory planning, which is a minimally invasive alternative to open mesial 

temporal resections, focal lesion ablation and anterior 2/3 corpus callosotomy. We describe 

and validate the first CAP algorithm for mesial temporal LITT ablations for epilepsy treatment. 

Twenty-five patients that had previously undergone LITT ablations at a single institution and 

with a median follow up of 2 years were included.  Trajectory parameters for the CAP 

algorithm were derived from expert consensus to maximize distance from vasculature and 

ablation of the amygdalohippocampal complex, minimize collateral damage to adjacent brain 

structures whilst avoiding transgression of the ventricles and sulci. Trajectory parameters were 

also optimized to reduce the drilling angle to the skull and overall catheter length. Simulated 

cavities attributable to the CAP trajectories were calculated using a 5-15 mm ablation 

diameter. In comparison to manually planned and implemented LITT trajectories,CAP resulted 

in a significant increase in the percentage ablation of the amygdalohippocampal complex 

(manual 57.82 +/- 15.05% (mean +/- S.D.)  and unablated medial hippocampal head depth 

(manual 4.45 +/- 1.58 mm (mean +/- S.D.), CAP 1.19 +/- 1.37 (mean +/- S.D.), p = 0.0001). 

As LITT ablation of the mesial temporal structures is a novel procedure there are no 

established standards for trajectory planning. A data-driven machine learning approach was, 

therefore, applied to identify hitherto unknown CAP trajectory parameter combinations. All 

possible combinations of planning parameters were calculated culminating in 720 unique 
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combinations per patient. Linear regression and random forest machine learning algorithms 

were trained on half of the data set (3800 trajectories) and tested on the remaining unseen 

trajectories (3800 trajectories). The linear regression and random forest methods returned 

good predictive accuracies with both returning Pearson correlations of ρ = 0.7 and root mean 

squared errors of 0.13 and 0.12 respectively. The machine learning algorithm revealed that the 

optimal entry points were centred over the junction of the inferior occipital, middle temporal 

and middle occipital gyri. The optimal target points were anterior and medial translations of 

the centre of the amygdala.  

A large multicenter external validation study of 95 patients was then undertaken 

comparing the manually planned and implemented trajectories, CAP trajectories targeting the 

centre of the amygdala, the CAP parameters derived from expert consensus and the CAP 

trajectories utilizing the machine learning derived parameters.  Three external blinded expert 

surgeons were then selected to undertake feasibility ratings and preference rankings of the 

trajectories. CAP generated trajectories result in a significant improvement in many of the 

planning metrics, notably the risk score (manual 1.3 +/- 0.1 (mean +/- S.D.), CAP 1.1 +/- 0.2 

(mean +/- S.D.), p<0.000) and overall ablation of the amygdala (manual 45.3 +/- 22.2 % (mean 

+/- S.D.), CAP 64.2 +/- 20 % (mean +/- S.D.), p<0.000). Blinded external feasibility ratings 

revealed that manual trajectories were less preferable than CAP planned trajectories with an 

estimated probability of being ranked 4th (lowest) of 0.62.  

Traditional open corpus callosotomy requires a midline craniotomy, interhemispheric 

dissection and disconnection of the rostrum, genu and body of the corpus callosum. In cases 

where drop attacks persist a completion corpus callosotomy to disrupt the remaining fibres in 

the splenium is then performed. The emergence of LITT technology has raised the possibility of 

being able to undertake this procedure in a minimally invasive fashion and without the need 

for a craniotomy using two or three individual trajectories. Early case series have shown LITT 

anterior two-thirds corpus callosotomy to be safe and efficacious. Whole-brain probabilistic 

tractography connectomes were generated utilizing 3-Tesla multi-shell imaging data and 

constrained spherical deconvolution (CSD). Two independent blinded expert neurosurgeons 

with experience of performing the procedure using LITT then planned the trajectories in each 

patient following their current clinical practice. Automated trajectories returned a significant 

reduction in the risk score (manual 1.3 +/- 0.1 (mean +/- S.D.), CAP 1.1 +/- 0.1 (mean +/- S.D.), 

p<0.000). 
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Finally, we investigate the different methods of surgical implantation for SEEG 

electrodes. As an initial study, a systematic review and meta-analysis of the literature to date 

were performed. This revealed a wide variety of implantation methods including traditional 

frame-based, frameless, robotic and custom-3D printed jigs were being used in clinical 

practice. Of concern, all comparative reports from institutions that had changed from one 

implantation method to another, such as following the introduction of robotic systems, did not 

undertake parallel-group comparisons. This suggests that patients may have been exposed to 

risks associated with learning curves and potential harms related to the new device until the 

efficacy was known. A pragmatic randomized control trial of a novel non-CE marked robotic 

trajectory guidance system (iSYS1) was then devised. Before clinical implantations began a 

series of pre-clinical investigations utilizing 3D printed phantom heads from previously 

implanted patients was performed to provide pilot data and also assess the surgical learning 

curve. The surgeons had comparatively little clinical experience with the new robotic device 

which replicates the introduction of such novel technologies to clinical practice. The study 

confirmed that the learning curve with the iSYS1 devices was minimal and the accuracies and 

workflow were similar to the conventional manual method.  

The randomized control trial represents the first of its kind for stereotactic 

neurosurgical procedures. Thirty-two patients were enrolled with 16 patients randomized to 

the iSYS1 intervention arm and 16 patients to the manual implantation arm. The intervention 

allocation was concealed from the patients. The surgical and research team could be not 

blinded. Trial management, independent data monitoring and trial steering committees were 

convened at four points doing the trial (after every 8 patients implanted). Based on the high 

level of accuracy required for both methods, the main distinguishing factor would be the time 

to achieve the alignment to the prespecified trajectory. The primary outcome for comparison, 

therefore, was the time for individual SEEG electrode implantation. Secondary outcomes 

included the implantation accuracy derived from the post-operative CT scan, infection, 

intracranial haemorrhage and neurological deficit rates. Overall, 32 patients (328 electrodes) 

completed the trial (16 in each intervention arm) and the baseline demographics were broadly 

similar between the two groups. The time for individual electrode implantation was 

significantly less with the iSYS1 device (median of 3.36 (95% CI 5.72 to 7.07) than for the PAD 

group (median of 9.06 minutes (95% CI 8.16 to 10.06), p=0.0001). Target point accuracy was 

significantly greater with the PAD (median of 1.58 mm (95% CI 1.38 to 1.82) compared to the 
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iSYS1 (median of 1.16 mm (95% CI 1.01 to 1.33), p=0.004). The difference between the target 

point accuracies are not clinically significant for SEEG but may have implications for procedures 

such as deep brain stimulation that require higher placement accuracy. All of the electrodes 

achieved their respective intended anatomical targets. In 12 of 16 patients following robotic 

implantations, and 10 of 16 following manual PAD implantations a seizure onset zone was 

identified and resection recommended. The aforementioned systematic review and meta-

analysis were updated to include additional studies published during the trial duration. In this 

context, the iSYS1 device entry and target point accuracies were similar to those reported in 

other published studies of robotic devices including the ROSA, Neuromate and iSYS1. The PAD 

accuracies, however, outperformed the previously published results for other frameless 

stereotaxy methods.  

 

In conclusion, the presented studies report the integration and validation of a complex 

clinical decision support software into the clinical neurosurgical workflow for SEEG planning. 

The stereotactic planning platform was further refined by integrating machine learning 

techniques and also extended towards optimisation of LITT trajectories for ablation of mesial 

temporal structures and corpus callosotomy. The platform was then used to seamlessly 

integrate with a novel trajectory planning software to effectively and safely guide the 

implantation of the SEEG electrodes. Through a single-blinded randomised control trial, the 

ISYS1 device was shown to reduce the time taken for individual electrode insertion. Taken 

together, this work presents and validates the first fully integrated stereotactic trajectory 

planning platform that can be used for both SEEG and LITT trajectory planning followed by 

surgical implantation through the use of a novel trajectory guidance system. 
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Impact Statement 

An estimated 60 million people globally have epilepsy, with one third failing to achieve 

seizure freedom despite two or more adequate anti-epileptic drug schedules. Surgery may 

provide a cure if the epileptogenic zone (EZ) can be identified and safely resected or ablated. 

The evaluation of patients with drug-refractory epilepsy is, therefore, focused on 

distinguishing the putative EZ from nearby critical structures. The EZ is approximated from 

inferences derived from a collection of investigations of the symptomatogenic zone, seizure 

onset zone, functional deficit zone, irritative zone and potential epileptogenic lesions. In 

complex cases, these investigations are non-concordant and intracranial investigations in the 

form or stereoelectroencephalography (SEEG) or grid and strip recordings are necessary.  

Representing these investigations in a single space as a ‘multi-modal’ collection is a 

prerequisite to establishing the brain structures that require evaluation.  

Unlike grid and strip insertion, which necessitates a large craniotomy (removal of a 

section of the skull), SEEG insertion is minimally invasive. The technique entails the 

stereotactic insertion of 8-14 electrodes, each with contacts that sample a radius of 3-5 mm. 

The precise trajectory must, therefore, be meticulously planned and executed to ensure 

adequate sampling of the implicated brain regions and prevent conflict with intracranial 

vasculature. Manual trajectory planning is time-consuming and requires simultaneous 

optimisation of numerous parameters, many of which lack consensus.  

Conventional frame-based methods of SEEG implantation are increasingly being 

replaced with robotic trajectory guidance systems. A pipeline combining computer-assisted 

planning with robotic implantation has the potential to provide a streamlined workflow that 

improves the speed, accuracy and safety of stereotactic neurosurgical procedures, but high-

quality evidence and economic evaluations are required to prove benefit. 

To address these issues, a novel stereotactic trajectory planning platform has been 

developed and validated for SEEG computer-assisted planning. Initially, the computer-derived 

plans were retrospectively compared to manual SEEG trajectory parameters and external 

blinded expert ratings of feasibility were sought. After improved vascular imaging, a 

prospective comparison was initiated and computer-assisted plans were found to confer lower 

risk scores in all patients. The computer derived trajectories were subsequently implanted 

without complication providing the first prospective validation of their utility. Further work 
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was then undertaken to identify common entry and target points for SEEG trajectories from 

prior implantations and the generation of an atlas toward standardising trajectory planning in 

an objective and systematic fashion. A machine learning algorithm was also deployed to learn 

trajectory planning practices actively and dynamically modify the priors to increase the 

generalisability of the work. Computer-assisted planning was also applied to the optimization 

of laser interstitial thermal therapy for mesial temporal lobe ablations and corpus callosotomy, 

representing the first of its kind. 

Finally, computer-assisted planning was applied to provide objective and systematic 

trajectories for use in a pragmatic randomised control trial comparing the iSYS1 robotic 

trajectory guidance system with conventional frameless SEEG implantation. This trial provides 

the first Class 1 evidence for robotic use in stereotactic neurosurgery despite the growing 

adoption of the technology. 
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Outline and statement of personal communication: 

Chapter 1 provides an overview of the contemporary literature surrounding epilepsy 

surgery. The purpose of the presurgical evaluation of epilepsy is to estimate the epileptogenic 

zone. This is defined as the region of cortex that when resected, ablated or disconnected results 

in seizure freedom. The techniques and rationale for invasive electrophysiological monitoring 

are also described as well as the different surgical strategies and postoperative complications. 

An overview of the fundamental considerations for computer-assisted planning is also provided.   

In Chapter 2,  I describe a retrospective validation study to outline the potential impact of 

computer-assisted planning (CAP) on SEEG strategies and compare this to manual implantations. 

Building upon previous work developing EpiNav™ as a stereotactic trajectory planning platform, 

led by Prof. Sebastien Ourselin, Prof. John Duncan and Dr Rachel Sparks, an entirely anatomically 

driven approach to trajectory planning was developed and clinically validated in this study. 

Blinded external experts then validated both CAP and manually planned trajectories through 

ratings of individual electrode feasibility. I am grateful to Mr Martin Tisdall, Dr Christian Dorfer, 

Dr Jonathan Miller, Dr Daniel Nilsson and Dr Stefan Wolfsberger (Consultant Neurosurgeons) for 

their collaboration as external expert independent reviewers. Based on the encouraging results 

of the retrospective comparison study, a prospective validation was undertaken with surgical 

implantation of CAP derived SEEG plans. The GIF parcellation used in this and subsequent studies 

was developed by Dr George Cardoso (University College London). 

Chapter 3 provides the first and only reported prospective application of a CAP algorithm 

to date that has been embedded within a clinical work-flow as a complex clinical decision 

support software. Based on the results of this study, manual planning has now been replaced by 

CAP at our institution. Dr Rachel Sparks was responsible for the technical enhancements of the 

EpiNav™ software to facilitate this study. Mr Andrew McEvoy and Miss Anna Miserocchi 

(Consultant Neurosurgeons) reviewed all of the automated trajectories before surgical 

implantation. 

To further improve the external applicability and generalisability of the CAP algorithm, in 

Chapter 4, a series of spatial priors were developed to allow CAP to leverage knowledge and 

experience from previous SEEG implantations. The spatial priors were utilized and validated in 

a further large prospective series of SEEG implantations. To overcome the heterogeneity 
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between different institutional implantation practices a machine learning algorithm, in the form 

of a K-nearest neighbour classifier, was implemented to learn and dynamically adapt to evolving 

SEEG planning practices actively. This allows the CAP algorithm to optimise the trajectory 

planning metrics, whilst also conforming to the individual preferences of the user. 

Following on from the application of CAP for SEEG in Chapters 2-4, Chapter 5 investigates 

whether the scope could be broadened to other stereotactic procedures in which predefined 

parameters, quantifiable on the pre- or post-operative imaging, could be optimised.  Laser 

interstitial thermal therapy (LITT) is the prototypical example of an emerging therapeutic 

technology for which the trajectory parameters themselves have been suggested to determine 

prognostic factors such as seizure-free outcome and neuropsychological sequelae. Maximal 

ablation of the mesial hippocampal head is an independent predictor of seizure-free outcome, 

whilst sparing the surrounding cortical and subcortical structures are thought to mitigate the 

post-ablation neuropsychological decline. Due to the novel nature of the procedure experience 

is concentrated at high volume centres and there remains a wide variation in clinical practice. 

As the uptake of LITT increases, a systematic and objective method of trajectory planning based 

on the contemporary evidence-based literature would help to standardise care, allow multi-

centre outcome data to be combined more efficiently and ensure maximal therapeutic benefit. 

To this end, I describe and validate a method for automating LITT trajectory planning based on 

expert consensus and available evidence base within the literature. By applying a conservative 

uniform ablation diameter of 5-15 mm to CAP generated trajectories ablation volumes of critical 

regions of interest were estimated. Through an external collaboration manually planned and 

implemented trajectories and were reconstructed. The estimated ablation volumes were 

compared with CAP generated trajectories in a series of patients that have previously undergone 

LITT at a high volume institution (Thomas Jefferson Univesity, PA, USA) and in whom 2-year 

outcome data were available. This suggested that CAP generated trajectories could have 

provided significantly greater ablation of the amygdalohippocampal complex, less mesial 

hippocampal head remnant and a reduced overall trajectory risk score. A 15 mm diameter 

ablation cavity estimation was also found to be an accurate estimation of the achieved ablation 

volume and was applied in all subsequent studies. I am grateful to Dr Chengyuan Wu and Prof. 

Ashwini Sharan for their collaboration. Dr Rachel Sparks was responsible for the technical 

enhancements of the EpiNav™ software to facilitate this study. 
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Building from this, in Chapter 6, an entirely data-driven approach to identifying new 

trajectory parameters through the application of machine learning was pursued. For machine 

learning approaches, a large quantity of data is required to derive optimal trajectory planning 

parameters. To this end, all clinically acceptable entry, target and trajectory planning parameter 

permutations were applied to identify the optimal combinations to maximise ablation of the 

amygdalohippocampal complex and spare the parahippocampal gyrus. A novel composite score 

that could be objectively and systematically applied was developed for this purpose. This 

showed that optimal entry points were focused at the temporo-occipital junction (confluence of 

the inferior occipital, middle occipital and middle temporal gyrus). The optimal target point was 

found to be the anteromedial amygdala. I developed the initial study concept, derivation of the 

entry and target point combinations and interpretation of results. I supervised Dr Kuo Li (Visiting 

Neurosurgical Fellow) in the use of the EpiNav software, model generation and automated 

trajectory calculation. Dr Lucas França (PhD student) trained the machine learning algorithms 

deployed in this study. 

A multicenter collaborative study was then undertaken in Chapter 7, including 95 

patients from three high volume epilepsy surgery services comparing expert planned (manual) 

trajectories against the computer-assisted planning algorithm incorporating the machine 

learning derived parameters from Chapter 6. Utilising these novel planning parameters the 

automated trajectories were able to improve amygdala ablation whilst sparing the collateral 

structures and reducing trajectory risk scores compared to expert plans. Furthermore, feasibility 

ratings revealed that external blinded experts were more likely to favour the computer-

generated trajectories over that of manual expert trajectories suggesting that this may provide 

an acceptable means of standardizing LITT trajectories for the treatment of MTLE. Prospective 

application and validation of these trajectories are now required to determine if the machine 

learning derived parameters translate into improved clinical outcomes. I am grateful to Dr 

Chengyuan Wu, Prof. Ashwini Sharan, Dr Brett Youngerman, Prof. Guy McKhann and Dr Andrew 

Ko (Consultant Neurosurgeons) for their collaboration. The statistical analysis in this study was 

undertaken with guidance from Dr Aidan O’Keefe (University College London Biostatistician). 

In Chapter 8, I describe a novel application of automated multi-LITT trajectory planning 

to undertake minimally invasive anterior two-thirds corpus callosotomy. Through the 

application of three distinct laser fibre trajectories, a fully automated multi-trajectory planning 

pipeline was developed in which the individual entry and target points were derived directly 
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from the whole brain parcellation. As part of the validation of this feasibility study, anterior two-

thirds corpus callosotomy manual trajectory planning was undertaken by two blinded external 

experts and extent of interhemispheric disconnection, through probabilistic tractography, was 

compared with the computer-derived trajectories. The computer-assisted planning algorithm 

was able to provide feasible multi-trajectory plans in all cases and improved the overall risk 

scores associated with the plans. I am grateful to Dr Jon T. Willie, Dr Ashish Mehta and Dr Yarema 

Bezchlibnyk (Consultant Neurosurgeons) for their collaboration.  

In Chapters 9-11, I focus on the introduction of robotic medical devices into clinical 

neurosurgical practice, which has significantly increased over the last decade. Robotic systems 

provide a precise and reliable targeting platform which has popularized their use for brain 

biopsy, deep brain stimulation, SEEG, LITT, focal drug delivery, spinal screw placement and as 

instrument holders. Despite these benefits, robotic devices carry significant economic costs 

associated not only with the purchase of the device but also with consumables and service 

contracts. It is unclear, therefore, if the opportunity cost of these devices out-weighs the 

perceived incremental benefits. In chapter 9, I conduct a systematic review and meta-analysis 

of the different operative techniques used for SEEG implantation and quantify the accuracy 

associated with each of these from the published literature. Dr Aidan O’Keefe (University College 

London Biostatistician) performed the statistical analysis for the meta-analysis. All new devices 

or procedures are associated with a learning curve, both from the point of the operating surgeon 

and for the institution. When integrating these devices in clinical practice is essential that patient 

safety is maintained and early warning systems for performance assessment and preventative 

vigilance are put in place. Of the 15 studies included in the quantitative analysis, there were no 

prospective comparative studies of SEEG implantation methods. The most extensive series 

compared prospective robotic SEEG implantation accuracies with historical frame-based 

cohorts. Before and after studies such as these are not sensitive to learning curves and may 

inadvertently result in patient harm during the introduction of the new device.  

To address this issue, in Chapter 10, I quantify the learning curve associated with the novel 

iSYS1 robotic trajectory guidance system using 3D printed phantoms in which SEEG implantation 

schema were reconstructed. I also implement cumulative summation analysis (CUSUM) as a 

quality assurance tool. Chapter 10 was undertaken as a pre-clinical validation of the device in 

preparation for undertaking a formal prospective clinical single-blinded parallel-group 

randomised control trial, comparing the current frameless method (Precision-aiming device, 
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Medtronic Inc.) employed at the study institution since 2012 with the iSYS1 robotic trajectory 

guidance device (Medizintechnik GmbH). Mr Andrew McEvoy (Consultant Neurosurgeon) 

performed the simulated SEEG implantation on the 3D printed phantoms. 

Chapter 11 provides the highest level of evidence to date and represents the only 

randomised control trial of a robotic trajectory guidance system for stereotactic neurosurgery. 

The automated computer planning algorithm described in Chapter 4 was used to prospectively 

generate the implemented trajectories. The results of this randomised control trial will be of 

particular benefit to clinicians undertaking stereotactic neurosurgical procedures as well as 

funding commissioners and national policymakers. Under the supervision of the Chief 

Investigator Prof. John Duncan, I developed the study protocol, secured ethics committee and 

MHRA approval and undertook the day to day management of the trial. I also convened and 

attended the Trial Management Group, the Independent Data Monitoring Committee and the 

Trial Steering Committee. Mr Andrew McEvoy and Miss Anna Miserocchi (Consultant 

Neurosurgeons) performed the implantation surgeries. Dr Roman Rodionov and Dr Shahrzad 

Shapoori aided with the data acquisition. Dr Aidan O’Keefe (University College London 

Biostatistician) performed the statistical analysis. I would like to thank Dr Jeremy Chataway 

(Chair), Dr Rachel Thornton and Dr Ronit Pressler for participation in the Independent Data 

Monitoring Committee and Dr Dominic Heaney (Chair), Dr Fergus Rugg-Gunn, Mrs Farhat Galani 

and Mrs Nimrita Verma for participation in the Trial Steering Committee. I also thank the 

independent statistician, Dr Gareth Ambler and our colleagues in the NHNN video-EEG 

monitoring unit, Drs Fahmida Chowdhury, Beate Diehl and Joel Winston for their support of the 

trial. Medtronic Inc., provided loan of the robotic equipment, consumables and a 

neuronavigation system for use during the trial.  
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1 Literature Review 

 

1.1 Introduction to epilepsy surgery  

The International League against epilepsy have recently updated the definition of epilepsy 

to: “A disease of the brain defined by any of the following conditions: 1) At least two 

unprovoked (or reflex) seizures occurring >24 hours apart; 2) One unprovoked (or reflex) 

seizure and a probability of further seizures similar to the general recurrence risk (at least 60%) 

after two unprovoked seizures, occurring over the next ten years; 3) diagnosis of an epilepsy 

syndrome”(Fisher et al., 2014). 

It is estimated to affect 60 million people worldwide with an incidence of over 50 new 

cases per 100,000 people per year in developed countries. The prevalence in low and middle-

income countries is likely underestimated due to social stigmatization and reduced access to 

healthcare(de Boer et al., 2008). Currently, the societal and economic impact of epilepsy is 

higher than that of Parkinson’s disease, multiple sclerosis, Alzheimer’s disease and all other 

dementias together(Ventola, 2014). Epilepsy affects patients of all ages, genders and social 

classes. The prevalence of epilepsy, when stratified by age, follows a bimodal distribution with 

a high incidence in early childhood and after the age of 50 years. The incidence is lowest in 

patients aged 20-40 years.  Consequently, it has wide-ranging impacts on patients, caregivers 

and society as a whole from seizure-related injuries, psychiatric and cognitive sequelae. 

Depression, anxiety, psychosis, suicide rates and sudden unexpected death rates are 

significantly greater than observed in the general population(Bujarski et al., 2011). Failure to 

control seizures, frequency and the age of seizure onset have detrimental consequences for 

memory, cognition and social integration resulting in social isolation, discrimination and low 

employment rates(Jobst et al., 2015).  

Three out of four patients that experience two or more unprovoked seizures, occurring 

more than 24 hours apart, within 12 months will have a further unprovoked seizure within the 

next four years(Fisher et al., 2018). Based on this, it is recommended that patients undergo 

further investigation and commencement of drug therapies after a second seizure or after the 

first seizure if there remains an enduring predisposition for further seizures. Over the last 150 

years, 40 clinically effective anti-seizure medications have been developed, yet an adequate trial 
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of up to two anti-epileptic drugs, either alone or in combination, fails to achieve seizure freedom 

in one-third of patients(Kwan et al., 2009). The addition, or trial, of further drug regimes, has 

LITTle incremental effect on seizure control. In the remaining two-thirds of patients where drug 

treatments can prevent disabling seizures, around half of patients experience moderate or 

severe drug-related side effects(Choi et al., 2016). 

The appropriate selection of antiepileptic medications is based on the seizure type, 

epilepsy syndrome, clinical response, drug side effect profile and after consideration of co-

morbidities and drug contra-indications(Löscher et al., 2013). Further attention must also be 

applied to women of childbearing age due to their potential teratogenic side effects. Tailored 

drug therapies, referred to as narrow-spectrum agents, carry the most substantial therapeutic 

benefit when a particular seizure type or syndrome can be identified. In the case of focal 

epilepsies, with or without secondarily generalised tonic-clonic seizures, carbamazepine, 

oxcarbazepine, gabapentin, pregabalin, eslicarbazepine, vigabatrin and tiagabine are useful but 

are likely to exacerbate generalized seizures. In particular myoclonic and absence, seizures are 

worse affected. A definitive diagnosis of a particular epilepsy syndrome, however, can only be 

made in around half of patients(Schmidt et al., 2014). In the remaining patients, broad-spectrum 

agents such as lamotrigine, levetiracetam, phenytoin, sodium valproate, benzodiazepines and 

zonisamide are preferred. Head to head comparative trials have shown similar efficacies 

between appropriate first-line agents, but second-generation drugs such as lamotrigine, 

levetiracetam, oxcarbazepine and zonisamide have improved tolerability and safety 

profiles(French, 2007). In patients with unclassified or idiopathic generalised epilepsies 

valproate is more efficacious than lamotrigine and has improved tolerability over 

topiramate(Marson et al., 2007). Polypharmacy with antiepileptic medications carries increasing 

risks of pharmacokinetic and pharmacodynamics interactions with certain drug combinations, 

such as phenytoin and carbamazepine, resulting in bidirectional induction of metabolism. The 

resulting consequence is drug toxicity, commonly manifesting as dizziness and diplopia. 

Additional considerations when combining enzyme-inducing drugs are that substantially higher 

drug doses are required due to increased drug clearances.  

Large long-term observational studies in newly diagnosed drug-naive epilepsy patients 

revealed 47% achieved seizure control with the first medication. The addition of a second and 

third drug resulted in an additional 13% and 4% seizure freedom, respectively(French et al., 

2013). In a landmark study by Wiebe et al., patients with drug-refractory temporal lobe epilepsy 
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achieved seizure freedom rate in 58% following anterior temporal lobectomy, compare to 8% in 

the medical group(Wiebe et al., 2001). The Early Surgery Therapy For Drug-Resistant Epilepsy 

Trial (ERSET) randomised patients with temporal lobe epilepsy immediately after the failure of 

two medications to early surgery or further antiepileptic drug use(Engel et al., 2012). The trial 

initially aimed to recruit 200 patients but was terminated following randomisation of 36 patients 

and having reached statistical significance for the primary outcome of seizure freedom rate. In 

the medical therapy group, 0% (0/23) patients achieved seizure freedom compared to 73% (11/ 

15) in the surgical group at two years, whilst the number of serious adverse events were similar 

in the two groups. An additional benefit of epilepsy surgery is the possibility of reducing or in 

some cases, completely stopping drug therapy once seizure freedom is achieved. Despite over 

two decades of growing evidence for the benefits of epilepsy surgery in patients with drug-

refractory epilepsy, many physicians are still hesitant to refer for surgical evaluation. 

Subsequent trials have shown the results are generalizable(De Tisi et al., 2011) and durable with 

long-term follow up as long as 25 years and acceptable complications rates(Bell et al., 2017; 

Gooneratne et al., 2017). Despite the significant improvements in seizure freedom rates and 

quality of life following neurosurgical intervention, epidemiological studies have shown that a 

large proportion of those eligible are not referred for consideration of surgery and there remains 

a delay of an average of 18 years from diagnosis to evaluation for surgery (Haneef et al., 2010). 

The correct selection of patients for neurosurgical intervention is key to ensuring optimal 

outcomes(Abosch et al., 2002; Kovac et al., 2017; Lee et al., 2006). A large variety of 

histopathologically confirmed diagnoses have been shown to result in epilepsy(Blumcke et al., 

2017), only a proportion of which are detectable using clinically available imaging 

modalities(Duncan et al., 2016; Feindel, 2013; Knake et al., 2005). When the clinical semiological 

features of the habitual seizures are concordant with the results of the neuro-imaging, 

neuropsychological assessment and scalp electroencephalography (EEG), surgery can be 

undertaken without the need for any further investigations(Diehl et al., 2000). In patients in 

whom the presurgical investigations are discordant, invasive EEG recordings may be needed in 

the form of stereoelectroencephalography (SEEG) or grid +/- depth electrode insertion, each of 

which has its benefits and complications(Enatsu et al., 2016; Mullin et al., 2016a; Reif et al., 

2016). 

There has been a significant increase in SEEG over grid +/- depth insertion over the last 

decade with multiple techniques, such as frame-based, frameless, custom-fixture and robotic 
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methods being used(Cardinale et al., 2013; Mullin et al., 2016a). Invasive EEG has the added 

benefit of allowing electrical activity to be recorded from multiple regions in the brain during 

(ictal) and between seizures (interictal) over an extended period. The individual contacts of the 

inserted electrodes can also be stimulated to facilitate extra-operative mapping and 

characterisation of the epileptogenic network(David et al., 2010; Serletis et al., 2014). Optimal 

planning of SEEG electrodes is vital to ensure safe and accurate targeting of anatomical 

structures. SEEG electrode insertion carries several risks including bleeding, infection and 

neurological deficit due to damage to the brain as a result of misplacement, with risk in large 

centres of 1.3% per patient (Mullin et al., 2016a). Electrode trajectories are therefore carefully 

planned to sample from the intended parts of the brain and to avoid blood vessels and important 

brain structures. 

The seizure onset zone (SOZ) can then be determined based on the recorded 

electrophysiological characteristics, which is a distinct entity to the epileptogenic zone (EZ). The 

EZ is defined as the minimum amount of cortex that needs to be resected to result in seizure 

freedom(Kovac et al., 2017). The implication, therefore, is that patients who fail to achieve 

seizure freedom do so because the entirety of the EZ was not resected. This may include distant 

regions of the brain that may have been quiescent and, through some mechanism of 

epileptogenesis, have become involved in the epileptogenic network(Berg et al., 2003). In 

contrast, when patients achieve seizure freedom, one must consider if non-epileptogenic 

regions of the brain have also been resected, thereby potentially resulting in unnecessary 

neurological sequelae.  

Multiple open and minimally invasive methods of surgical resection or ablation have 

been described(Niemeyer, 1958; Spencer et al., 1984b; Wieser et al., 1982). Theoretically, 

minimally invasive techniques and image-guided open procedures may result in improved 

neurological or neuropsychological outcomes through reduced collateral damage to 

surrounding structures such as the optic radiation(Winston et al., 2012) and adjacent neocortex 

respectively(Drane et al., 2015). 

This chapter summarises the pipeline for the pre-surgical investigations of patients with 

drug-resistant focal epilepsy, indications for invasive EEG, contemporary techniques and 

outcomes of epilepsy surgery and the essential considerations for computer-assisted 

stereotactic trajectory planning. 
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1.2 Brain Imaging 

The pre-surgical evaluation of epilepsy aims to estimate the EZ, through the integration 

of clinical seizure semiology, EEG, neuropsychological evaluation and multi-modal 

imaging(Kovac et al., 2017). Patients with an identified epileptogenic lesion have 2.5 times 

higher odds of achieving seizure freedom following surgery than those without(Téllez-Zenteno 

et al., 2010). In this context, the EZ is a working hypothesis which is empirically derived by 

seizure outcome after surgery. If the patient is not seizure-free, a portion of the actual EZ may 

have been missed from the resection, or a secondary ictal network exists. If, however, the 

patient achieves seizure freedom, it is unclear if the extent of the resection could have been 

more selective while achieving the same level of success. Smaller resections may ultimately 

lead to less neurological and neuropsychological sequelae from surgery. Estimations of the EZ 

are derived from investigations of the symptomatogenic zone, functional deficit zone, irritative 

zone, seizure onset zone and epileptogenic lesions. Information pertaining to the 

symptomatogenic zone is derived from the clinical history, physical examination and seizure 

semiology. The seizure semiology includes descriptions or physical manifestations of auras, 

which precede the clinical onset of seizure activity, as well as the clinical manifestations of the 

seizure itself(Foldvary-Schaefer et al., 2011). Stereotyped ictal features allow inferences to be 

drawn regarding the underlying cortical regions from which they arise. It should be noted that 

seizures arising in so-called ‘silent regions’ of the brain, such as the parietal lobe, do not result 

in any clinical features until the abnormal electrical activity spreads to surrounding cortical 

regions(Balestrini et al., 2015). Information related to the functional deficit zone is deduced 

from abnormalities between seizures. In the immediate post-ictal phase this may be transient 

and include post-ictal limb paresis and aphasia, implicating the contralateral hemisphere and 

language-dominant hemisphere, respectively. Persistent inter-ictal deficits may be detected by 

under-functioning on neuropsychological testing or a reduction in glucose metabolism as 

detected using positron emission tomography (PET)(Willmann et al., 2007). The irritative zone 

relates to regions of the brain from which epileptic discharges occur between seizures. 

Detection of epileptic discharges can be through EEG, magneto-encephalography (MEG)(Englot 

et al., 2015) and EEG-fMRI(van Houdt et al., 2013). The seizure onset zone is surmised from 

EEG recordings at the start of the seizure. Ictal-interictal subtraction single positron emission 

tomography (SPECT) also provides information regarding the seizure onset zone if the injection 

of the tracer is optimally timed(la Fougère et al., 2009). Advances in MRI techniques and 

sequences improve the identification and delineation of epileptogenic lesions. The spectrum of 
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lesions that result in epilepsy that may be surgically remediable includes developmental 

abnormalities, infections, neoplasia, stroke, trauma, vascular malformations(Blümcke, 2009). 

Optimized imaging protocols and interpretation of images by neuroradiologists with 

experience in epilepsy imaging have been shown to increase the detection of epileptogenic 

lesions(von Oertzen, 2002). The range of investigations performed in individual units is likely to 

be constrained by the local availability of specific imaging modalities (see Table 1) 

1.2.1 MRI-based imaging 

Basic requirements for Epilepsy imaging protocols have been suggested by the 

ILAE(International League Against Epilepsy, 1997) and optimal MRI protocols defined(Wellmer 

et al., 2013).  The mainstay of imaging is based on a high-quality structural 3T MRI scan. This 

provides a better signal to noise ratio with improved spatial and contrast resolution, compared 

to 1.5T scans, and is enhanced with the use of surface coils. Knake et al. compared 1.5T to 3T 

acquisitions and showed that in 65% (15/23) of cases epileptogenic lesions could be detected 

following 3T scans that were not visible on the 1.5T imaging(Knake et al., 2005). The majority of 

these lesions were subtle focal cortical dysplasias.  

 

1.2.1.1 Structural MRI 

Volumetric T1-weighted gradient-recalled echo (GRE) images including sequences such as 

MPRAGE (magnetization prepared rapid acquisition GRE) or SPGR (spoiled gradient-recalled 

acquisition) provide sharp grey/white matter distinction for detection of subtle malformations 

of cortical development. Images are routinely acquired with 1-mm isotropic voxels to allow 

reformatting in additional planes and segmentation of the hippocampus for volumetric 

measurements. Hippocampal volumes are first corrected for the whole brain volume and those 

that have an absolute volume or asymmetry index of 2 S.D. less than the normal population are 

considered atrophic(Woermann et al., 1998). Whole-brain parcellations derived from these 

sequences are also increasingly being employed to allow automated anatomical region labelling 

and assessment(Keihaninejad et al., 2012). Gadolinium-enhancement is recommended in 

patients in which tumours, infection or neurocutaneous syndromes are suspected(Friedman, 

2014).  

High resolution T2-weighted coronal images are acquired in a plane perpendicular to 

the long axis of the hippocampus in addition to a traditional orthogonal plane. The coronal 
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sequences through the frontal and temporal cranial fossa additionally allow for the detection of 

small encephaloceles, which are an underestimated and surgically remediable cause of 

epilepsy(Panov et al., 2016). T2* sequences such as GRE or SWI (susceptibility-weighted images) 

improve the detection of calcified or hemorrhagic lesions.  

Hippocampal sclerosis is the most commonly identified pathology in surgical series and 

is characterized by hippocampal atrophy and increased T2 signal intensity. Visual inspection of 

the hippocampus can miss subtle, focal or bilateral hippocampal sclerosis. T2 relaxometry allows 

for quantification of the T2 relaxation time along the length of the hippocampus. When the 

hippocampal volume and T2 relaxometry are considered in combination, this can lead to an 

increased rate of hippocampal sclerosis detection of up to 28% compared to expert qualitative 

assessment alone(Coan et al., 2014). T2 relaxometry is more sensitive and specific than 

normalized FLAIR imaging in detecting hippocampal sclerosis(Rodionov et al., 2015).  

3D T2-weighted FLAIR (fluid-attenuated inversion recovery) sequences aid in the 

detection of focal cortical dysplasias which are often located at the bottom of a sulcus, may blur 

the grey-white boundary and have dyslamination extending into the white matter.   

Post-acquisition processing of MRI data may increase the detection of subtle 

abnormalities, but with the caution of reduced specificity being the price of increased sensitivity 

(Ahmed et al., 2015; Besson et al., 2008; Focke et al., 2009; Hong et al., 2014; Huppertz et al., 

2005; Wagner et al., 2011). If a lesion has been detected and this is concordant with the clinical 

semiology, prolonged interictal and ictal scalp video EEG, neuropsychology and neuropsychiatric 

assessments then no further investigation may be required prior to definitive surgical 

management. In individuals in whom the planned resection margins are close to eloquent 

cortex, functional mapping techniques such as language and motor fMRI and transcranial 

magnetic stimulation (TMS) have been used to help to delineate the boundaries of a safe 

resection(Bauer et al., 2014; Gaillard et al., 1997; Helmstaedter et al., 2015).   
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Table 1: Imaging sequences commonly employed for presurgical evaluation.  

MRI  3D volumetric T1-weighted imaging (1mm isotropic 

voxels) in AC-PC angulation 

T2-weighted axial and coronal images (< 3mm slice 

thickness) angulated perpendicular to hippocampal 

axis 

3D volumetric FLAIR (1 mm isotropic voxels) or axial 

and coronal images (< 3mm slice thickness) angulated 

perpendicular to hippocampal axis 

T2* gradient echo or susceptibility-weighted axial 

imaging angulated perpendicular to hippocampal axis 

a) Confirmation of  

epileptogenic zone 

18F-FDG PET 

Ictal inter-ictal subtraction SPECT 

MEG 

Electrical source imaging (ESI) 

EEG-fMRI 

b) Eloquent function 

mapping 

Language and motor functional MRI 

Tractography 

Transcranial magnetic stimulation 
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Figure 1: Magnetic resonance imaging of common pathologies underlying drug-resistant focal 

epilepsy: 

 

Figure 1 Legend: Magnetic resonance imaging of common pathologies underlying drug-

resistant focal epilepsy that are amenable to surgical treatment. (A) Coronal fluid-attenuated 

inversion recovery (FLAIR) image showing increased T2 signal in the left hippocampus 

associated with volume loss and compensatory dilatation of the left temporal horn consistent 

with left hippocampal sclerosis. (B) Nonenhanced axial T1-weighted image of a patient with a 
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lesion in the left temporal lobe that has a “popcorn” appearance due to a hemosiderin ring and 

mixed intensity blood products consistent with a cavernoma. (C) Nonenhanced coronal T1-

weighted image of a patient with multiple bilateral well-demarcated periventricular lesions 

that have imaging characteristics matching grey matter consistent with nodular periventricular 

heterotopia. This is associated with polymicrogyria-like overlying cortex. A note is also made of 

a posterior fossa arachnoid cyst and ventricular asymmetry. (D) Coronal FLAIR image of a 

patient with a sharply demarcated cortically based “pseudocystic” lesion in the right 

supramarginal gyrus that returns a hyperintense signal, consistent with a dysembryoplastic 

neuroepithelial tumour. There is associated with overlying calvarial remodelling. (E) Sagittal T1-

weighted image through the left temporal lobe revealing herniation of the temporal pole 

through the floor of the middle cranial fossa consistent with a meningoencephalocele. (F) 

Coronal FLAIR image with increased signal and expansion of the left amygdala. Contrast-

enhanced imaging did not reveal any enhancement, consistent with a diffusely infiltrating low-

grade glioma. (G) Axial FLAIR image revealing increased signal in the right occipital lobe with 

the blurring of the cortical-subcortical margin consistent with type 2B focal cortical dysplasia. 

 

1.2.1.2 fMRI 

fMRI is based on the detection of increased blood flow and brain tissue oxygenation in 

specific regions during specially designed cerebral tasks.  This is referred to as the blood oxygen 

level-dependent (BOLD) signal (Cordes et al., 2000). Commonly used fMRI language paradigms, 

verbal fluency and verb generation, are used to lateralize, rather than precisely localize,  

language functions (Doucet et al., 2015). The sensitivity and specificity of fMRI for language 

lateralization is between 80-90% and has replaced Wada testing (intracarotid sodium 

amobarbital procedure) in most cases(Bauer et al., 2014). 

1.2.1.3 Diffusion tractography 

Fibre tractography is used to localize major white matter tracts such as corticospinal 

tract and optic radiation. Tractography is derived from diffusion-weighted MRI sequences in 

which the anisotropic movement of water molecules within a voxel provides information 

regarding the most likely direction of white matter tracts between user-specified regions of 

interest(Mukherjee et al., 2008). The theoretical underpinnings of diffusion imaging have been 
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comprehensively reviewed in other texts(Chung et al., 2011; Mukherjee et al., 2008). I will not, 

therefore, repeat these details here, but when considering the use of diffusion-weighted 

imaging in an academic or clinical context, three important concepts should be borne in mind. 

The first is that diffusion imaging is a structural imaging modality pertaining to in-vivo water 

movement, which indirectly allows inferences to be drawn regarding the cytoarchitecture of 

white matter(Jellison et al., 2004b). The second is that an algorithm must subsequently be 

applied to calculate the diffusion orientation distribution function (dODF) for each voxel. The 

accuracy of the dODF and the ability to resolve multiple different fibre populations within a voxel 

is dependent on the number of diffusion gradients and directions applied.  Finally, streamline 

propagation through different tracking algorithms provide a mathematical estimate of water 

movement between adjacent voxels. The streamline density is, therefore, a reflection of the 

probability of water diffusion in a particular direction and not a quantification of the number of 

axons. 

The simplest and earliest representation of water movement within a voxel is the diffusion 

tensor. The tensor is composed of three orthogonal directions assigned as eigenvectors, which 

can be visualised together as an ellipsoid. If we consider the movement of water as unhindered, 

i.e. ‘isotropic’, the eigenvalues (λ1, λ2 and λ3) are equal in all axes. As water movement becomes 

progressively more ‘anisotropic’ the ellipsoid becomes elongated and by convention, the largest 

‘principle’ eigenvalue is assigned λ1. The λ1 value, therefore, represents the longitudinal 

diffusivity. The remaining λ2 and λ3 values are perpendicular to λ1 and the average of the two 

is referred to as the radial diffusivity. For visualisation purposes and through convention, this is 

represented as a diffusion encoded colour (DEC) map (see Figure 2). Voxels in which the 

longitudinal diffusivity is in the craniocaudal axis are coloured blue, anterior-posterior axis green 

and left-right axis red. A six-dimensional representation is provided with each three-dimensional 

voxel in the brain, encoding a three-dimensional map of water displacement. If the voxel size is 

sufficiently small enough or only includes axon bundles running precisely in parallel, then the 

tensor will be a true and accurate reflection of the actual axonal direction. If, on the other hand, 

the voxel size is large, or there are crossing axon populations, then the tensor will misleadingly 

reflect the average fibre direction. Alternative methods such as q-space approaches are based 

on high-angular resolution diffusion imaging (HARDI) and allowing multiple axon directions 

within a single voxel to be differentiated within an acceptable time-frame. One such method is 

q-Ball imaging and is based on a dense sampling of directions (defined by the number of 
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gradients, typically >60) on a sphere (also termed a shell) with a constant radius (defined by a 

high b-value, typically >4000 sec/mm2) allowing the derivation of a dODF. Depending on the 

number q-values (directions applied) the dODF allows complex internal architecture within a 

voxel to be modelled such as crossing, kissing and fanning fibres. Although lower q-values result 

in shorter scanning times, they also inherently increase blurring of the dODF as the 

approximation is based on interpolations between fewer sampling points on the shell. Other 

methods such as combined hindered and restricted model of diffusion (CHARMED) are based on 

the fitting multiple different tensor models comprising of one extra-axonal compartment and a 

number of intra-axonal compartments, each allowing distinct fibre population modelling. 

Spherical deconvolution is a further extension of multiple tensor modelling in which the 

potential number of different fibre populations are considered infinite. Spherical deconvolution, 

however, can result in negative values within the dODF, which is physically implausible. 

Constrained spherical deconvolution (CSD), therefore, constrains the presence of negative 

values and significantly reduces noise. 
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Figure 2: Diffusion-weighted imaging acquisitions and fibre tractography 
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Figure 2 Legend: Axial, coronal and sagittal images from the T1, Fractional anisotropy (FA) and 

Diffusion encoded colour (DEC) map are shown. Tensor and diffusion orientation distribution 

function (dODF) representations at the site of the crosshair (left lateral geniculate nucleus). The 

dODF shown was calculated using a constrained spherical deconvolution technique. 

Corresponding results of tractography of the left optic tract and radiation reconstructed with a 

seed voxels placed in the left lateral geniculate nucleus, inclusion region in the left sagittal 

stratum and exclusion regions placed in the ipsilateral frontal lobe and contralateral 

hemisphere. Left anterolateral view of fibre tractography performed using algorithms for 

deterministic and probabilistic tracking(Tournier et al., 2010; Willats et al., 2014). The anterior 

projection of the optic radiation (Meyer’s loop) is poorly reconstructed in the deterministic 

tractography, i.e. more false-negative streamlines, whilst the probabilistic tractography likely 

over-represents the tract, i.e. more false-positive streamlines (see (Maier-Hein et al., 2017) for 

further discussion regarding this). 

 

Within epilepsy surgery, diffusion-weighted imaging has been applied to detect white 

matter structural abnormalities, reconstruct fibre tracts for intra-operative guidance and 

identify changes in whole-brain structural network connectivity. Studies of diffusion-weighted 

imaging in temporal lobe epilepsy (TLE) have utilised quantitative measures of water 

movement such as fractional anisotropy (FA) and mean diffusivity (MD) to infer white fibre 

architecture and microstructure. Mean diffusivity measures within the ipsilateral 

parahippocampal white matter and fimbria-fornix, as well as the uncinate fasciculus bilaterally, 

have been shown to be significantly higher in patients with TLE compared to controls(Keller et 

al., 2017). The MD of the fimbria-fornix was also found to be a predictor of postoperative 

seizure freedom with patients that exhibit raised MD within the fimbria-fornix outside of the 

resection cavity were less likely to achieve seizure-free (ILAE 1(Wieser et al., 2001)) outcome. 

Additionally, MD changes in the contralateral parahippocampal gyrus were also found to 

predict failure of surgery and may reflect a bitemporal seizure onset. Accordingly, the MD 

measures from the ipsilateral dorsal fimbria-fornix as well as the contralateral 

parahippocampal gyrus were able to predict a seizure-free outcome with a sensitivity of 84% 

and a specificity of 89%. 
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Tractography requires the user to define a seed region from which streamlines are 

propagated to adjacent voxels governed by the tracking algorithm. A series of constraints are 

then applied to allow anatomical fibre tracts to be reconstructed. Taking the example of optic 

radiation tractography, a seed region is typically placed within the lateral geniculate nucleus and 

inclusion and exclusion zones are applied based on the known anatomical course of the tract. 

The optic radiation is known to travel posteriorly to the occipital cortices via the sagittal 

striatum, a region of white matter lateral to the atrium of the lateral ventricle(Ebeling et al., 

1988). Placing an inclusion region in this area, therefore, allows the results of the tracking 

algorithm to be refined by rejecting tracts that do no pass through the predefined inclusion zone. 

Similarly, the optic radiation does not propagate to the frontal lobe or the contralateral 

hemisphere. Exclusion zones placed within the frontal white matter and at the midline, 

therefore, prevent anatomically inaccurate streamline generation. The resulting fibre tract 

reconstruction is highly dependent on the user-defined seed, inclusion and exclusion 

zones(Ciccarelli et al., 2003). Furthermore, diffusion-weighted images are subject to distortions 

compared with anatomical scans and must be corrected prior to their use(Andersson et al., 

2003). The reliability of the tract reconstruction is judged based on an estimation of the known 

anatomical course as there is no in-vivo gold-standard for comparison. Efforts to standardise 

tractography through the implementation of automatically derived regions of interest have 

shown this to be comparable to expert human reconstructions(Keller et al., 2017; Mancini et al., 

2019), but caution is required when utilising tract reconstructions intra-operatively as it does 

not provide information regarding the function of the reconstructed tracts(Duffau, 2014a, 

2014b). A study utilising simulated human brain data, where the ground truth tract morphology 

information was known, evaluated 96 tractography pipelines submitted from 20 different 

research groups(Maier-Hein et al., 2017). DTI-based deterministic and HARDI-based 

probabilistic algorithms were found to reconstruct approximately 50% and 90%, respectively, of 

the fibres within the superior longitudinal fasciculus, uncinated fasciculus and inferior 

longitudinal fasciculus. This fell to 20% and 83%, respectively, when considering the 

corticospinal tract. The HARDI-based probabilistic reconstructions, therefore, were more 

sensitive than the DTI-based deterministic algorithms, but comparatively less specific as they 

over-represented the size of the fibre tracts and contained more invalid streamlines. 

Confirmative direct electrical stimulation is recommended when employing either method as 

this represents the gold-standard for intraoperative functional mapping (Borchers et al., 2011). 
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Prevention of damage to the major white matter tracts is more critical than cortical grey 

matter as unlike the cortex, white matter tracts cannot exhibit plasticity and therefore functional 

recovery following damage is not possible(Jellison et al., 2004a). The white matter tracts that 

are susceptible to injury during surgical resection of epileptogenic lesions are dependent on the 

location and approach taken by the surgeon. In cases of mesial TLE, amygdalohippocampectomy 

can be undertaken through a variety of approaches. Selective amygdalohippocampectomy 

approaches include transcortical, trans-sylvian and subtemporal routes. Additionally, anterior 

temporal lobe resection involves a variable amount of resection of the lateral neocortex. Trans-

sylvian and subtemporal approaches are less likely to result in visual field deficit through 

disruption of the temporal projection of the optic radiation (Meyer’s loop) but cause damage to 

the temporal stem and inferior longitudinal fasciculus respectively(Hori et al., 1993, 2002; Lutz 

et al., 2004; von Rhein et al., 2012). Tractographic and white matter fibre dissection studies have 

shown considerable variability in the anterior extent of Meyer’s loop ranging from 20 – 50mm 

from the temporal pole(Ebeling et al., 1988; Nowell et al., 2015b). The anterior extent has been 

shown to be significantly related to hemispheric language dominance(Nowell et al., 2015b). Both 

anterior temporal lobe resection and SAH have reported rates of significant visual field deficits 

that preclude patients from driving even if they have achieved seizure freedom in up to 

50%(Beisse et al., 2014; Pathak-Ray et al., 2002; Yeni et al., 2008). Presentation of the 

tractographic representation of the optic radiation into the oculars of the surgical microscope 

during temporal lobe resection successfully averted visual field defects when surgery was 

performed within an interventional MRI suite(Winston et al., 2014). Tractography of the 

corticospinal tract and optic radiation may be of particular benefit in the pediatric population 

where both fMRI and awake neurosurgical resection with functional mapping is not possible. 

Tractography of the corticospinal tract using deterministic algorithms fails to adequately 

reconstruct streamlines projecting to the lateral precentral gyrus representing the hand and face 

motor regions(Maier-Hein et al., 2017) Probabilistic CSD tractography has been shown to 

generate more accurate reconstructions and is, therefore, recommended for clinical use(Kupper 

et al., 2015). The corticospinal tract can be reconstructed using seeds derived from fMRI data, 

such as during finger tapping and lip-puckering tasks, or from anatomically placed seeds. Within 

epilepsy surgery, the epileptogenic zone may be larger than the visualized lesion or area of 

recorded electrographic seizure onset following invasive recordings. Tract reconstructions can 

be used to plan maximal resection volumes whilst also preserving function (see Figure 3). 
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Figure 3: SEEG guided tailored resection of focal cortical dysplasia with utilisation of 

corticospinal tract tractography 

 

Figure 3 Legend: A) Right hemispheric implantation with a region of the thickened grey matter 

deep to the pars opercularis of the inferior frontal gyrus (black). SEEG implantation with 

electrode contacts active at the seizure onset shown in red. B) Addition of the corticospinal tract 

tractography in cyan. C) Proposed resection volume (green) based on active electrode contacts 

and constrained by corticospinal tract tractography. D) Intraoperative MRI scan showing 

resection of the thickened grey matter (magenta) and preservation of the corticospinal tract 

(cyan).  
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Global tractography or tractography-based whole-brain connectivity is based on 

individually propagating streamlines from all of the regions of interest derived from a brain atlas 

(nodes) sequentially and quantifying the number of streamlines (edges) that terminate in all of 

the other regions in the brain. In conjunction, a whole-brain connectome can be generated that 

represents the structural networks of the brain. Network analysis can then be performed at local 

and global scales through the application of graph theory metrics(He et al., 2010; Rubinov et al., 

2010), to explore the structural connectivity relationships and potential perturbations within 

disease states(Gleichgerrcht et al., 2017). Tractography-based connectivity is weighted, based 

on the number of propagated streamlines, but is not directionally encoded. Comparison of 

whole-brain connectivity in patients with TLE compared to control subjects revealed a marked 

reduction in connectivity which lateralised to the side of hippocampal sclerosis. Whilst both right 

and left TLE were associated with diffuse global and interhemispheric connectivity reduction, 

left TLE connectivity changes were comparatively more pronounced in the perisylvian language 

circuitry(Besson et al., 2014). Correlation with histopathological findings revealed that 

hippocampal sclerosis results in marked remodelling of the structural connectome correlating 

with CA1-3 cell loss when compared to isolated gliosis(Bernhardt et al., 2019). Combination of 

diffusion and resting-state fMRI connectivity data has also revealed a decoupling between the 

structural and functional networks within the regions of the brain that are typically active at 

rest, known as the default mode network. Greater structural-functional connectivity decoupling 

has also been associated with idiopathic generalized epilepsies(Zhang et al., 2011), left temporal 

lobe epilepsy and higher seizure burden(Wirsich et al., 2016). Furthermore, restoration of the 

default mode network has been shown to correlate with better memory preservation in patients 

following temporal lobe surgery(McCormick et al., 2013). Studies utilising intracranial EEG 

recordings with structural and functional imaging data report that structural and functional 

connections are highly stereotyped for each patient and that seizures utilize the underlying 

structural connectome for non-contiguous propagation(Shah et al., 2019). Structural 

connectivity has also been combined with cortico-cortical evoked potentials stimulated during 

intracranial implantations over the electrographically confirmed seizure-onset zone. Compared 

to adjacent regions outside of the epileptogenic focus the seizure onset zone was significantly 

more hyperexcitable and highly outwardly connected(Parker et al., 2018). This opens the 

potential for minimally invasive techniques, such as radiofrequency ablation and laser interstitial 

thermal therapy to disrupt the seizure network and prevent seizures from spreading. 
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1.2.1.4 Novel MR contrasts 

Novel MRI contrasts offer the possibility of identifying covert lesions. Current diffusion 

algorithms are based on an unhindered (Gaussian) model of diffusion. Diffusion kurtosis imaging 

(DKI) is an extension with an assumption of hindered diffusion characterized by the cell 

membranes of the tissue or structure under investigation. As such, the kurtosis metrics convey 

information regarding tissue microstructure that is no longer restricted to apparent diffusion 

coefficient (ADC) alone. In conventional diffusion imaging, grey matter is isotropic and LITTle 

information regarding the microstructure of the cortex is provided. DKI provides improved grey-

white matter (GM-WM) contrast and may act as a biomarker for severity, treatment efficacy and 

disease subtypes(Bonilha et al., 2015).   

1.2.1.5 MRI Negative cases 

Concordance of neurophysiological and imaging data provides the highest chance of 

success following resective surgery(Téllez-Zenteno et al., 2010). It is estimated that 20-30% of 

patients with focal epilepsy have no identifiable lesion on clinical strength (up to 3-Tesla) MRI 

examinations(Duncan et al., 2016). As a result, surgical resections are less likely to be offered to 

such patients without additional confirmatory imaging modalities and invasive EEG 

investigation. Despite this, the resected volumes tend to be larger in MRI negative patients as 

incomplete resection of the epileptogenic focus is not infrequent. A review of the 

histopathological findings following resections in MRI negative patients revealed that the 

majority were secondary to focal cortical dysplasias with gliosis, hamartomas, hippocampal 

sclerosis and nodular heterotopias being less frequent(Wang et al., 2013). Ultra-high field MRI 

scanners, such as those at 7-Tesla, improve the signal to noise ratio and provide higher 

resolution images. Early results from institutions employing T2* sequences at 7-Tesla have 

shown promise at identifying regions of focal cortical dysplasia that were not apparent on 3-

Tesla imaging(Veersema et al., 2016). Another approach to identifying subtle lesions is to deploy 

machine learning classifiers to multi-modal MRI sequences (T1, T2 and FLAIR). The ability to 

compare multiple MRI sequences at the same time allowed for ‘junction’ maps to be created at 

the grey-white matter interface and identification of focal cortical dysplasias that were not 

distinguishable by expert radiologists from the sequences individually(Bennett et al., 2019).  
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1.2.2 Nuclear medicine 

If MRI sequences do not identify a lesion, or one that is not concordant with clinical and EEG 

data, functional imaging with PET or SPECT may be useful.  PET imaging in epilepsy is performed 

interictally, due to the long uptake period and short unpredictable nature of spontaneous 

seizures, defining regions of cortical dysfunction through hypometabolism. Ictal and post-ictal 

18F-FDG PET are challenging to interpret as there may be an intricate pattern of increased and 

decreased uptake. Once acquired PET images are then co-registered with structural images in 

the form of either CT or MRI. PET-MRI provides better anatomical and functional information 

than PET-CT without inferior localization accuracy(Paldino et al., 2017). Interictal PET has a 

sensitivity of up to 90% in cases of temporal and 50% in extra-temporal lobe epilepsy(Willmann 

et al., 2007). The region of hypometabolism detected by 18F-FDG PET is generally more extensive 

than the epileptogenic zone and cannot be used to outline a surgical resection plan. The role of 

18F-FDG PET is, therefore, to aid in hemispheric lateralization and general lobar localization in 

cases with discordant scalp EEG and MRI. The overall positive predictive value of achieving an 

Engel 1 post-surgical outcome following 18F-FDG PET in temporal lobe epilepsy was 77.5% when 

MRI, EEG or both were non-concordant. PET provides limited additional value in cases where 

the MRI and scalp EEG are concordant and is even associated with a false positive rate of 

6.9%(Willmann et al., 2007). Specific PET ligands for GABA-A, NMDA, opioid and serotonin 

receptors have research applications and the potential for clinical use to localize the EZ, but are 

not yet in widespread use(Duncan et al., 2016). 

SPECT imaging utilizes technetium-99m-labelled ligands to measure regional cerebral blood 

flow. Due to the very short brain uptake time (2 minutes) the tracer can be administered at the 

time of seizure onset and will be distributed in the brain as a reflection of the relative cerebral 

blood flow (rCBF) at the time of injection. The tracer shows LITTle redistribution for at least 2 

hours and coupled with the long half-life of 99mTechnetium (6 hours) provides an acceptable 

timescale for clinical use. The timing of tracer administration as early into the seizure onset as 

possible is critical for the identification of the hyperperfusion associated with the seizure onset 

zone. Delayed administration will result in a ‘false positive’ involvement of areas that show 

hyperperfusion due to early seizure propagation.  Studies comparing ictal SPECT to interictal 18F-

FDG PET have shown a sensitivity of 70.3% and 77.7%, respectively(la Fougère et al., 2009). 

When ictal and interictal SPECT are normalized and subtracted, the sensitivity of SPECT reached 

87% surpassing interictal PET(Desai et al., 2013).  
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1.2.3 Other functional imaging methods 

Simultaneous scalp EEG-fMRI recordings can show hemodynamic alterations associated 

with interictal epileptic discharges, with a sensitivity of 30-40%(Grouiller et al., 2011) and may 

be useful for planning intracranial implantations,(van Houdt et al., 2013) with widespread 

abnormalities warning of poor outcome from resection(Thornton et al., 2011). Ictal EEG-fMRI 

often shows focal or widespread hemodynamic changes before the onset of the seizure on scalp 

EEG(Chaudhary et al., 2012), highlighting the low sensitivity of scalp EEG(Federico et al., 2005). 

The current clinical place of scalp EEG-fMRI is that localization of ictal and interictal networks 

revealed can be useful during the presurgical assessment, helping to design intracranial EEG 

sampling strategies and indicating if there is likely to be a poor outcome, which may justify 

stopping further investigation. 

MEG is a non-invasive technique that measures the magnetic field generated by 

synchronized post-synaptic currents in dendrites of pyramidal cells in the cortex. Magnetic 

source imaging is a process in which current dipole maps of interictal spikes measured from MEG 

are co-registered and overlaid onto an MRI scan. The acquisition of MEG is susceptible to 

environmental noise, but unlike EEG is not attenuated by the skull and scalp. The spatial and 

temporal resolution of MEG is superior to scalp EEG, but is limited to current dipoles on the 

cortical surface and less sensitive to deeper sources. In a retrospective study of 132 patients, 

dipole source modelling of interictal spikes was possible in 78%(Englot et al., 2015). Of these 

patients, MEG was concordant with the lobe of resection in 66%. Comparison of long-term 

seizure outcomes (mean 3.6 years) in patients in which the MEG signal was concordant with the 

resection revealed an Engel 1 outcome in 85% compared to 37% in which the MEG signal was 

lateralized only, non-specific or discordant.  

In clinical practice, EEG-fMRI, magnetic and electrical source imaging are used to map interictal 

epileptic discharges, with a small chance of recording seizures, this chance being greater with 

electrical source imaging as more prolonged recordings are possible. The patient group who 

stand to benefit from these investigations are those in whom there is not a clear surgical solution 

and who would require intracranial EEG to define the EZ. The data may help to generate a 

hypothesis that can be tested with intracranial EEG and to identify patients with widespread 

abnormalities, in whom invasive studies should not be carried out. Prospective studies to 

evaluate these issues will be very challenging and a multi-centre study with at least 12 months 
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postoperative follow-up would be required. It seems likely that each method would show some 

benefit, and with each individual technique being uniquely helpful in a subset of patients. 

1.3 Invasive EEG 

Invasive EEG methods include subdural grid and strip insertion with optional depth electrode 

placement through the grid or SEEG. Historically the methods used for invasive EEG have fallen 

into the Anglo-American and French-Italian schools of thought. 

1.3.1 Grids, strips and depth electrodes 

The Anglo-American method consisted of subdural grid and strip insertion. This is a 

procedure that involves a large craniotomy over the region of the brain of interest and upon 

which a silastic sheet is placed. Within the silastic sheet are a number of electrical contacts that, 

when placed on the cortex, record the electrical activity of the underlying brain. The main 

advantage of this method is that it allows for extra-operative cortical functional mapping 

through grid contact stimulation. This is particularly useful for lesions close to language and 

motor function allowing accurate delineation of the cortical function. Large 8cm x 8cm grids 

coupled with strip electrodes can provide robust sampling over larger areas of the lateral 

neocortex. The main disadvantage, however, is that deep and mesial structures are relatively 

under-sampled due to their inaccessibility and patient recovery is prolonged. Depending on the 

venous anatomy of the cortical veins entering the superior sagittal sinus it may be possible to 

place small grid or strip electrodes on the mesial hemispheric surfaces, such as over the 

supplementary motor area (SMA). Furthermore, sampling of deeper structures can be 

undertaken through the freehand placement of depth electrodes through the silastic sheet. 

Conversely, SEEG involves the stereotactic placement of electrodes along predefined 

trajectories. The electrodes have a variable number of contacts and spacing to allow denser 

sampling at the target or entry regions. Contact stimulation can still be performed for extra-

operative mapping, but due to technical limitations during SEEG electrode placement a 

minimum distance of 1 cm is maintained at the entry point from other electrodes. This, 

therefore, reduces the resolution of the cortical sampling. Nevertheless, SEEG procedures have 

significantly increased in popularity over the last decade as they allow the epileptogenic network 

to be mapped and have reduced complication rates with rapid patient recovery. 
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Figure 4: Grid and SEEG electrode sampling methods 
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Figure 4 Legend: Left hemispheric SEEG implantation for hypothesized mesial posterior frontal 

seizure onset. A) View of the 3D cortical model. B) Vascular segmentation derived from DSA. C) 

Vascular imaging with rendering for the regions of interest for SEEG sampling. D) SEEG 

trajectory plans with coverage including the orbitofrontal, superior and medial frontal regions 

as well as motor cortex and posterior temporal regions. E) Right frontal view of another patient 

following implantation with bolts for electrodes with contacts active at seizure onset shown in 

red. F) Left hemispheric grid sampling for hypothesized frontal lobe onset. Suspected focal 

cortical dysplasia (red). Tractography of the underlying white matter fibre tracts reveals the 

position of the corticospinal tract (green) and the grid contacts eliciting motor responses 

following cortical stimulation (blue). Black lines delineate margins of the planned craniotomy. 

G) Corresponding intra-operative picture of grid placement following large fronto-

temporoparietal craniotomy and dural reflection over the superior sagittal sinus. Picture 

orientation: A – Anterior, P – Posterior, M – Medial and L – Lateral. 

 

1.3.2 Stereoelectroencephalography 

The overall rate of complication associated with SEEG has been reported as 1.3% per patient, 

equating to a risk of 1 in 287 electrodes. The main complication reported was haemorrhage, 

occurring in 1% of patients(Mullin et al., 2016a). Haemorrhage occurs when a planned electrode 

conflicts with a cortical or subcortical vessel or when the method of implantation is inaccurate. 

The detection of vasculature within the brain for the purpose of stereotactic implantation 

planning is varied. Some centres prefer the use of gadolinium-enhanced or phase-contrast MR 

sequences (MR venography and angiography) whilst other units elect to perform CT-

angiography or digital subtraction catheter angiography (DSA) pre-operatively. DSA is 

considered the ‘gold-standard’ but is invasive and in pediatric populations necessitates a general 

anaesthetic(Cardinale et al., 2015). Proponents of MR venography, however, do not consider 

the new vasculature visualized with DSA to be clinically relevant, and do not report increased 

haemorrhage rates(Cardinale et al., 2016b).  

Planning of SEEG electrode placement is time-consuming and requires a multi-disciplinary 

approach to ensure that the electrodes are sampling regions that are consistent with the 

electrophysiological hypothesis. In general terms, SEEG electrodes are planned to enter the 

brain at the crown of a gyrus, maximize distance from cerebral vasculature, not to transgress 
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pial boundaries (sulci), not come within 10 mm of other implanted electrodes, limit the angle to 

which the bolt crosses the skull, avoid critical neurological structures, have the shortest feasible 

intracranial length and maximize grey-matter contact.  

Cardinale et al. suggested a safety margin from cerebral vasculature based on the diameter 

of the electrode, mean implantation accuracy plus three standard deviations to ensure more 

than 1% of electrodes do not deviate from this(Cardinale et al., 2013). Based on their data, they 

implement a 3 mm safety margin. Optimizing electrodes for each of the aforementioned 

parameters whilst ensuring a sufficient safety margin for each electrode is challenging to plan 

manually. Computer-assisted planning algorithms have been described that achieve better and 

more consistent adherence to these parameters while significantly reducing the time for 

planning (De Momi et al., 2013b; Nowell et al., 2016b; Sparks et al., 2016).  

Reported implantation methods for SEEG include frame-based, frameless and robotic 

systems. The original method of stereoencephalography used the  Talairach frame(Talairach et 

al., 1962). Since then, several different frame-based systems have been used including the 

Leksell, CRW, Vogele-Bale-Honen and Fischer-Leibinger frames( V. N. Vakharia et al. 2017). 

These systems require the placement of a stereotactic frame on the patient before acquiring a 

volumetric navigation image. Automatic patient registration can be achieved through the use of 

an intraoperative CT scanner such as the O-arm (Medtronic Inc.). Due to the inconvenience and 

time associated with placing a stereotactic frame, frameless systems were developed based on 

the use of a neuronavigation system and adjustable arm. The patient is placed in a rigid clamp 

fixator, such as the Mayfield clamp and neuroanatomical targets or pre-placed markers 

(fiducials) are used as registration points. Bone-anchored fiducials are more accurate than scalp 

based fiducials or surface tracing. Most neuronavigation systems are based on the emission of 

infrared light from a source attached to an infrared camera. The infrared light then reflects 

against a series of small spheres to allow the neuronavigation system to detect instruments with 

known geometry in space in relation to the spheres. The instruments are then aligned to the 

pre-planned trajectories and fixed in place using an adjustable arm. The arm then acts as a 

working channel through which drilling and electrode bolt placement can be performed. 

Frameless techniques offer a more convenient and quicker alternative to frame-based systems, 

especially when 8-14 SEEG electrodes are typically inserted, at the relative cost of accuracy. 

Robotic systems have been introduced to allow highly accurate electrode placement with 

shorter implantation times compared to both frame-based and frameless systems. To date, 
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accuracy results have been published for Neuromate (Renishaw), ROSA (Zimmer Biomet) and 

iSYS1 (iSYS Medizintechnik GmbH). A recent meta-analysis of the reported accuracies of the 

different implantation methods revealed significant heterogeneity between the studies 

precluding any direct comparisons, mainly due to different accuracy measures(Vakharia et al., 

2017b). In the most extensive comparative study by Cardinale et al., 1050 electrodes placed in 

81 patients achieved a median 0.78 mm entry point and 1.77 mm target point error, compared 

to a historical cohort of 517 electrodes in 37 patients using the Talairach frame where a median 

1.43 mm entry point and 2.69 mm target point error was found(Cardinale et al., 2013). It remains 

controversial whether the average improvement in target point accuracy between the 

implantation methods by an order of 1 mm is clinically significant as the electrode contacts are 

likely to measure electrophysiological activity within a region of interest of at least 3-5 mm and 

target brain structures are significantly larger. To date, no studies have delineated the size of 

vasculature that is critical for consideration during SEEG or the optimal method of vascular 

imaging and whether these factors affect haemorrhage rates. 

 

1.4 Surgical Treatments For Epilepsy 

1.4.1 Types of surgical procedures 

A variety of surgical procedures are offered to treat different types of epilepsy. Resective 

surgeries can be divided into standardized and tailored procedures. Standardized resections are 

performed when it is clear that the EZ, defined as the volume of the brain necessary and 

sufficient for the generation of spontaneous seizures(Luders et al., 1993), is included within the 

standardized boundaries. Common standardized procedures are anteromesial temporal 

resections for mesial temporal lobe epilepsy and hemispherectomies for diffuse lesions that are 

limited to one hemisphere. Tailored resections require not only localization of the EZ, but a more 

precise delineation of its boundaries and consideration of the nearby critical tracts and eloquent 

cortex. Neocortical resections are usually tailored based on electrophysiological, imaging, and 

neuropsychological testing, unless the lesion lies in essential cortex, such as language or motor 

areas, when lesionectomies, sparing adjacent neocortex, can be performed. When a small 

ablation would be sufficient, this can be achieved with radiosurgery,(Chang et al., 2010) and 

there has been recent interest in laser thermoablation(Lagman et al., 2017). Disconnection 

procedures include corpus callosotomy, performed specifically for disabling drop attacks, 
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multiple subpial transections, which might eliminate seizures in essential cortex while sparing 

function, and hemispherotomy, which disconnects rather than removes one hemisphere. 

Palliative neuromodulation, include vagus nerve stimulation (VNS) and deep brain stimulation 

(DBS) (Fisher et al., 2010). Responsive neurostimulation (RNS) is a new procedure for patients 

with more than one epileptogenic zone or an epileptogenic zone in a cortical area that cannot 

be removed(Morrell, 2011). This is an innovative approach involving the implantation of a small 

computer in the skull, connected by electrodes to one or more EZs, which records EEG 

continuously, detects seizure onset, and stimulates to abort it. DBS and RNS can be useful in 

reducing the frequency and severity of seizures, but rarely render patients seizure-free(Duncan 

et al., 2015). 

1.4.1.1 Mesial temporal resections 

Anterior temporal lobe resection (ATLR) has undergone various modifications since its 

inception and involves resection of the temporal pole amygdala, hippocampal head and body 

and a variable amount of lateral neocortex. The most common anterior temporal resection 

procedure performed today is based on the technique described by Spencer et al. (Spencer et 

al., 1984b). The resection of the lateral neocortex was limited to a maximum of 4.5 cm measured 

from the temporal pole to minimize visual and speech deficits and an en bloc resection of the 

amygdala, hippocampus, parahippocampus, uncus and fusiform gyrus was performed through 

an intraventricular approach via the temporal horn. At a similar time, Wieser and Yasargil 

described a trans-sylvian SAH that spared the lateral neocortex in its entirety. Niemeyer et al. 

had previously established a transcortical SAH approach through a 2.5 cm corticotomy in the 

middle temporal gyrus(Niemeyer, 1958; Wieser et al., 1982). Further modifications to the 

Spencer anterior temporal lobectomy have been described such as ‘keyhole’ anterior temporal 

lobe resections that aim to further limit the lateral neocortical resection to the temporal pole 

(<3 cm)(Schmeiser et al., 2017). Numerous studies have aimed to compare operative 

approaches with regards to seizure freedom and neuropsychological outcomes. In a meta-

analysis, anterior temporal lobectomy resulted in improved seizure outcome compared to 

transcortical SAH with an absolute risk difference of 8%, which equates to the need to treat 13 

patients for an additional patient to achieve an Engel 1 outcome(Josephson et al., 2013). A 

randomized controlled trial of trans-sylvian and transcortical SAH in patients with MTLE gave 

similar seizure freedom rates at seven months follow up(Lutz et al., 2004). Transcortical SAH 

resulted in significantly better verbal fluency post-operatively whilst all other 
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neuropsychological outcomes were not affected by approach. Helmstaedter et al. prospectively 

compared temporal pole resection and amygdalohippocampectomy (TPR+AH) with trans-

sylvian SAH and found improved post-operative figural (visually encoded) memory following 

right-sided trans-sylvian SAH and verbal memory following left TPR+AH(Helmstaedter et al., 

2008).  This suggests the importance of the temporal stem, which includes the uncinate and 

inferior fronto-occipital fasciculi, in dominant hemisphere verbal memory and the non-

dominant lateral neocortex in non-verbal memory. Visual field deficits are common following 

anterior mesial temporal resections due to the proximity of Meyer’s loop, which is the temporal 

portion of the optic radiation, to the temporal horn of the lateral ventricle. In early series, where 

4 cm and 6 cm of the dominant and non-dominant temporal lateral neocortex, respectively, 

were routinely resected as part of the mesial temporal resection, visual field deficits occurred 

almost universally and were expected complications. As resections became more refined, a 

great emphasis was placed on preserving the optic radiation and hence reducing visual field 

deficit rates. In contemporary series, however, visual field deficit rates are still reported in up to 

50% of patients(Nilsson et al., 2004).  A randomised control trial comparing visual field deficit 

rates between trans-sylvian SAH and TPR+AH revealed rates of 87% and 54%, respectively(Delev 

et al., 2016). The method of locating the temporal horn through a basal approach using the 

collateral sulcus as a landmark, therefore, prevents excessive damage to the optic radiation 

during the temporal pole resection phase of TPR+AH. In contrast, the trans-sylvian approach 

identifies and enters the superior aspect of the temporal horn and therefore carries a greater 

risk of damage to the optic radiation.  DVLA requirements for holding a Group 1 (car and 

motorcycle) driving licence in the United Kingdom are based on the binocular Estermann test 

and necessitates a field of view of at least 120o on the horizontal meridian and no significant 

deficit within 20o of the vertical meridian. The application of a standardised resection protocol 

implementing a maximum lateral neocortical resection of 3 cm as measured from temporal pole, 

still resulted in 13% of patients being disqualified from driving due to the extent of the visual 

field deficit. Promising results from the incorporation of optic radiation tractography overlaid in 

the operative microscope, within an interventional MRI setting, has revealed a significant 

reduction in the overall size of visual field deficits and no patients were precluded from 

driving(Winston et al., 2014).  Retrospective studies have not found any difference in seizure 

freedom rates between ATLR and trans-sylvian SAH, but worse neuropsychological outcomes 

have been reported with ATLR (Clusmann et al., 2002; Wendling et al., 2013). Hermann et al. 

prospectively randomized patients to left ATLR with resection or sparing of the superior 
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temporal gyrus(Hermann et al., 1999). No significant difference in seizure freedom rate or 

neuropsychological outcome was detected. Similarly, Schramm et al. performed a multicenter 

randomized control trial of 2.5 cm versus 3.5 cm extent of hippocampal resection between 

patients with hippocampal sclerosis and found no significant difference(Schramm et al., 2011b).  

 

1.4.1.2 Neocortical resection and extratemporal lobe epilepsies 

1.4.1.2.1 Frontal lobe resection 

Frontal lobe epilepsy (FLE) is the most common refractory focal epilepsy after TLE and 

accounts for up to 30% of cases. It is more difficult to localize the EZ in FLE than in TLE, reflecting 

great size, complex organization and connectivity of the frontal lobes. Frontal lobe resections 

carry a one-year seizure remission rate of approximately 45% (ranging from 21-61%) and less 

durable long term outcomes(Englot et al., 2012). Long term observational studies have shown 

that 90% of cases that relapse following FLE surgery do so within the first year, due to incomplete 

resection of the EZ(Bonini et al., 2017).  Even in individuals with MRI defined lesions, the EZ 

frequently extends beyond this and the extent of surgical resection may need to be tailored 

according to the invasive EEG findings. Invasive EEG has, therefore, been recommended in both 

lesional and non-lesional cases of FLE and has been found to be an independent predictor of 

improved seizure outcome(Bonini et al., 2017). Histological analysis of most FLE resections that 

had normal pre-operative MRI shows focal cortical dysplasia. The most favourable postoperative 

outcome is associated with type 2B, with less good results associated with less discrete 

pathologies,  which along with having a focal seizure onset, and total resection of the EZ are 

independent predictors of favourable post-surgical outcome(Bonini et al., 2017; Englot et al., 

2012).   

1.4.1.2.2 Insula resections 

Insular seizure semiology often presents with a sensation of throat tightening and 

widespread somatic dysesthesia before developing dysphagia, dysarthria and focal motor 

symptoms(Foldvary-Schaefer et al., 2011). It may be difficult to determine whether seizure 

onset is in the insula with propagation to the temporal and/or frontal lobes or vice-versa(Barba 

et al., 2016).  Due to its deep location, scalp EEG has limited sensitivity in localizing insular seizure 

onset and SEEG studies are most commonly performed through oblique, orthogonal or a 
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combination of approaches(Alomar et al., 2017). Insular tumour resections can be safely 

undertaken through trans-sylvian or transopercular approaches(Benet et al., 2016), but there 

are no studies comparing seizure freedom rates between operative approaches. In an initial 

series of insular tumours resected through a transsylvian approach, Yasargil et al. reported a  

seizure freedom rate of 84% (Yasargil et al., 1992). Further studies have reported seizure-free 

outcomes ranging from 60-70%(Laoprasert et al., 2017). It should be noted that in some series, 

almost 50% of patients following insular tumour resections develop transient hemiparesis with 

no permanent long term deficits(Malak et al., 2009). Insula resections, without a well-defined 

lesion on MRI, require a careful analysis of the risk-benefit ratio, especially in the language-

dominant hemisphere. 

1.4.1.2.3 Parietal lobe resections 

Parietal lobe epilepsies account for 2-6% of patients undergoing epilepsy 

surgery(Asadollahi et al., 2017; Salanova, 2012). Due to the widespread connectivity of the 

parietal lobe, patients have few localizing semiological features and can present with 

somatosensory disturbances, vertigo, psychic symptoms and language dysfunction(Balestrini et 

al., 2015). Propagation to the frontal lobes results in hyperkinetic manifestations whilst 

automatisms and auditory hallucinations can develop with spread to the temporal lobe. Parietal 

lobe epilepsies may, therefore, be misdiagnosed as frontal or temporal in origin. Scalp EEG 

findings are also often poorly localizing with a single study finding that ictal onset could be 

detected in one-third of cases(Salanova, 2012). In the remaining cases, EEG findings were either 

non-localising or normal. As such positive MRI findings were most predictive of a parietal 

epileptogenic source. Post-surgical outcomes vary widely between 45%-78% achieving Engel 1 

outcomes. Of note, in reported series with the best surgical outcomes, almost all patients had a 

focal MRI lesion(Asadollahi et al., 2017). 

1.4.1.2.4 Occipital lobe resections 

Occipital lobe seizures are uncommon. Semiological manifestations include visual auras 

and disturbances such as hallucinations, blindness, nystagmus and blinking as well as altered 

mental state and secondary generalization(Foldvary-Schaefer et al., 2011). Scalp EEG is often 

misleading with interictal spikes being most prominent over the temporal lobe. In patients with 

known epileptogenic sites in the occipital lobe, scalp EEG demonstrated occipital inter-ictal 

spikes in only 17%(Salanova et al., 1992). Compared to other forms of epilepsy, occipital lobe 
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epilepsies are more often multifocal, thus complicating the diagnosis and surgical management. 

In a recent meta-analysis surgical resection had an average of an Engel 1 outcome in 65% of 

cases (range 20-100%)(Harward et al., 2018). Detection of pathology on histological analysis, 

abnormal MRI features and age <18 years were all found to be predictive of successful surgical 

outcome. Due to the proximity of the optic radiation and primary visual cortices occipital lobe 

epilepsy surgery carries a significant risk of postoperative visual dysfunction, occurring in in two-

thirds of patients. Language deficits and visual neglect may also be associated. 

1.4.1.2.5 Multi-lobar resections and Hemispherotomy 

Multilobar resections are usually undertaken in individuals with extratemporal seizure 

onset.  The most common cause is a focal cortical dysplasia that is associated with a widespread 

epileptogenic network. Such resections are usually extensive to achieve seizure freedom and 

may need to be guided by intraoperative electrocorticography. The presence of functional 

eloquent cortex usually limits the extent of the cortical resection and may necessitate subtotal 

resection of the epileptogenic zone. Depending on the extent of the surgical resection and the 

completeness of the resection, seizure freedom rates of 60-70% may be achieved(Sarkis et al., 

2012). When the EZ is too large for a multilobar resection but is confined to one hemisphere, 

hemispherotomy, or functional hemispherectomy, may be considered. In general, this is 

restricted to patients who have already developed a significant hemiparesis with a useless hand. 

The most common indications are Rasmussen’s encephalitis, hemimegancephaly, perinatal 

stroke, hemispheric malformations of cortical development, Sturge-Weber syndrome and 

hemiconvulsion-hemiplegia-epilepsy(Marras et al., 2010). The initial description of 

hemispherectomy was in 1928 as a treatment for malignant gliomas(WE, 1928). The first use for 

the treatment of epilepsy was in 1938(Bahuleyan et al., 2013). The term ‘anatomical 

hemispherectomy’ involved total anatomical resection of a single hemisphere with or without 

the inclusion of the basal ganglia. This was a very morbid procedure with numerous 

complications including significant blood loss, post-operative hydrocephalus and superficial 

cerebral hemosiderosis. Superficial cerebral hemosiderosis is a delayed complication that 

resulted from recurrent haemorrhages into the subdural cavity. Connection with the ventricular 

system was thought to be the cause of the postoperative hydrocephalus. The anatomical 

hemispherectomy was therefore abandoned in favour of a functional hemispherectomy or 

hemispherotomy.  
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Functional hemispherectomy comprises resection of the temporal lobe and central 

regions with disconnection of the remaining structures from the contralateral hemisphere and 

brainstem(Rasmussen, 1973). Further modifications of the technique have focused on 

disconnection, as opposed to resection, of the affected hemisphere and have been termed 

‘hemispherotomy’. The distinction between functional hemispherectomy and hemispherotomy 

is dependent on the extent of cortical resection that is performed.  Transventricular and 

transsylvian, as well as open and endoscopic approaches, have also been described(Schramm, 

2002; Schramm et al., 2001). Functional hemispherectomy / hemispherotomy has one of the 

highest rates of seizure freedom with some series reporting rates of up to 90% Engel 1 

outcome(Di Rocco et al., 2000). A recent meta-analysis found a pooled seizure freedom rate of  

73%(Hu et al., 2016). Failure of hemispherectomy / functional hemispherotomy may be a result 

of the presence or development of a new EZ within the contralateral hemisphere or inadequate 

disconnection. Due to the low incidence of performing the procedure, even within highly 

specialized centres, there is unlikely ever to be a prospective comparison of operative 

techniques. A single Canadian series retrospectively compared peri-insular hemispherotomies 

to hemidecortication and reported a doubling in seizure freedom rates with the former 

approach(Kwan et al., 2010).  Pre-operative factors suggestive of a poor postoperative seizure 

freedom rate include older patient age, bilateral imaging abnormalities and malformations of 

cortical development(Marras et al., 2010). 

Post-operatively homonymous hemianopia and some degree of motor and 

somatosensory deficits are expected. Most patients who are ambulatory prior to surgery remain 

so afterwards with the aid of orthoses. As expected, there is the loss of fine motor skills in the 

contralateral upper and lower limbs whilst cognitive outcomes are usually stable after functional 

hemispherectomy / hemispherotomy, with language functions having developed in the 

contralateral hemisphere (Hu et al., 2016). 

1.4.1.2.6 Corpus callosotomy 

Corpus callosotomy is a palliative procedure performed in patients with epilepsy of 

generalized, diffuse bilateral or unilateral origin with rapid propagation to the contralateral 

hemisphere. Disconnection of the cerebral hemispheres is particularly successful at preventing 

secondary seizure generalization and drop attacks. Corpus callosotomy is performed through a 

midline interhemispheric microsurgical approach, although endoscopic approaches have also 
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been described(Smyth et al., 2017a). Corpus callosotomy can be either anterior, posterior or 

total(Graham et al., 2016).  Anterior corpus callosotomy involves transection of the commissural 

fibres between the prefrontal and paracentral regions passing through the rostrum, genu and 

body, whilst posterior corpus callosotomy is restricted to the splenium and isthmus(Paglioli et 

al., 2016). In some cases, anterior corpus callosotomy is performed as an initial stage and 

converted to a total corpus callosotomy if patients do not have sufficient improvement in seizure 

outcomes. No cases of disconnection syndrome were described following anterior compared to 

12% following total corpus callosotomy. Other sequelae include akinetic mutism and sphincter 

dysfunction that are usually transient. Meta-analyses have shown a worthwhile (>50%) 

reduction in seizures in 58.6% of anterior compared to 88.2% of total corpus callosotomy 

cases(Graham et al., 2016). Posterior corpus callosotomy as an initial procedure has been 

suggested in order to preserve prefrontal connectivity due to similar outcomes between 

posterior and total corpus callosotomy(Paglioli et al., 2016). Rathmore et al. reported a 

satisfactory seizure reduction in 33% of cases following anterior two-thirds corpus callosotomy 

and 82% following total corpus callosotomy in paediatric patients(Rathore et al., 2007). 80% of 

the patients who underwent anterior corpus callosotomy became seizure-free when a second-

stage procedure to disconnect the splenium was undertaken(Bower et al., 2013). Eighty-three 

percent of patients had complete resolution and 90% had a worthwhile improvement in drop 

attacks with selective posterior corpus callosotomy alone(Paglioli et al., 2016). Current practice 

favours a partial callosotomy as the initial procedure, with an anterior two-thirds transection if 

EEG abnormalities show frontal predominance. Completion of the transection may be 

performed if drop attacks continue, although some groups advocate total callosotomy upfront. 

Open corpus callosotomy involves a bicoronal incision and midline craniotomy to expose the 

superior sagittal sinus. The dural reflection is made towards the midline to protect the superior 

sagittal sinus and an interhemispheric dissection is performed. The cingulate gyri are parted and 

the callosomarginal and pericallosal arteries identified and protected. The corpus callosum is 

then encountered and transection is performed through microsuction and sharp dissection until 

the ependyma overlying the lateral ventricles and forming the septum pellucidum is 

encountered. 

Novel minimally invasive alternatives to open corpus callosotomy include stereotactic 

radiosurgery(Barbaro et al., 2018) and laser interstitial thermal therapy(Hoppe et al., 2017). Due 

to the therapeutic latency and cerebral oedema associated with stereotactic radiosurgery, it is 
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rarely performed as first-line therapy(McGonigal et al., 2017; Pendl et al., 1999). Laser interstitial 

thermal therapy (see Chapters 1.4.3) is a novel stereotactic procedure that is capable of 

performing thermal ablations. The thermal ablations are dependent on the stereotactic 

placement of a small laser fibre and its associated cooling catheter within the structure of 

interest. Laser anterior two-thirds corpus callosotomy(Palma et al., 2018), completion posterior 

corpus callosotomy(Ho et al., 2016) and total callosotomy(Lehner et al., 2018; Pruitt et al., 2017) 

(one- and two-stage) have all been described in small single-centre case series. Due to the 

curved shape of the corpus callosum and linear laser fibre placement, disconnection usually 

requires three independent trajectories(Karsy et al., 2018). This is achieved through two frontal 

trajectories and a non-dominant parietal trajectory. One of the frontal trajectories passes 

through the superior or middle frontal gyrus to target the rostrum of the corpus callosum. The 

second frontal trajectory passes through the superior or middle frontal gyrus to target the 

posterior body of the corpus callosum. The non-dominant parietal trajectory usually enters 

through the superior parietal lobule, or angular gyrus, due to presence of veins and lacunae 

draining into the superior sagittal sinus and targets the genu of the corpus callosum. To achieve 

disconnection through thermal ablation, the target points need not cross the midline. The 

complex 3-dimensional nature of the trajectory planning to ensure complete disconnection and 

optimisation of safety metrics makes this procedure ideally suited to computer-assisted 

planning (see Chapter 8). 

 

1.4.2 Stereotactic radiosurgery 

Stereotactic radiosurgery (SRS) comprises the precise convergence of gamma rays to 

regions of the brain that results in a lesion. It is associated with a mean delay of 10-24 months 

to render patients seizure-free. Seizure free outcomes range from 0-86% with a pooled 

estimated mean Engel 1 outcome of 51%(Feng et al., 2016). Complications similar to open 

surgical resection include visual field deficit and cognitive and psychiatric impairments. 

Headache and cerebral oedema are not uncommon, and frequently there is a transient increase 

in focal seizures in the months following treatment, and there is the possibility of 

radionecrosis(Usami et al., 2012). The ROSE (Radiosurgery or Open Surgery for Epilepsy) 

randomised control trial was recently completed evaluating the efficacy of gamma knife as a 

potential first-line alternative to surgery for the treatment of mesial temporal lobe 
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epilepsy(Barbaro et al., 2018; Rolston et al., 2011). This comprised a multicentre study of 14 

epilepsy centres in the USA, UK and India, but was stopped early due to poor recruitment. In 

total, 58 patients were recruited, of which 31 were randomised to the SRS arm and 27 to the 

open surgery arm. Due to the delayed therapeutic effect associated with radiosurgery, the 

primary end-point of seizure remission rate was assessed between 25-36 months post-

intervention. Open surgery provided a significantly higher seizure freedom rate of 78% 

compared to 52% following SRS. Additional secondary outcomes included verbal memory and 

quality of life indices. Of interest, the gradual reduction in seizure frequency associated with SRS 

meant that within the first three months following therapy, 94% of patients continued to have 

seizures compared to 19% following open surgery. Similarly, the quality of life indices mirrored 

seizure freedom rates and unlike open surgery were therefore delayed until after 24 months in 

the SRS group. Adverse events were significantly more frequent following SRS compared with 

open surgery. Complications associated with SRS were delayed and presented between 11-27 

months, whilst all complications associated with open surgery occurred within the first 3 

months. Two patients developed significant intracranial infections following open surgery, 

whilst headache, cerebral oedema, new neurological deficits, seizure exacerbation and pin-site 

infections were reported as serious adverse events related to SRS. Two-thirds of patients 

following SRS required steroid treatment as a result of post-operative oedema. Expected visual 

field deficits consisted of superior quadrantanopsia and occurred in 34% of SRS and 42% of open 

surgery patients.  Verbal memory was assessed using the California Verbal Learning Test (CVLT) 

and revealed no significant difference at last study follow up. Overall, the ROSE study has shown 

that SRS is inferior to open surgery in terms of seizure remission rate, but the authors conclude 

that it may still be a valid alternative in patients that are not be candidates for open surgery.  

Further uses of stereotactic radiosurgery for epilepsy include corpus callosotomy and treatment 

of hypothalamic hamartomas(Celis et al., 2007; Regis et al., 2017). 

 

1.4.3 MR-guided laser interstitial thermal therapy 

MR guided Laser Interstitial Thermal Therapy (LITT) is a novel minimally invasive 

treatment which can result in a focal ablation zone between 5-20 mm in diameter. The heating 

induced by the laser is monitored using MR thermography which is acquired in real-time and 

allows precise control of the ablation zone. Two commercial systems have currently been used 
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in neurosurgery, Visualase (Medtronic Inc.) and NeuroBlate (Monteris Medical). The Visualase 

system has mostly been for epilepsy ablation procedures in patients with hypothalamic 

hamartoma (HH), focal cortical dysplasia (FCD) (Ellis et al., 2016; Lewis et al., 2015), tuberous 

sclerosis (TS)(Lewis et al., 2015), periventricular heterotopia (PVH)(Esquenazi et al., 2014) and 

mesial temporal lobe epilepsy (Wicks et al., 2016). Two industry-funded uncontrolled 

prospective open-label studies are currently on-going. The Feasibility Study on LITT for Medical 

Refractory Epilepsy (FLARE) study (NIH Clinical Trials.gov NCT02820740, 2016), sponsored by 

Monteris Medical is aiming to enrol 30 patients from 6 institutions, whilst the SLATE study (NIH 

Clinical Trials.gov NCT02844465, 2016), sponsored by Medtronic Inc., lists a recruitment target 

of 150 patients from 16 participating centres. Both studies are restricting enrolment centres 

within the USA. 

MTLE represents the largest cohort of patients in which LITT has been performed. 

Jermakowicz et al. reported 23 patients in whom 65% achieved an Engel 1 outcome at a 

minimum of one year follow up(Jermakowicz et al., 2017b). Laser trajectories and ablation 

volumes in patients that achieved Engel 1 outcome were compared with Engel 2-4 and revealed 

a lateral position of the laser within the head of the hippocampus resulted in a lack of ablation 

of the mesial hippocampal head and persistent seizures. Wu et al. implemented a standardized 

protocol to improve laser trajectories and found this increased total, hippocampal and amygdala 

ablation volumes(Wu et al., 2015). Similar to the placement of SEEG electrodes, laser trajectories 

should avoid cerebral vasculature and pial boundaries, circumvent the atrium of the lateral 

ventricle and maximize ablation volume of the hippocampus and amygdala. Drane et al. 

reported a prospective non-randomized comparison of 19 patients that had LITT compared with 

39 patients following tailored resection, selective amygdalohippocampectomy and standard 

anterior temporal lobectomy (Drane et al., 2015). Engel 1 postoperative outcomes at six months 

were 58% in the LITT and 62% in the surgical cohorts. This study also demonstrated that 

cognitive outcomes with regards to the naming of common objects and famous face recognition 

were better preserved following LITT. Given that LITT may result in less adverse cognitive effects, 

can be repeated if necessary and does not preclude open surgical resection if optimal seizure 

outcome is not achieved, it may represent a minimally invasive first-line treatment in patients 

with MTLE.  

In a series of 14 pediatric patients with HH, laser ablation resulted in 86% seizure 

freedom and no permanent surgical complication following a nine-month mean follow 
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up(Wilfong et al., 2013). In a smaller study, LITT has also been shown to be feasible as salvage 

therapy in patients who had previously undergone unsuccessful stereotactic radiosurgery or 

partial surgical resection of HH(Burrows et al., 2016). Lewis et al. reported a pediatric series of 

19 patients in whom 11 had FCD and achieved an Engel 1 seizure outcome in 45%(Lewis et al., 

2015). It should be noted that most of the patients had previous unsuccessful surgery prior to 

LITT and were discharged within one day of surgery. Inaccurate laser placement in a single FCD 

patient, however, resulted in an intraventricular haemorrhage, aseptic meningitis and required 

CSF diversion. In the whole series, including patients with tuberous sclerosis, HH and 

Rasmussen’s encephalitis, the authors reported complications in 24% of patients including one 

case of device malfunction in which the laser tip could not be retrieved and was retained within 

the brain. LITT has also been used in a staged fashion to ablate surgically inaccessible portions 

of FCD prior to open surgical resection of the remaining lesion. This resulted in complete 

eradication of the otherwise unresectable FCD acting as an adjunct to open surgery and resulted 

in seizure freedom at 12 months follow up(Ellis et al., 2016).  

A single centre case series has reported the complications associated with early 

experience of LITT for a variety of indications including MTLE, corpus callosotomy, intracerebral 

lung metastases, myxopapillary ependymoma of the cauda equina, glioblastoma, radiation 

necrosis and hypothalamic hamartoma(Pruitt et al., 2017). This reports a complication rate of 

22.4% (11/49) including intracerebral haemorrhage, cranial neuropathy, device malfunction and 

malposition and persistent neurological deficit. Persistent neurological morbidity was secondary 

to direct thermal injury in 6% (3/49). Malposition of the laser fibre was reported in 4 cases and 

the authors attributed this to the use of the precision aiming device compared to a frame-based 

method of stereotaxy. Additional factors attributing to improved accuracy of implantation was 

the addition of metal skull anchors and stylets for long trajectories.  
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Figure 5: Laser interstitial thermal therapy for MTLE 

 

FIGURE 5 Legend: Axial, sagittal, coronal, and 3-dimensional reconstruction of planned laser 

ablation trajectory (red) with an outline of the hippocampus (yellow), amygdala (cyan), and 

modelled ablation cavity (black). Other structures, such as the entorhinal cortex and 

parahippocampal gyrus, have been excluded for clarity. The entry point of the trajectory is 

centred over the crown of a gyrus, parallel to the superficial sulci. The ideal trajectory should 

maximize distance from vasculature, avoid crossing sulci or the lateral ventricle. In this 

example, the entry point is within the inferior occipital gyrus and the target point is on the 

anterior border of the amygdala. The Visualase (Medtronic) system is capable of performing an 
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ablation diameter of between 5 and 20mm. The modelled ablation cavity shown above is based 

on a conservative estimate of 15mm. 

1.4.4 MR-guided focused ultrasound 

MR guided focused ultrasound (MRgFUS) ablation is a minimally invasive method of creating 

focused lesion ablations that have multiple proven applications throughout the body including 

breast, liver, prostate and uterine tumours(Jolesz et al., 2005). The confluence of highly 

concentrated ultrasound waves, at a discrete location, causes a thermal injury that results in 

necrosis. The extent of the lesion can be monitored in real-time(Jolesz et al., 2005) and precisely 

controlled using MR thermography. Until recently, the main obstacle to targeting intracranial 

lesions was the significant attenuation of the ultrasound waves and resultant heating of the 

overlying skull. The development of US transducers with over 1000 array elements, active scalp 

cooling and improved focusing has seen a resurgence in interest in transcranial MRgFUS for the 

treatment of brain tumours, epilepsy and functional neurosurgery(Jenne, 2015). All clinical 

studies to date have used the commercially available ExAblate system (In-Sightec Ltd, Israel). 

Studies have been performed for the treatment of chronic pain and drug-resistant essential 

tremor through focal lesioning of thalamic nuclei(Jeanmonod et al., 2012; Lipsman et al., 2013). 

Monteith et al. reported a feasibility study in which MRgFUS was used to perform ‘virtual’ 

anterior temporal lobectomies on gel-filled cadaveric skulls(Monteith et al., 2013). Cavity 

volumes of 5 cm3 could be achieved with minimal heating of the skull base. Given that longer 

sonication times would be required to generate permanent lesions in vivo, blocking algorithms 

have been suggested to prevent potential complications such as cranial neuropathies. MRgFUS 

remains an exciting potential therapy that may have utility for minimally invasive ablation or 

disconnection procedures, especially with lesions in eloquent or deep-seated locations.    
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1.5 Neurological and Surgical Complications of Epilepsy Surgery 

Neurological complications of epilepsy surgery depend on the extent and location of the 

surgical resection and any pre-existing functional deficits. Neurological complications of 

temporal and extra-temporal lobe resections are governed by hemispheric language dominance, 

the potential for vascular injury and proximity to critical white matter tracts and eloquent cortex. 

The white matter tracts at risk during temporal lobe surgery include the temporal portion of the 

optic radiation (Meyer’s loop), uncinate fasciculus (UF), inferior fronto-occipital fasciculus 

(IFOF), superior longitudinal fasciculus (SLF), arcuate fasciculus (AF) and the inferior longitudinal 

fasciculus (ILF)(Duffau et al., 2008; Mancini et al., 2019). 

In a recent Cochrane review of epilepsy surgery outcomes, less than half of the included 

studies provided data on surgical complications and procedure-related deaths(West et al., 

2015a). The reported overall complication rate was 7.3% from the eligible studies. Few studies, 

however, reported pre- and post-operative neuropsychological assessment of cognition, 

language, memory, social function, formal visual field testing and psychiatric sequelae.  A review 

spanning 25 years and almost one thousand patients following epilepsy surgery at a single 

institution found that the overall incidence of complications was 17.2%(Gooneratne et al., 

2017). The most common complication was a permanent visual field deficit, significant enough 

to prevent retaining a driving license, in 9.4% following temporal lobe resection. Other 

neurological deficits included hemiparesis (1%), dysphasia (1%), frontalis muscle weakness 

(0.2%) and oculomotor nerve paresis (0.1%). Incidence of severe infection requiring bone flap 

removal was 2.6% whilst intracranial infection was 0.9%. The risk of infection was 4-fold higher 

in those that underwent subdural EEG grid placement prior to resection. Other rarer 

complications included postoperative haematoma (0.3%), hydrocephalus (0.3%) and CSF leak 

(1.2%). Reported complication rates are higher in patients older than 50 years undergoing 

surgery and range from 6-25% in different series(Grivas et al., 2006). 

1.5.1 Neuropsychological function  

Neuropsychological function in epilepsy patients can be influenced by a number of factors 

including brain injury, developmental malformations, seizure frequency, interictal spike 

discharges, psychiatric history and medication side-effects(Baxendale et al., 2019). The impact 

of a neurosurgical intervention on the neuropsychological function is, therefore, dependent on 

the pre-operative level of function and hence the ‘cognitive reserve’ in the unaffected regions 
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of the brain. Release phenomena may result in patients having improved neuropsychological 

function once seizure control is achieved. Broadly speaking, long-term memory can be 

categorised into declarative and non-declarative memory(Hoppe et al., 2007). Declarative 

memory describes the ability to recall facts and events consciously and can be further subdivided 

into the episodic and semantic memory. Episodic memory specifically relates to the recall of 

personal experiences and is also known as ‘autobiographical memory’, whilst semantic memory 

applies to the general knowledge of concepts, words and their meaning. Patients with temporal 

lobe epilepsy have impairments of declarative memory whilst non-declarative (e.g. the memory 

of procedural tasks) memory remains unaffected(Skirrow et al., 2015). In addition, the 

corresponding decline can be further categorized into verbal and non-verbal depending on 

whether the seizure-onset is within the speech-dominant or non-speech dominant temporal 

lobe, respectively(Tanriverdi et al., 2008). Further anatomical distinctions can be made based 

on whether the seizures arise from the temporal neocortex, which predominantly affects the 

ability to acquire new information (learning), or the mesial temporal lobe structures, such as the 

amygdala, hippocampus and parahippocampal gyrus, concerned with consolidation, retention 

and delayed recall (long-term memory)(JonesGotman et al., 1997; Joo et al., 2005). The effect 

of antiepileptic drugs may also have significant implications on neuropsychological testing, but 

these may be masked by the confounding effects of improved seizure control and must, 

therefore, be accounted for when investigating neuropsychological outcomes. Furthermore, 

poor performance on task-specific neuropsychological tests may be secondary to generalised 

medication effects on alertness, attention and psychomotor functions as well as behavioural 

side-effects. An added complexity is the synergistic effect of polytherapy on neuropsychological 

function. 

Overall, adverse cognitive effects are reported in between 30-40% of patients following 

epilepsy surgery. Comparisons between different surgical approaches suggest that a standard 

anterior temporal lobe resection, including the lateral neocortex, temporal pole and mesial 

structures causes impaired acquisition (learning) and delayed recall (long term memory), whilst 

a selective amygdalohippocampectomy sparing the lateral neocortex causes decline in delayed 

recall only. This would suggest that the mesial temporal structures are critical for memory 

retention, whilst the lateral neocortex is vital for learning new information(Tanriverdi et al., 

2008). Confusingly, however, patients undergoing resections of the lateral neocortex alone do 

not show isolated impairments in the acquisitions of new memories suggesting a more complex 
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interplay between mesial and lateral neocortical structures(Helmstaedter et al., 2008). Patients 

with poor cognitive reserve prior to surgery are at risk of the greatest decline following epilepsy 

surgery. In carefully selected patients that achieve good seizure-free outcomes, around 25% will 

experience a decline in memory post-operatively. In contrast, two-thirds of patients that have a 

poor seizure-free outcome following epilepsy surgery go on to have significant memory decline. 

The discrepancy is likely to be secondary to a combination of a release phenomenon, from better 

seizure control, as well as the reduction or cessation of anti-epileptic drugs following surgery.  A 

meta-analysis comparing studies reporting standard anterior temporal lobe resection with 

selective amygdalohippocampectomy suggested that seizure-freedom rates were significantly 

greater following standard anterior temporal lobe resection such that a number needed to treat 

of 13 would result in one additional patient achieving seizure-freedom(Josephson et al., 2013). 

Additional studies focusing specifically on post-operative neuropsychological sequelae in 

hippocampal sclerosis have suggested that different operative approaches have 

disproportionate effects on the right and left temporal lobe epilepsy(Helmstaedter et al., 2008; 

Joo et al., 2005; Lee et al., 1997). Patients that underwent a dominant hemisphere selective 

transsylvian amygdalohippocampectomy had a greater decline in verbal memory, whilst non-

dominant hemisphere anterior temporal lobe resections resulted in worsening non-verbal 

memory(Helmstaedter et al., 2008). The implication, therefore, is that patients with speech 

dominant temporal lobe epilepsy should undergo anterior temporal lobe resections and those 

with non-speech dominant temporal lobe epilepsy should undergo selective 

amygdalohippocampectomy. One possible explanation for this is that the transsylvian 

amygdalohippocampectomy results in transgression of the temporal stem, which results in 

damage to both the IFOF and the UF (see Figure 6: Probabilistic fibre tractography of language-

related tracts). Studies employing direct electrical stimulation during awake temporal lobe 

resections for low-grade glioma have suggested a parallel semantic language stream subserved 

by (i) the IFOF as a direct connection and (ii) a combination of the ILF and the UF as an indirect 

connection between the posterior temporal regions and the orbitofrontal cortices(Duffau et al., 

2014; Mandonnet et al., 2007). Damage to one of the streams may result in preserved language 

function as a result of compensation through the parallel stream. A transsylvian SAH potentially 

causes damage to both the IFOF and UF, whilst transcortical SAH and ATLR leave the IFOF intact 

(Duffau et al., 2008; Schmeiser et al., 2017)(see Figure ). 
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Figure 6: Probabilistic fibre tractography of language-related tracts 

            

 

Inferior Longitudinal Fasciculus 

Inferior Fronto-Occipital Fasciculus 

Uncinate Fasciculus 
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Figure 6 Legend: Left Column – Constrained spherical deconvolution derived probabilistic fibre 

tractography with 5000 streamlines in descending order of the inferior longitudinal fasciculus, 

inferior fronto-occipital fasciculus, uncinate fasciculus, arcuate fasciculus and middle 

longitudinal fasciculus with the overlying cortex (transparent grey) and regions of cortical 

connectivity (pink). Right Column – Respective fibre tractography without overlying cortex.

Arcuate Fasciculus 

Middle Longitudinal Fasciculus 
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Figure 7: Probabilistic fibre tractography of language-related tracts and surgical footprint 
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Figure 7: The inferior fronto-occipital fasciculus, inferior longitudinal fasciculus and uncinated 

fasciculus have each been reconstructed using probabilistic tracking of HARDI data with fibre 

orientation distributions derived using constrained spherical deconvolution. The inferior fronto-

occipital fasciculus connects the orbitofrontal regions to the posterior temporal and occipital 

regions (direct pathway). The same connectivity is also subserved by the unicate fasciculus 

between the orbitofrontal cortices to the temporal pole and the inferior longitudinal fasciculus 

connecting the temporal pole to the posterior temporal and occipital regions. The surgical 

footprint of the selective transsylvian amygdalohippocampectomy and standard anterior 

temporal lobectomy approaches are depicted as black regions. The selective transsylvian 

amygdalohippocampectomy, which involves dissection through the inferior limiting sulcus of 

the insula, causes disruption of both the uncinate fasciculus and the inferior longitudinal 

fasciculus thereby causing a structural disconnection in both the direct and indirect pathways. 

The standard anterior temporal lobectomy approach has a larger surgical footprint in terms of 

resection volume but spares the inferior fronto-occipital fasciculus. Knowledge of the white 

matter fibre tracts as a hodotopical map may also be beneficial when planning extratemporal 

tailored resections. 

 

1.5.2 Neuropsychiatric evaluation. 

Around 50% of patients with epilepsy develop psychiatric disturbances which most 

commonly include depression, anxiety and psychosis(Marsh et al., 2002). Psychiatric 

manifestations may also be linked to the seizure semiology and appear in the prodromal, inter-

ictal or post-ictal stages. During the prodromal stages, patients may demonstrate behavioural 

alterations, such as emotional lability, irritability, anxiety and even aggression. Fear is reported 

during an epileptic aura in up to one-third of patients and implicates ictal activity within the 

medial temporal structures, classically the amygdala, as well as the temporal neocortex and 

mesial frontal regions(Foldvary-Schaefer et al., 2011). Post-ictal confusion is common following 

dialeptic seizures and is associated with diffuse EEG slowing.  Psychiatric disturbances are more 

common following clusters of seizures or status epilepticus. Post-ictal psychosis, which closes 

resembles chronic schizophrenia, is estimated to occur in 6% of patients and is most commonly 

associated with temporal lobe epilepsies. There is commonly a lucid interval ranging from 6-72 
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hours following the termination of the seizure and the onset of the psychosis(Kanner et al., 

1996). Delusions, hallucinations and mania are the most common presentations. 

Following resective epilepsy surgery, transient mood disturbances are reported in 45% 

of patients at six weeks(Ring et al., 1998). In 10% of patients, the symptoms, most commonly 

depression, may be persistent and warrant treatment. A single study comparing the long–term 

psychiatric outcomes between trans-cortical middle temporal gyrus selective 

amygdalohippocampectomy versus standard anterior temporal lobectomy revealed post-

surgical paranoia was significantly more frequent in the standard anterior temporal lobectomy 

group(Bujarski et al., 2011). Outside of epilepsy, the uncinate fasciculus has been implicated in 

a number of psychiatric disorders including anxiety, schizophrenia, psychopathy and personality 

disorders(Kubicki et al., 2002; Olson et al., 2015). The hodotopical substrate underlying this 

potential link has been suggested to be disruption between the temporal association regions 

and modification of behaviour through the lateral orbitofrontal cortex(Von Der Heide et al., 

2013). 
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1.6 EpiNav: A Computer-Assisted Planning Platform 

Due to the multitude of imaging investigations performed in the presurgical evaluation of 

epilepsy, a method to accurately co-register the images into a common space is critical to 

interpreting the results and guiding further management(Cardinale et al., 2015; Zombori et al., 

2011). The introduction of 3D multi-modal imaging has been shown to change clinical practice 

in 81% of all individuals undergoing presurgical evaluation of epilepsy and in 100% of patients 

specifically undergoing SEEG(Nowell et al., 2015a). SEEG is increasingly becoming more common 

and is essential for identifying the seizure onset zone, identifying function and hence tailoring 

surgical resection margins. SEEG electrodes are inserted blindly through bolts placed within the 

skull that dictate the electrode trajectory. Meticulous planning and accurate implementation of 

the plan is required as this is a diagnostic procedure that carries a significant risk of intracranial 

haemorrhage when the electrode is passed through the brain(Mullin et al., 2016a). Accurate 

vascular imaging registration and segmentation are paramount to ensuring that intracranial 

vascular is visualised and avoided. Coupled with this, the results of other imaging modalities that 

comprise the presurgical evaluation of epilepsy, such as the PET and SPECT images, can be co-

registered and used as targets for SEEG electrode planning. The generation of 3D multimodal 

images is, therefore, the foundation upon which computer-assisted planning is based. As such, 

novel computer algorithms are utilised to optimise surgical parameters that are implemented 

by human experts, such as drilling angle to the skull and grey matter sampling, as well as safety 

metrics such as intracerebral electrode length, minimum distance to critical structures and 

overall trajectory risk.  

In order to automate SEEG planning, parameter ranges for each of the above factors must 

be identified and applied in a systematic and hierarchical manner to find the optimal solution 

for all electrodes in the implantation and not on an individual electrode basis. To be 

prospectively integrated within the SEEG pathway, the image acquisitions and pre-processing 

should be standardized, performed in advance of the SEEG implantation and be automated as 

far as possible to maximize efficiency and consistency. The selection of the anatomical structures 

for sampling should be available for input in a user-friendly manner and the output of the 

algorithm be returned within a clinically acceptable timeframe that allows the neurosurgeon 

and multi-disciplinary team to review and modify the trajectories as needed. Finally, a method 

for seamlessly transferring the plan to the operating room for implantation is required. Here we 
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provide an overview of the considerations, controversies and practicalities of implementing an 

automated computer-assisted planning solution for SEEG planning. 

1.6.1 Model generation 

The minimum requirements for performing computer-assisted planning for SEEG are a 

volumetric T1 MRI of the head, with and without Gadolinium-enhancement and an 

appropriate vascular image. The Gadolinium-enhanced T1 acquisition serves as the reference 

image and defines the coordinate planning space to which all other images are registered. The 

non-enhanced T1 sequence should allow differentiation between the grey and white matter, 

such as MPRAGE acquisitions so that whole-brain parcellations can be derived(Vakharia et al., 

2019b). The whole-brain parcellation serves as an automatic means of labelling anatomical 

structures within the brain. The two whole-brain parcellations that are most frequently 

applied to automated SEEG planning are FreeSurfer(Dale et al., 1999; Fischl, 2012) and GIF 

(Cardoso et al., 2015b) and each has their unique advantages and disadvantages. The whole-

brain parcellations allow automatic generation of three-dimensional models of the cortex, 

ventricular system, sulci and grey matter (see Figure 8). The main disadvantage of a whole-

brain parcellation is the time required to generate such imaging, which can between 2 and 6 

hours for GIF and 10-15 hours for FreeSurfer, depending on computing power. Deep learning 

methods, however, have been successfully developed that could reduce this time to ~5 

minutes(Gibson et al., 2018; McClure et al., 2019), but clinical validation of such techniques 

are still on-going. The aforementioned whole-brain parcellation methods were developed from 

structurally normal ‘healthy’ brains. It is likely therefore that images with gross structural 

abnormalities, such as previous resection cavities or neonatal ischaemic injuries, maybe 

incorrectly labelled.  

Trajectory distance and drilling angle metrics are measured from the external surface of 

the skull model. Scalp models are derived directly from the T1 MRI, whilst skull models require 

either a pseudo-CT to be generated from the T1 MRI or from a CT scan, which may have been 

acquired as part of previous investigations, such as PET or SPECT.  
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Figure 8: Model generation from GIF parcellation 
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Figure 8 Legend:  Input T1 image (axial, coronal and sagittal slices shown) used to generate GIF 

parcellation.  Models generated from the GIF parcellation in an automated fashion include A) 

Cortex, B), Grey matter, C) Grey matter-derived sulcal model and D) CSF-derived sulcal model. 

The scalp model (E), derived directly from the T1 image through smoothing and thresholding, is 

modified to generate a scalp mask (F) that prevents entry through critical regions such as the 

orbit, face, ear and skull base. The skull model (G) is derived from a pseudoCT image (not 

shown). 

The user can select entry and target points for automated planning based on the labelled 

structures provided by the whole brain parcellation. The extent to which anatomical structures 

are subdivided is therefore crucial, as this defines the precision with which the computer-

assisted plans conform to the required implantation strategy. In the example outlined in Figure 

9, as part of a frontotemporal implantation strategy, we see that the hippocampus is not 

subdivided into its anatomical subcomponents or head, body and tail as part of the GIF 

parcellation. If two electrodes are therefore required within the hippocampus, such as one in 

the head and the other in the body, a means of ensuring this required. One solution that has 

been successfully applied when two or more trajectories are within the same entry or target 

structure is to maximize their geometric spacing to ensure uniform spatial sampling. 

 

1.6.2 Automated Trajectory planning considerations 

1.6.2.1 Maximising distance from vasculature 

The greatest risk associated with SEEG trajectory planning is intracranial haemorrhage 

and meta-analytic data of the published literature suggests a pooled prevalence rate of 1%, with 

the most common type being intracerebral followed by subdural and extradural 

haemorrhages(Mullin et al., 2016a). Intracerebral haemorrhages most likely arise from sulcal 

vessels, subdural haemorrhages from cortical veins and extradural haemorrhages from branches 

of the middle meningeal artery within the dura. For automated trajectory planning to avoid such 

haemorrhages, it is imperative that the vascular imaging modality employed accurately 

delineates the vasculature with sufficient contrast to noise ratio to allow segmentation(Zuluaga 

et al., 2015). Segmentation is the process through which the individual vessels are extracted 

from the source imaging. Once segmented 3-dimensional representations of the vascular trees 

can be generated and considered as structures during automated trajectory planning(Li et al., 
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2019b). This highlights the critical difference between vessels that can be seen by the naked eye 

on the source imaging by the surgeon, compared to those that can be considered and avoided 

by the automated planning software. 

The optimal vascular imaging modality for SEEG is still controversial(Cardinale et al., 2013, 

2016a; Isnard et al., 2018). Digital subtraction angiography (DSA) is accepted as the gold-

standard method of visualizing intracranial vasculature and is undertaken by approximately half 

of the large volume centres currently performing SEEG(Cardinale et al., 2015). DSA, however, is 

an invasive procedure that involves radiation exposure and carries the risk of stroke, arterial 

wall dissection and puncture site morbidity(Zuckerman et al., 2015). This has led to the 

development and use of less invasive methods such as CT-angiography (CTA) as well as MR-

based methods(Barros et al., 2017; Vakharia et al., 2019c; Zuluaga et al., 2015). Unlike DSA, in 

which contrast media is injected into the internal carotid or vertebral arteries, CTA involves the 

injection of the contrast medium into a peripheral vein thereby circumventing the morbidity 

associated with groin puncture and potential intimal vessel wall injury. The compromise, 

however, is that the contrast medium is diluted throughout the total circulating volume resulting 

in a reduced contrast-to-noise ratio compared to DSA. MR-based methods, which include MR-

venography and MR-angiography (MRV/A), do not involve radiation exposure and phase-

contrast methods exist which do not require the use of contrast agent administration(Wahlin et 

al., 2012). This is particularly important in patients with contraindications to contrast-

administration such as renal dysfunction or, rarely, allergic reactions.  
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Figure 9: Pipeline for automated SEEG trajectory planning 
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Figure 9 Legend: SEEG implantation strategy (A) from multi-disciplinary team meeting of a 

patient with a suspected right frontotemporal seizure-onset zone and corresponding input into 

computer-assisted planning software (B) based on the anatomically defined regions in the GIF 

parcellation. Automatic segmentation and 3-dimensional model generation of the anatomical 

structures  (C) defined as part of the implantation strategy. The corresponding computer 

planned trajectories shown without (D) and with the vascular model (E). 

 

Due to the low incidence of haemorrhage during SEEG it is unlikely a comparative study 

between vessel imaging modalities will be performed, as prohibitively large sample sizes would 

be required(Vakharia et al., 2019c). Another essential factor that is rarely considered in the 

literature is the geometric distortions that are introduced through MR-based methods. Unlike 

with DSA / CTA, the vessels imaged through MR-based methods may not appear to be in 

precisely the same location due to magnetic field inhomogeneities, although distortion 

correction methods can be applied(Guo et al., 2018)

Another controversial topic is the diameter of vessels that are considered to be significant 

for SEEG. DSA allows vessels <1mm in diameter to be reliably segmented, whilst MR-based 

modalities are reported to be between 2-4 mm in diameter(Vakharia et al., 2019c). Some studies 

have shown electrode-vessel conflicts with median vessel diameters <1.5 mm do not result in 

any radiological haemorrhage(Barros et al., 2017; Li et al., 2019b), suggesting that they may be 

clinically insignificant. The implication of considering clinically non-significant vasculature is that 

this may over-restrict SEEG electrode trajectory planning and unnecessarily limit the intracranial 

sampling. 

Based on the vascular imaging method provided, the automated planning software must 

then calculate an optimal trajectory accounting for the location and distance from the 

vasculature. This is undertaken through the calculation of the minimum distance (mm) from the 

vasculature at any point along the trajectory and the risk score, which is an approximation of 

the size of the avascular corridor along the entire trajectory. A number of different risk scores 

have been applied(De Momi et al., 2013b; Essert et al., 2012; Shamir et al., 2012; Trope et al., 

2015; Zombori et al., 2011) and are automatically calculated by the software by placing nodes 

(~128) along the entire trajectory. At each one of these nodal points, the closest segmented 
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vessel is identified and the distance is measured. The closer the vessels are to the electrode the 

greater the risk score. The cumulative sum of the scores for all the nodal points, therefore, 

provides a total risk score for the entire trajectory. In addition, the user defines a safety margin, 

which is the minimum distance from vasculature that is clinically acceptable and is derived from 

the implantation accuracy achieved at that centre. In general, a 3-5 mm safety margin is 

employed(Cardinale et al., 2013). Trajectories that return nodal points less than the pre-

specified safety margin are discarded. The remaining trajectories are then returned based on 

the lowest risk score for the entire plan(Sparks et al., 2017b). The risk score is solely based on 

the segmentation of the vessels from the vascular imaging provided. As described above, a poor 

segmentation will result in fewer vessels for consideration during automated trajectory planning 

and falsely low apparent risk scores being returned to the surgeon(Vakharia et al., 2019c). The 

majority of computer-assisted plans that are deemed as infeasible by expert human raters are 

because of electrode vessel conflicts with non-segmented vasculature(Nowell et al., 2016b; 

Scorza et al., 2017; Sparks et al., 2017a).  

1.6.2.2 Sulcal avoidance 

Anatomical dissections of the brain reveal that vessels are present within sulci, even if 

they cannot be visualized with the vascular imaging method employed, and data from DBS 

electrode implantation suggests that crossing such pial and ependymal boundaries increase the 

intracranial haemorrhage rates more than ten-fold(Elias et al., 2009). Within the SEEG literature, 

however crossing sulci improves the yield of grey matter sampling and increased haemorrhage 

rates have not been described(Alomar et al., 2017). Sulcal models can be derived from the whole 

brain parcellation in one of two ways. The first is to extract the intracranial CSF spaces below 

the crown of the gyrus. This is dependent on CSF being present within the sulci and being 

correctly labelled by the whole brain parcellation. The majority of patients undergoing SEEG are 

young without visible CSF in the sulci making this method less sensitive. A second method is to 

derive a grey matter model from the whole brain parcellation and sequentially shrink this until 

it overlies the sulci (see Figure 8). The sulcal models are considered as ‘no-go‘ zones by some 

computer planning algorithms(De Momi et al., 2013b; Sparks et al., 2017a). No-go zones are 

applied in a subtly different way compared to the risk scores when considering vascular models. 

Here, the trajectories are permitted to run close to the sulci, in order to permit grey matter 

sampling, but cannot cross through them.  
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To date, only two studies have analyzed the effect of implementing sulcal models on computer-

generated trajectories. In the first study(Li et al., 2019b), patients that had undergone SEEG 

implantation and also pre-operative T1+Gad, MRV/A and DSA imaging were retrospectively 

selected. The postoperative CT scan of the implanted electrodes was then overlaid on the pre-

operative vascular imaging. The total number of vascular conflicts between the implanted 

electrodes and the raw imaging were then counted. This represents the number of ‘true’ 

conflicts. This was also compared to the number of conflicts with segmented vessels from the 

corresponding imaging modality. Given that computer-assisted planning algorithms can only 

consider segmented vasculature, and the segmentation yield is dependent on the vascular 

imaging modality applied, this represents the ‘apparent’ number of conflicts.  Of 354 electrodes 

implanted in 33 patients, 166 electrode vessel conflicts were found on the raw DSA imaging with 

a median vessel size of 1.3 mm. Taking this to be the number of ‘true’ conflicts (ground truth), 

it was found that 26.5% (44/166) of the conflicts were within the grey matter derived sulcal 

models, suggesting that these could have been avoided if a sulcal model was implemented 

during the planning. It should be noted, however, that despite there being 166 electrode vessel 

conflicts there were no radiological haemorrhages, suggesting vessels <1.3 mm may be 

discounted during SEEG planning. In the second study(Vakharia et al., 2019c), the impact of 

sulcal models on different vascular modalities at the planning stage was considered. Here, 

computer-assisted planning was performed based on providing the algorithm with DSA, MRV/A 

and T1+Gad segmentations. In each of these cases, the plans were recomputed with and without 

the use of a sulcal model as no-go zones. In these cases, the use of sulcal models did not 

significantly improve the risk scores as the majority of the vessels within the sulci were not 

segmented. Overall, these studies suggest that sulcal vessels are too small to be segmented from 

the raw imaging and are unlikely to result in radiological or clinically significant haemorrhage. 

Nevertheless, further research is required before definitive conclusions can be drawn, as these 

studies were underpowered to detect small differences in haemorrhage rates.
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Figure 10: Different vessel imaging techniques for SEEG: 
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Figure 10 Legend: Examples of vessel segmentations from T1+Gad, MRVA/A and DSA shown in 

2D coronal planes and corresponding 3D vascular model.  The optimal vessel imaging 

technique for automated planning is based on the minimum vessel diameter considered 

significant by the surgeon.  

 

1.6.2.3 Maximize grey matter sampling 

Seizures arise within the grey matter. It is, therefore, an essential requirement of 

efficient SEEG sampling that the maximum possible number of electrode contacts record from 

grey matter. The grey matter (cortical ribbon) can be extracted directly from the whole brain 

parcellation by segmentation of all cortical labels. Computer-assisted planning algorithms, 

therefore, calculate the proportion of the electrode that lies within the grey matter model. With 

prior knowledge of the electrode specification from the manufacturer the optimal electrode, 

based on the active length and contact spacing, can be automatically assigned to each trajectory 

to maximize sampling efficiency. An example of this is shown in Figure 11, where electrodes 

were assigned to position contacts at grey matter interfaces and have fewer contacts in the 

white matter. It is necessary to have some contacts in white matter to act as reference 

electrodes.  

1.6.2.4 Minimize drilling angle to the skull 

The skull is most reliably segmented from a plain CT scan of the head. In practice, this is 

usually already acquired as part of other investigations such as PET, SPECT or DSA imaging and 

does not require additional radiation exposure. In cases where CT imaging is not available, a 

pseudoCT can be generated from a T1 MRI sequence. The skull model can then be extracted 

from either the CT or pseudoCT image by thresholding. The skull model is used to measure the 

angle of electrode insertion through the skull as this determines the drilling angle. Drilling angles 

perpendicular to the bone are considered to be more accurate as they prevent the drill from 

sliding along the bone, a phenomenon known as ‘skiving’. As far as possible, drilling angles are 

limited to <30 degrees to the orthogonal, although improved drill bit designs and robotic drilling 

platforms with increased stability are likely to overcome this limitation.  
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Figure 11: EpiNav™ automated planning software user interface:  
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Figure 11 Legend: Automated right orbitofrontal electrode trajectory shown with axial (top 

left), coronal (bottom left) and sagittal (top middle) with planes adjusted to be orthogonal to 

the trajectory. Grey matter sulcal model is shown in green.  Scalp model derived from the T1 

image (bottom middle) shown with a scalp mask (pink overlay) to prevent entry through the 

face, orbit, ear and skull base.  The right panel shows trajectory metrics including length, 

drilling angle to the bone, risk score,  grey-white matter sampling ratio and minimum distance 

from vasculature (mm).  Graphical display (red) shows the distance from vasculature at varying 

distances from the target point, i.e. at 13 mm from the target point the closest segmented 

blood vessel is 3.6 mm away. Beneath the graphical display is a pictographic representation of 

the electrode (green) and the corresponding contract position of the automatically segmented 

electrode that maximizes grey matter sampling. Electrode contacts that are sampling grey 

matter are coloured grey and those in white matter are not coloured.  Probe eye view of the 

electrode along its length can be navigated using the slider to check the safety and feasibility of 

the trajectory. 

 

1.6.2.5 Minimize Intracerebral length 

The total intracerebral length of the electrode is minimized to provide the most direct 

trajectory to the target structures and also minimize cerebral transgression. In practice, this also 

prevents the algorithm from considering contralateral entry points and returning bilateral target 

sampling in the cases of paramedian structures such as the cingulate cortices or the 

supplementary motor areas.  The intracerebral length is measured from the surface of the 

cortical model to the target point.  

1.6.2.6 Avoidance of critical structures 

In addition to vasculature, other critical structures that must be considered as part of 

automated SEEG trajectory planning include the orbit, face, skull base, posterior fossa, ears, 

ventricles and basal ganglia. The skull or scalp models can be modified, either manually or by 

using a predefined mask, to remove the face, orbit, ears, posterior fossa and contralateral 

hemisphere in the case of unilateral implantations (see Figure 8 F and Figure 11). The mask is 

then be used to constrain entry points for trajectory planning. The ventricular system and basal 

ganglia can be extracted from the whole brain parcellation and, similar to sulcal models, 
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designated as no-go regions. Typically, only the frontal horns, body and occipital horns of the 

lateral ventricles are segmented and considered as no-go zones as lateral trajectories to the 

hippocampus typically require transgression of the temporal horns.  

1.6.2.7 Avoiding other electrodes 

Unlike DBS implantations, where usually only one electrode is implanted into a single 

hemisphere, SEEG typically requires consideration of multiple trajectories (typically 8-14 

electrodes). To prevent electrode conflict within the brain or clashing of the bolts on the scalp 

surface, it is common for algorithms to implement a minimum distance constraint between the 

trajectories. Based on the user’s preference, a distance of 10 mm is usually employed. This adds 

another layer of computational complexity, as the optimal electrode for a single target point 

may therefore not be the optimal solution for the entire implantation strategy. A slightly higher 

risk score for a single trajectory may therefore ultimately translate to a lower overall risk score 

for the entire implantation. A potential advantage of this is that if an electrode trajectory is then 

modified or added at a later time by the user, the remaining trajectories can then be 

automatically recalculated and optimized without the need to laboriously manually adjust each 

of the other electrodes.   

1.6.3 Post-implantation functionality 

Following SEEG implantation patients will usually have CT imaging to check for any 

immediate post-implantation complications, such as haemorrhage, and to segment the 

electrodes. An MRI scan may also be performed to provide accurate data regarding the 

anatomical regions that have been sampled, although the artefact from the electrode contacts 

may be significant. From the post-operative implantation data, automated systems are available 

to automatically segment the individual contacts and assign them to the corresponding 

electrode(Granados et al., 2018b). The purpose of this is to: a) improve understanding of which 

regions of the brain are being sampled, b) allow implantation accuracy measures to be 

automated, c) assess electrode bending and d) allow linking of the recorded EEG data to identify 

the relevant brain region/structure from which seizures arise. 

 There is a lack of uniformity in the published literature regarding how post-operative 

SEEG accuracy is measured and reported(Vakharia et al., 2017b). Approximately half of the 

studies reporting post-SEEG implantation accuracy report the Euclidean distance between the 
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planned and implemented target points, whilst the remaining half report lateral deviation. 

Automated systems provide a means of objectively standardizing implantation accuracy 

reporting.  

1.6.4 Clinical applications of computer-assisted planning 

The first reported clinical use of computer-assisted planning software was to aid the 

calculation of frame-based coordinates for paediatric brain biopsy (Davis et al., 1988).  In this 

study, the surgeon manually planned trajectories in 30 patients and the software was used to 

calculate the frame-based stereotactic coordinates of the target point.  This was improved by 

the addition of multimodal imaging to allow co-registration of CT, MRI and digital angiography 

(Giorgi et al., 1989a). The next notable advance was the addition of 3-dimensional models to 

trajectory planning. These early prototypes laid the foundation for computer-assisted planning, 

but due to the lack of computing power were time-consuming and impractical. A resurgence in 

computer-assisted planning was marked by the development of digital brain atlases(Nowinski 

et al., 1998; Otsuki et al., 1994) which were initially registered to the patient’s MRI scans and 

used to plan lesioning procedures for movement disorders. This was particularly useful for target 

structures that could not be visualized on the MRI, such as the ventral intermediate (VIM) 

nucleus of the thalamus.  

The NeuroPlanner software allowed image co-registration, integration of multiple brain 

atlases, 3-dimensional model generation, manual stereotactic trajectory planning and 

simulation of therapeutic lesioning and stimulation(Nowinski et al., 2000) resulting in reduced 

operative time, cost and complication rates but with increased flexibility.  In a path-planning 

algorithm that attributed cost-functions to critical structures, after manual selection of a target 

point, the algorithm individually selected and calculated trajectories arising from entry points 

on the scalp model. The proximity to a critical structure, such as vasculature, incurred a cost and 

an overall score was attributed to each of the potential trajectories. A display of the lowest cost 

paths gave a ‘risk map’ to aid in the selection of the optimal entry point(Vaillant et al., 1997). 

Systems integrating probabilistic functional targeting atlases(Guo et al., 2007) and increasingly 

complex weighting systems applied to the critical structures marked further advancements in 

deep brain stimulation planning(Beriault et al., 2011; Bériault et al., 2012; Essert et al., 2012; Liu 

et al., 2014). Table 2 provides an overview of the different planning platforms and their 

respective functionality as related to automated trajectory planning. 
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Table 2: Summary of currently available trajectory planning platforms 

Platform EpiNav™ SEEG assistant - 

3D Slicer 

extension 

MINC Tool Kit 

(ITK & Matlab) 

Curry 

Group UCL / Kings 

College London 

Politecnico di 

Milano 

Montreal 

Neurological 

Institute 

CompuMedics 

NeuroScan 

Licensing Academic Use Academic Use Academic Use Commercial 

Primary use SEEG planning SEEG planning SEEG planning 

(Amygdala and 

hippocampus 

only) 

Grid & Strip 

planning 

Image 

registration 

Rigid 

Affine 

Non-linear 

Rigid 

Affine 

Non-linear 

Rigid 

Affine 

Non-linear 

Rigid 

Affine 

Non-linear 

Multi-modal 

imaging 

Yes Yes No Yes 

Vessel 

segmentation 

Yes Yes Yes No 

Target 

structure 

segmentation 

Yes Yes Yes No 
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Surface / Target 

Risk map 

Yes Yes Yes No 

Sulcal model 

extraction 

Yes Yes Yes No 

Grey matter 

maximisation 

Yes Yes Yes Yes 

Electrode 

selection 

optimisation 

Yes Yes No No 

Single 

trajectory 

planning 

Yes Yes Yes No 

Multi-trajectory 

planning 

Yes Yes Yes No 

Automated 

contact 

segmentation 

Yes No No Yes 

Automated 

implantation 

accuracy 

measurement 

Yes No No No 

Linking of 

intracranial EEG 

data to 

contacts 

Yes No No Yes 
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Signal 

processing and 

source 

reconstruction 

Yes No No Yes 

Automated 

Resection 

planning 

Yes No No No 

Retrospective 

validation data 

Yes – external 

and multicentre 

Yes – internal 

and single centre 

Yes – internal 

and single centre 

N/A 

Prospective 

validation data 

Yes No No N/A 

Extended uses LITT – MTLELITT 

– Corpus 

callosotomy 

Brain biopsy 

Not specified Not specified Spike detection 

and clustering 

 

Early studies reporting automated SEEG planning software incorporated many of the 

planning features that had been developed for single trajectory deep brain stimulation planning. 

These systems additionally integrated 3D multimodal imaging allowing co-registration of 

different imaging modalities, such as FLAIR, PET and SPECT to aid the inference of the 

epileptogenic zone(Cardinale et al., 2013; Lüders et al., 2006; Perry et al., 2017). The desired 

target points were then selected manually by the surgeon, based on the implantation strategy, 

and the automated planning algorithm returned the trajectory with the lowest risk based upon 

the user-defined angle and length constraints(Nowell et al., 2015a; Rodionov et al., 2013; 

Zombori et al., 2014). Based on a fixed target point the trajectory risk was then be represented 

to the user as a heat map on the scalp surface(Navkar et al., 2010; Zombori et al., 2014).   
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Unlike DBS procedures where the target points are stereotyped, during SEEG the target 

points vary significantly between electrodes and between patients. If the manually selected 

target points were close to a blood vessel or critical structure, this subsequently restricted the 

number of potential trajectory options(Nowell et al., 2016b). To mitigate this, some algorithms 

allowed the entry and target points to be ‘roughly’ selected and the algorithm would expand the 

potential search radius by 0.5 mm(De Momi et al., 2013a). In this manner, the software was able 

to return the optimal solution that was most closely in keeping with the preferences of the 

surgeon. Using DSA derived vasculature, this algorithm was retrospectively validated on 15 

patients that underwent implantation of 199 electrodes. The automated trajectories took ~1 

minute per electrode to be generated and when compared to the manually planned trajectories 

returned significantly improved distance from vasculature and insertion angles. Feasibility was 

also rated by three blinded internal neurosurgeons and the automatically generated trajectories 

were rated as preferable to the manual trajectories in between 50-73% of cases. This highlights 

the difference in planning practices, even between neurosurgeons at the same institution. In a 

similar study utilizing MRV/A based vasculature, the EpiNav™ software considered all points on 

the skull surface as potential entry points thereby obviating the need for the surgeon to select 

a rough entry region manually. A total of 166 electrodes were retrospectively recreated in 18 

patients and external validation from blinded neurosurgeons rated 79% of these as 

feasible(Nowell et al., 2016b). This method took on average 8 minutes to generate the entire 

implantation strategy. In these studies, however, reasons for rejecting computer-generated 

trajectories included conflict with non-segmented vasculature, restrictions placed by the use of 

the implantation method (i.e. the stereotactic frame) and potential conflict with other 

electrodes.  

The next level of complexity introduced to automated SEEG trajectory planning was the 

consideration of multiple trajectories(De Momi et al., 2014a; Scorza et al., 2017; Sparks et al., 

2017b) to find the global optimum solution, that is the lowest overall risk for the implantation 

strategy as a whole, as opposed to the lowest risk for the individual trajectory. One such method 

utilized a serial approach in which the optimal first electrode was planned and any electrode in 

conflict with this was subsequently removed followed by the selection of the best next trajectory 

from the remaining pool(De Momi et al., 2014a). This was then repeated for all of the electrodes 

in the plan. Expert feasibility ratings of retrospectively reconstructed plans revealed that 30-40% 

of the automated trajectories were preferred over the manually planned trajectories. As this 



106 
 

 

method was based on the order of the trajectories considered, it could return different solutions 

according to the order of target regions chosen. To remove the limitation of a serial constraint 

and to improve computational efficiency, a dynamic programming strategy was included in the 

EpiNav™ software that was able to find combinations without limitations on the number or 

order of trajectories and was able to return a whole implantation strategy in less than an average 

of 20 seconds (Sparks et al., 2017b). 
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Original Work 

2 Computer Assisted Planning For The Insertion Of Stereoelectroencephalography 

Electrodes For The Investigation Of Drug Resistant Focal Epilepsy: A Retrospective 

External Validation Study: Based on (Vakharia et al., 2018e) 

 

2.1 Abstract 

2.1.1 Objective 

One-third of patients with focal epilepsy are drug-refractory and surgery may provide a 

cure. Seizure free outcome following surgery is dependent on the correct identification and 

resection of the epileptogenic zone. In patients with no visible MRI abnormality, or when pre-

surgical evaluation yields discordant data, invasive EEG recordings may be necessary. SEEG is a 

procedure in which multiple electrodes are stereotactically placed in key targets within the brain 

to record interictal and ictal electrophysiological activity. Correlating this activity with the 

seizure semiology allows identification of the seizure onset zone and crucial structures within 

the ictal network. The main risk of SEEG electrode placement is haemorrhage, which occurs in 

1% of patients. Planning safe SEEG electrodes requires meticulous adherence to the following 

constraints: 1) maximise distance from cerebral vasculature, 2) avoid crossing sulcal pial 

boundaries (sulci), 3) maximize grey matter sampling, 4) minimise electrode length,  5) drilling 

angle orthogonal to the skull and 6) avoid critical neurological structures. We provide validation 

of EpiNavTM, a multimodal platform that allows automated computer-assisted planning CAP of 

SEEG electrodes by user-defined regions of interest. 

2.1.2 Methods 

Thirteen consecutive patients who underwent implantation of a total 116 electrodes over a 

15-month period were studied retrospectively. Models of the cortex, gray matter, and sulci were 

generated from patient-specific whole-brain parcellation, and vascular segmentation was performed 

on the basis of preoperative MR venography. Then, the multidisciplinary implantation strategy and 

precise trajectory planning were reconstructed using CAP and compared with the implemented 

manually determined plans. Paired results for safety metric comparisons were available for 104 

electrodes. External validity of the suitability and safety of electrode entry points, trajectories, and 

target-point feasibility was sought from 5 independent, blinded experts from outside institutions. 
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2.1.3 Results 

CAP-generated electrode trajectories resulted in a statistically significant improvement in 

electrode length, drilling angle, gray matter–sampling ratio, minimum distance from segmented 

vasculature, and risk (p < 0.05). The blinded external raters had various opinions of trajectory 

feasibility that were not statistically significant, and they considered a mean of 69.4% of manually 

determined trajectories and 62.2% of CAP-generated trajectories feasible; 19.4% of the CAP-

generated electrode-placement plans were deemed feasible when the manually determined plans 

were not, whereas 26.5% of the manually determined electrode-placement plans were rated feasible 

when CAP-determined plans were not (no significant difference). 

2.1.4 Conclusions 

CAP generates clinically feasible electrode-placement plans and results in statistically 

improved safety metrics. CAP is a useful tool for automating the placement of electrodes for SEEG; 

however, it requires the operating surgeon to review the results before implantation, because only 

62% of electrode-placement plans were rated feasible, compared with 69% of the manually 

determined placement plans, mainly because of proximity of the electrodes to unsegmented 

vasculature. Improved vascular segmentation and sulcal modeling could lead to further 

improvements in the feasibility of CAP-generated trajectories. 
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2.2 Introduction 

 Epilepsy has been defined as “a disorder of the brain characterized by an enduring 

predisposition to generate epileptic seizures.” Epilepsy can have wide-ranging effects on a 

patient’s quality of life and can result in physical injury, psychosocial dysfunction, cognitive 

decline, and risk of death. One-third of patients with epilepsy continue to have seizures despite 

their use of 2 or more appropriately prescribed antiepileptic drug schedules. These patients are 

defined as having drug-resistant epilepsy. Surgical intervention can potentially cure drug-

resistant epilepsy if the region from which the seizures arise, known as the epileptogenic zone 

(EZ), can be identified and removed safely. In a proportion of patients, results of the noninvasive 

presurgical evaluation are not clear or discordant, and invasive intracranial EEG recordings, in 

the form of either grid/strip implantation or stereoelectroencephalography (SEEG), are 

required. SEEG involves the stereotactic placement of multiple (8–16) electrodes at predefined 

regions of the brain to help delineate the EZ and the spatial and temporal seizure-network 

spread within the brain. Electrode trajectories currently are planned manually to sample the 

regions of interest (ROIs) while maximizing gray matter contact and distance from blood vessels. 

This task is time-consuming and requires significant multidisciplinary input. We previously 

described the benefits of multimodal 3D imaging for manual electrode planning and an early 

version of computer-assisted planning (CAP).17,18 In the initial study, manually planned electrode-

implantation schemes for 18 patients (166 electrodes) were recreated retrospectively using 

EpiNav software. An earlier version of the software required the target points for the electrodes 

to be placed manually on the MR image, and the software then would calculate the safest 

electrode trajectory based on the cumulative distance from segmented blood vessels along the 

whole trajectory.18 The computer-generated and manually determined trajectories then were 

rated by 3 independent, blinded neurosurgeons as to whether they were feasible for 

implantation. Overall, the computer-generated electrodes resulted in significantly shorter 

intracranial length, increased distance from blood vessels, greater gray matter sampling, and 

improved drilling angles (p < 0.05 for all parameters). Of the computer-generated electrodes, 

78.9% were deemed feasible for implantation by at least 2 of the 3 independent neurosurgeons. 

Further development of the EpiNav software implemented its ability to define entry and 

target zones constrained by anatomical structures.24Users can now define an ROI by typing or 

clicking on an anatomical location (e.g., right amygdala) and allowing the computer algorithm to 

define the safest entry and target points within the anatomical structure as a whole. 

Furthermore, multiple trajectories can be placed within the same anatomical structure, and 

https://thejns.org/view/journals/j-neurosurg/130/2/article-p601.xml#b17
https://thejns.org/view/journals/j-neurosurg/130/2/article-p601.xml#b18
https://thejns.org/view/journals/j-neurosurg/130/2/article-p601.xml#b18
https://thejns.org/view/journals/j-neurosurg/130/2/article-p601.xml#b24
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electrodes will be spread evenly within safe zones to maximize region sampling. This ability is of 

particular benefit for large anatomical targets, such as the cingulate cortex, and when high-

density sampling of a structure such as the insula or hippocampus is required. We confirmed 

external validity of the generated electrodes from 5 independent, blinded epilepsy 

neurosurgeons, from outside institutions, who had expertise in implanting electrodes for SEEG 

and none of whom were involved in the generation of the initial manually determined plans. To 

gauge surgeon variability and preferences, we assessed why surgeons rated trajectories as 

infeasible. The implantation methods used by the external raters included frame-based (J.M.), 

frameless (D.N.), iSYS1 (S.W. and C.D.), and Neuromate (M.T.) robotic implantation methods. 

 

2.3 Methods 

2.3.1 Subjects 

We included thirteen consecutive patients who underwent manual planning of 

electrodes and surgical implantation between July 2015 and October 2016. Informed consent 

was taken from each patient prior to inclusion in the study. National Research Ethics Service 

Committee London approval reference: 12/LO/0377. 
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2.3.2 Patient demographics  

Table 3: Patient demographics: 

Patient Age Sex 

Hemisphere 

implanted 

Hemispher

ic language 

dominance 

(fMRI) EZ hypothesis 

No. of 

electrodes 

1 37 M Left Left Frontal (non-lesional) 11 

2 27 M Right Left Frontal (non-lesional) 8 

3 45 F Right Bilateral Frontal (non-lesional) 13 

4 35 F Left Left Temporal (lesional) 3 

5 31 M Right Left Temporal (lesional) 8 

6 42 M Right Left Frontal (non-lesional) 10 

7 49 F Right Left 

Left temporal (non-

lesional) 10 

8 61 M Right Left Frontal (non-lesional) 11 

9 24 M Right Left Frontal (non-lesional) 8 

10 42 M Left Left Frontal (non-lesional) 6 

11 31 M Bilateral Left 

Right Temporal (non-

lesional) 12 

12 48 F Right Left 

Right Temporal (non-

lesional) 8 

13 27 M Right Left Right Occipital (lesional) 8 

 

2.3.3 Determination of target points 

All patients had been discussed in a multidisciplinary team (MDT) setting consisting of 

epileptologists, neurosurgeons, neuropsychologists, neuropsychiatrists and neuroradiologists. 

From the non-invasive presurgical evaluation, the hypothesized epileptogenic zone was agreed 

and the requirement for invasive EEG recording was determined. Patients requiring subdural 

grid implantation were excluded from the study. Regions for SEEG sampling were agreed 
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between the multidisciplinary team and a list of brain regions requiring sampling were 

generated. The manual plans were then performed by a Consultant Neurosurgeon with 

subspecialty expertise in epilepsy surgery prior to final approval by the MDT. 

2.3.4 Multimodal imaging 

MR imaging was performed on a GE 3T MR750 scanner with a 32-channel head coil. A 

coronal 3D T1-weighted MPRAGE scan was performed with a field-of-view (FOV) of 

224256256 mm (AP´LR´IS) with an acquisition matrix of 224256256 for a voxel size of 1 

mm isotropic (TE/TR/TI = 3.1/7.4/400 ms; flip angle 11°; parallel imaging acceleration factor 2). 

3D-FLAIR scans were acquired with a 3D fast spin-echo sequence with variable flip-angle readout 

with the same FOV and acquisition matrix for a 1 mm isotropic resolution (TR/TI/TE = 

6200/1882/137 ms; echo train length of 150; parallel imaging acceleration 2 along both the in-

plane and through-plane phase-encoding axes). Vascular imaging comprises a post-gadolinium 

T1, and phase-contrast MR angiography and venography scans. The axial post-gadolinium T1-

weighted scan was acquired with an FSPGR sequence with a FOV of 256256224 mm and 

acquisition and reconstruction matrix of 256256224 (TE/TR = 3.1/7.4 ms; flip angle 11°). MRA 

and MRV were performed using a 3D phase-contrast sequence with a FOV of 220220148.8 

mm with an acquisition matrix of 384256124 for a reconstructed voxel size of 0.430.430.60 

mm (flip angle 8°; parallel imaging acceleration factor 2). To highlight the arteries, the MRA was 

scanned with a velocity-encoding of 80 cm/s (TE/TR = 4.0/9.3 ms). For sensitivity to the venous 

circulation, the MRV was scanned with a velocity-encoding of 15 cm/s (TE/TR = 4.8/26.4 ms), fat 

suppression, and a saturation band inferior to the FOV. 

2.3.5 Manual planning 

Manual plans were generated using volumetric T1 gadolinium-enhanced images as the 

reference image upon which MRV images were co-registered and vessels were extracted using 

a previously described tensor voting framework algorithm(Zuluaga et al., 2015). Entry and target 

points were manually placed using axial, coronal and sagittal reconstructions and trajectories 

were checked using the ‘probe’s eye’ function. A 3D model of the cortical surface was used to 

ensure entry points were on the crown of gyri. 
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2.3.6 Computer-assisted planning 

Data processing and model generation: EpiNavTM is a software platform that allows 

multimodal image co-registration, vessel segmentation, 3D model generation, manual and 

automated electrode planning. T1 MPRAGE sequences were submitted for whole-brain 

parcellation (GIF) from which cortical, grey matter and sulcal models were generated(Cardoso 

et al., 2015b; Ferran Prados, M. Jorge Cardoso, Ninon Burgos, Claudia AM Wheeler-Kingshott, 

2016). Pre-operative CT scans were used to generate skull models, which were then modified to 

prevent entry through the contralateral hemisphere, face, ear, posterior fossa and skull base. 

The technical aspects of the CAP algorithm used in this study have been previously 

described(Sparks et al., 2017a). In brief, the user defines target points as a region of interest 

(ROI) for electrode sampling. This can be through typing the name of the structure (e.g. right 

amygdala) or clicking on the ROI of the brain parcellation image. The entry ROI can be specified 

if a superficial target is also required (e.g. entry through the motor cortex to target the 

supplementary motor area), but is not obligatory. In this study, the same target points, and if 

specified the entry points, were selected based on the requirements of the SEEG MDT planning 

meeting. The user defines a maximum electrode length (90 mm was applied for all electrodes), 

as well as a maximum drilling angle (25 degrees from orthogonal to skull). The CAP algorithm 

will then remove any potential electrode trajectories that do not adhere to length and angle 

constraints before ensuring the trajectories pass through the skull model to the target ROI. If an 

entry ROI is defined, trajectories not passing through this ROI will also be removed. The 

remaining trajectories are then checked to ensure they do not collide with a critical structure 

such as blood vessel or sulcus. A minimum distance from vessels can be set as a safety margin 

by the user (3 mm was used for all electrodes in this study). The electrode trajectories that satisfy 

the requirements are then stratified based on risk, which is calculated as a function of the 

cumulative distance from vessels along the whole trajectory, optimised for grey matter contact 

and adjusted to avoid conflicts with other electrode trajectories. The electrode trajectories are 

then presented for review by using the ‘probe’s eye’ function linked to the orthogonal planes. 

The resulting electrode trajectories were then iterated through using either the ‘Next Entry’ and 

‘Next Target’ buttons until a feasible electrode trajectory is chosen by the user. (See Figure 12 

8). 
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2.3.7 External validation 

Five independent external raters who were neurosurgeons with expertise in performing 

SEEG implantations performed the external validation. The external raters have a range of 

experience with different implantation techniques, including frame-based (Jonathan Miller), 

frameless (Daniel Nielsson), iSYS1 (Stefan Wolfsberger / Christian Dorfer) and Neuromate 

(Martin Tisdall) robotic implantation methods. A prospective power calculation based on a pilot 

study in which 14 electrodes from two patients were rated by a single surgeon (Martin Tisdall) 

revealed 24 electrodes were required to detect an absolute difference in risk of 0.2 assuming a 

standard deviation of 0.3 and a power of 0.90 to achieve a significance level p = 0.05, two-tailed. 

To account for a potential clustering effect, a total of 13 patients were recruited. All raters 

appraised the same two pairs of plans (n = 32 electrodes) to assess inter-rater variability and a 

further 3-4 sets of paired plans (n = 34-41 electrodes) independently. All raters were blinded to 

the electrode trajectory generation method and were asked to provide ratings of the entry, 

trajectory and target feasibility for paired manual and CAP electrodes. Raters were asked to rate 

the feasibility of each trajectory based on their current implantation practice. Given that the 

sampling region suitability had previously been approved by the multi-disciplinary team based 

on the non-invasive presurgical evaluation, the raters were only asked to comment on the 

surgical feasibility of electrode implantation. 

2.3.8 Statistical evaluation:  

Risk metrics for manual and CAP electrodes were confirmed to have a normal distribution 

through the Shapiro-Wilks test (p>0.05). A paired Students t-test was performed for manual and 

CAP electrode comparisons. Clustering of electrodes within patients was assessed using a 

patient-specific random effects model (model 1) and the possible difference between surgeons 

using a fixed-effect model (model 2). A generalised likelihood ratio test comparing models 1 and 

2 was performed, with a resulting p-value of 0.151, indicating that there is insufficient evidence 

to suggest a significant difference between surgeons with regard to feasibility ratings. Feasibility 

ratings of electrodes generated from manual and CAP methods were compared using 

McNemar’s test and an odds ratio calculated. 
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Figure 12: Computer-assisted trajectory generation workflow 
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Figure 12 Legend: A) Using the EpiNav StrategyTM module ROIs are automatically segmented 

from the parcellation image. In this example, the cortex (white) is semi-transparent to allow 

visualisation of the underlying middle temporal gyrus (yellow), amygdala (blue) and 

hippocampus (red). B) Entry points and target points for the electrodes within the strategy are 

generated automatically based on the safety metrics defined by the user. Electrode colours are 

shown as the right amygdala (yellow), right anterior hippocampus (green) and right posterior 

medial orbitofrontal (blue). C) A surface risk ‘heat map’ on the scalp has been generated for the 

mesial orbitofrontal electrode, as an example, representing the safety of potential trajectory 

entry points. D) Orthogonal and 3D views showing the target risk ‘heat map’ has been 

generated for the mesial orbitofrontal electrode, as an example, showing safe trajectory target 

points in orthogonal planes. Please note, in Figures 8.a.1 B-D, only three electrode trajectories 

are shown for clarity. 
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2.4 Results 

Thirteen consecutive patients who underwent SEEG implantation of 116 electrodes 

were included in the study. Manual plans were not provided for 12 electrodes due to safety 

concerns of reaching specified targets; however, CAP was able to generate trajectories for these 

electrodes. As such, paired results for safety metric comparison were available for 104 

electrodes Table 4 and Figure 13: Comparison of CAP and manual electrode risk metrics.). 

Table 4: Risk metric comparison between CAP and Manual plans: 

Metric CAP plan 

(mean +/- SD) 

Manual plan 

(mean +/- SD) 

Student’s t-test 

 

Mean length (mm) 39.8 +/- 14.9 54.0 +/- 14.7 p = 0.001 

Drilling angle (deg) 14.8 +/- 5.8 18.9 +/- 9.0 p = 0.001 

Grey matter 

sampling ratio 

0.35 +/- 0.2 0.30 +/- 0.16 p = 0.007 

Minimum distance 

from vessel (mm) 

5.4 +/- 3.0 mm 2.8 +/- 1.9 mm p < 0.001 

Risk 0.57 +/- 0.39 1.00 +/- 0.60 p = 0.001 

  



118 
 

 

Figure 13: Comparison of CAP and manual electrode risk metrics. 
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Figure 13 Legend: A) Comparison of Risk and GM sampling ratio between CAP and manually 

generated electrodes showing a statistically significant reduction in Risk and improvement in 

GM sampling ratios. B) Comparison of trajectory angle, length and minimum distance from 

segmented vessels showing a statistically significant reduction in electrode trajectory length, 

drilling angle and increase in minimum distance from vasculature using CAP compared to 

manually generated electrodes. (* p<0.01) 

 

2.4.1 Inter-rater variability 

Surgeons rated each electrode for the feasibility of the entry point, trajectory and target 

point. If all three ratings were deemed feasible, the electrode was deemed feasible as a whole. 

All surgeons initially rated the same two pairs of plans (5 x 18 CAP and 5 x 14 manual electrode 

ratings) to assess inter-rater variability.  A generalised likelihood ratio produced a test statistic 

of 6.72. When compared to the quantiles of Chi-squared distribution with 4 degrees of freedom, 

a p-value of 0.11 was obtained, implying that there is insufficient evidence to suggest a 

difference in surgeon ratings. The remaining 98 electrode ratings pairs were then pooled. 

2.4.2 Feasibility of electrode trajectories 

Based on independent external ratings, both manual and CAP electrodes were rated as 

feasible in 42.8% of cases. CAP was able to provide feasible electrodes in 19.4%, whereas manual 

planning was able to generate a feasible electrode in 26.5% when the alternative generation 

method was not feasible. In 11.2% of cases, both the CAP and manual electrode plans were both 

rated as not feasible (see Table 5)  
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 Table 5: External blinding ratings of electrode feasibility: 

 

2.4.3 Time to generate plans 

Both CAP and manual electrodes were generated using EpiNavTM, which requires 

multimodal images to be co-registered and segmentation of vascular, sulcal and grey matter 

models prior to electrode planning. This time was common to both methods and depending on 

the number of images can take up to 60 minutes. Both CAP and manual planning require 

generated electrodes to be checked using the probe’s eye and orthogonal views to ensure the 

electrodes are suitable and take approximately 2 minutes per trajectory. Time for the generation 

of the plans using the manual method ranged from 2-4 hours whilst computational time for CAP 

varied from 34-120 seconds. EpiNav computation times are based on the use of a commercially 

available laptop (Intel® Xeon™ i7-6820HK CPU @ 2.70 GHz, 16 Gb RAM and NVIDIA GeForce GTX 

980M 4GB). 

2.5 Discussion 

CAP for surgical interventions provides the potential to automate time-consuming tasks and 

optimise clinically significant parameters to improve the safety and efficacy of surgical 

interventions. Unlike human users, CAP systems provide reliable and reproducible results 

regardless of the institution or team providing the intervention. CAP algorithms, however, are 

only as good as the information provided to them. As a result, rigorous quality assurance is 

 Manual feasible  

CAP feasible Yes No Total 

Yes 42.8% (42/98) 19.4% (19/98) 62.2% (62/98) 

No 26.5% (26/98) 11.2% (11/98) 37.8% (37/98) 

Total 69.4% (68/98) 30.6% (30/98) 100% (98/98) 
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required for the imaging acquisition, post-processing and model segmentation used to generate 

CAP electrodes. The success of epilepsy surgery is dependent on the detection and safe resection 

of the epileptogenic zone. This is defined as the minimum region of the brain that is required to 

be resected or ablated to result in sustained seizure freedom. In cases in whom the presumed 

seizure onset zone cannot be accurately defined due to discrepancy or lack of clarity in the non-

invasive presurgical evaluation (imaging studies, scalp EEG and neuropsychological 

investigations), invasive EEG in the form of SEEG or subdural grid/strip implantation is indicated. 

SEEG investigations involve the stereotactic placement of electrodes within predefined brain 

structures to allow for the spatial and temporal evolution of interictal and ictal activity to be 

recorded. This is subsequently used to guide surgical resection margins as well as functional 

cortical mapping. Here we describe a multimodal imaging platform for automated SEEG 

electrode implantation that allows for multiple electrode trajectories to be planned into 

anatomically defined structures, whilst avoiding conflicts with other electrodes, maintaining a 

user-defined safety margin from cerebral vasculature, increasing cumulative distance from 

vessels, prevents crossing of sulcal pial boundaries and maximising grey matter sampling whilst 

reducing intracerebral electrode length and drilling angles. 

2.5.1 Previous studies evaluating computer-assisted planning 

Initial studies of CAP in neurosurgery were described in the 1980s for stereotactic 

intracranial biopsies(Davis et al., 1988; Giorgi et al., 1989b). The system described by Davies et 

al. allowed the co-registration of pre-operative MRI scans with digital subtraction angiography 

and a CT scan performed once patients were placed in stereotactic frames(Davis et al., 1988). 

The target points for the biopsies were manually placed by the surgeon and the computer 

system automatically calculated the stereotactic coordinates. Potential trajectories could then 

be simulated on anterior-posterior and lateral projections. Davies et al. provided results from 

447 biopsies performed in 439 patients for both supratentorial and infratentorial targets over a 

five year period in which a histological diagnosis was achieved in 99% and a clinically significant 

haemorrhage occurred in <1% (3/439). The next significant advance in CAP was through the 

introduction of 3D reconstructions of the cortex to allow the surgeon to choose the most 

appropriate surgical trajectory for the resection of supratentorial mass lesions(Giorgi et al., 

1989a). Giorgi et al. utilised this to plan a transfrontal approach as an alternative to a 

transcallosal approach for intraventricular lesions thereby preventing the neuropsychological 

complications related to partial corpus callosotomy(Giorgi et al., 1989b). A further iteration of 
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this system was also used to allow manual segmentation of lesions and improve the distinction 

between normal brain structures. Zamorano et al. described the 'Wayne State University 

hardware and software configuration' which in addition to pre-planning surgical approaches 

could also be used intra-operatively with a neuronavigation system to track instruments in real-

time relative to the patients head(Zamorano et al., 1994). The NeuroPlanner software also 

integrated multiple brain atlases within a computer-assisted planning system for functional 

neurosurgical procedures such as thalamotomy, pallidotomy and deep brain stimulation (DBS) 

procedures(Nowinski et al., 2000). This system resulted in a reduction in surgical operative time, 

improved targeting accuracy, reduced surgical complications and lower overall procedure cost. 

The prior use of clinical information to build upon and guide further surgery was described by 

Guo et al. who developed probabilistic functional maps to guide the targeting of the subthalamic 

nucleus for DBS(Guo et al., 2007). Here the CAP automated targets and trajectories in 10 patients 

were compared to those developed by an experienced stereotactic neurosurgeon. The average 

distance between the CAP and manually planned target points was on average <2 mm. The 

incorporation of trajectory risk was used by Vaillant et al. based on whether a particular 

trajectory intersected a critical brain structure and the relative weighting given to the 

importance of that structure(Vaillant et al., 1997). Given that the major complications of 

stereotactic electrode placement include haemorrhage and inaccuracy of targeting a structure 

the inaccuracy of the implantation method also requires consideration(Mullin et al., 2016a; 

Vakharia et al., 2017b). It is not sufficient therefore to calculate whether an electrode conflicts 

with a critical structure (such as an intracerebral vessel) but also how close the electrode passes 

to it along its trajectory. Cardinale et al. introduced the concept of a minimum safety margin 

when planning SEEG electrodes based on the accuracy of the implantation method being used 

calculated by the following equation(Cardinale et al., 2013): 

Equation 1: Planning Safety Margin 

𝑃𝑙𝑎𝑛𝑛𝑖𝑛𝑔 𝑠𝑎𝑓𝑒𝑡𝑦 𝑚𝑎𝑟𝑔𝑖𝑛 = 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝑟𝑎𝑑𝑖𝑢𝑠 + 
𝛴 ‖ 𝑖 − 𝑖  ‖

𝑛
+ 3𝜎 

where, 
𝛴 ‖ 𝑖−𝑖  ‖

𝑛
  represented the mean implantation error and σ the standard 

deviation of the implantation error.  
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Based on this, a minimum distance of 3 mm was recommended so that 99% of 

electrodes will fall within this safety margin. Once a minimum planning distance is set, the risk 

score for candidate trajectories can be calculated and represented as a heat map on the cortical 

surface (Beriault et al., 2011; Nowell et al., 2016a; Shamir et al., 2010).  The calculation of risk, 

however, is based on the accuracy and completeness of segmentation of critical structures. In 

the case of cerebral vasculature, a number of different vessel segmentation methods have been 

utilised including gadolinium‐enhanced MR, MR venography, MR angiography, time of flight 

(TOF) and DSA(Cardinale et al., 2015). The gold‐standard method is DSA, but this entails an 

invasive procedure and radiation exposure. Non‐invasive techniques visualize fewer segmented 

vessels, but it is unclear whether this is clinically significant and whether there is a minimum 

vessel size that needs to be avoided. A simple weighting based on vessel size may not be 

appropriate as multiple factors such as stylet design, vessel tethering and vessel wall (arteries 

versus veins) also impact upon the likelihood of haemorrhage(Brunenberg et al., 2007).  Whilst 

reviewing complications associated with the placement of DBS electrodes Elias et al. described 

a haemorrhagic complication rate of 10% in cases when electrodes crossed a sulcus and an 

intraventricular haemorrhage rate of 5% with ventricular penetration(Elias et al., 2009).  Beriault 

et al. described a CAP algorithm that avoided segmented vasculature, critical neurological 

structures, ventricles, sulci and did not allow crossing of the midline providing qualitative safety 

metrics for each trajectory(Bériault et al., 2012). Trope et al. added additional tractography and 

fMRI data and found that presentation of multi‐modal information to the surgeon resulted in a 

change in trajectory for intracranial biopsies in 85% of cases(Trope et al., 2015). Shenai et al. 

described the use of CAP for the stereotactic placement of depth electrodes within the 

amygdalohippocampal complex in patients with epilepsy(Shenai et al., 2007). The system 

resulted in one additional electrode contact being inserted within the target structure.  De Momi 

et al. described an automated system for the placement of multiple SEEG electrodes in which 

entry and target points are “roughly” selected and drilling angle to the skull as well as the 

distance from other electrodes are additionally considered when calculating optimal 

trajectories(De Momi et al., 2014b). Clinical validation of 26 electrodes in three patients was 

assessed by four blinded neurosurgeons and feasible electrodes were planned in 86% of cases 

and in 30% of cases, these were preferred to manually planned electrodes. Of note, CAP resulted 

in a significantly greater distance from vessels within the first 25 mm of the trajectory compared 

to the manual plans. 
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2.5.2 Improvements from previous work 

We have previously described the EpiNavTM software platform for the automated placement 

of SEEG electrodes based on a user-defined target and the aforementioned constraints(Nowell 

et al., 2016b). We have subsequently improved upon this work by allowing entire anatomical 

structures to be selected as the target point based on a whole-brain parcellation. This, therefore, 

allows the safest target within the anatomical structure of interest to be selected as manually 

placed targets may not represent the optimal solution. Furthermore, to improve the feasibility 

of electrodes and to account for different surgical preferences, we have allowed the user to 

iterate through risk-stratified CAP generated electrodes. The development of a 'Next Target' or 

'Next Entry' function allows the user to iterate through computed trajectories until they are 

satisfied with the trajectory. In line with our previous work, we have shown that targeting whole 

structures, as opposed to specific target points, results in improved safety metrics when 

compared to manually generated plans. 

2.5.3 External validation of computer-assisted planning 

To provide external validation of the CAP planned trajectories 116 paired manual and CAP 

electrode plans for 13 patients were rated by neurosurgeons with expertise in SEEG from 

external institutions. The manual plans presented to the raters had already been implanted and 

no haemorrhages (clinically or non-clinically significant) occurred so by definition can be 

considered feasible. Of interest, 69.4% of manual implantations were rated as feasible by the 

external raters reflecting the variation in individual surgeon practices and preferences 

depending on the implantation method used. Raters were asked to rate the feasibility of the 

trajectories based on their individual practices and whether they would be prepared to implant 

the trajectories themselves. It would be expected, therefore that raters use different safety 

margins and heuristics, such as the crossing of sulci, when assessing trajectories. CAP trajectories 

were deemed feasible in 62.2% and were able to generate feasible electrodes in 19.2% of cases 

where manual plans were considered infeasible. CAP is able to generate clinically feasible 

electrodes which are no less feasible than manually planned electrodes when externally rated. 

To our knowledge, this is the first study in which both manual and CAP electrodes have been 

rated by blinded external raters to provide a more methodologically robust comparison between 

the implantation methods. 
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2.5.4 Limitations of the study 

Methodologically the main limitation of the study is that it is retrospective in nature. 

Retrospective comparisons provide the potential for bias when generating the comparison 

dataset. Given that CAP data were generated in an automated fashion many months after the 

manual plans, the impact of bias is likely to be minimal but cannot be excluded entirely. A 

prospective validation study is currently underway. 

MRV vessel segmentations were used to generate both the CAP and the manual 

electrode trajectories. The Gadolinium-enhanced T1 sequences were used as the reference 

image against which raters assessed feasibility. Gadolinium-enhanced T1 sequences highlight a 

number of vessels that are not possible to segment from the MRV. As such, one would expect 

this to favour manual planning over the CAP generated electrodes. There is significant 

heterogeneity between the vessel segmentation methods used within European and North 

American epilepsy surgery centres. Although DSA is regarded by many as the gold standard, it 

in itself is an invasive investigation that carries risk and radiation exposure. Given that DSA was 

not the standard of care in our institution at the time of manual electrode implantation, we were 

unable to assess the impact of DSA on CAP trajectories. A potential future improvement of CAP 

would be to plan using DSA or multi-modal MR vessel segmentations. 

Sulcal models used for CAP electrode generation are based on the whole brain 

parcellation and subsequent ability to segment CSF. The presence of CSF below the level of the 

gyrus is then taken to be within a sulcus and this is used as a region for exclusion during CAP 

electrode generation. CSF based sulcal models are not optimal in young patients, as the majority 

of sulci do not have visible CSF within them and the sulci are ‘potential’ as opposed to actual 

spaces. Further improvements in the sulcal model generation are likely to lead to improved CAP 

electrode safety. 

EpiNavTM has an integrated export function to allow planned trajectories to be 

seamlessly exported to the S7 stealth station (Medtronic Inc). Currently, the software does not 

seamlessly export to other neuronavigation systems and this could potentially reduce the 

number of potential users of the software, especially in the developing world.  
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2.6 Conclusion 

Here we provide a retrospective validation study of CAP for the placement of SEEG 

electrodes in patients with drug-resistant focal epilepsy. CAP electrodes overall had an improved 

risk profile, increased minimum distance from vessels, shorter intracranial length, increased GM 

sampling, and lower drilling angles to the skull. CAP electrodes were assessed by blinded 

external raters as feasible in 62.2% of cases compared to 69.4% of manually generated 

trajectories and were also found to be feasible when manually planned electrodes were 

infeasible in 19.4% of cases. CAP electrode planning is a valuable tool that can be used as a first-

line method of electrode trajectory generation. The electrodes can then be reviewed by the 

operating surgeon with the ability to iterate through CAP-generated alternative trajectories or 

to re-plan electrodes manually when CAP electrodes are deemed infeasible. Given that CAP 

electrodes can be generated in a fraction of the time compared to manual electrodes, this is 

likely to reduce the planning burden whilst ensuring improved safety metrics. 
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3 A Prospective validation study of computer-assisted planning for 

stereoelectroencephalography. Based on (Vakharia et al., 2019b) 

 

3.1 Abstract 

3.1.1 Objective 

Stereoelectroencephalography (SEEG) is a diagnostic procedure in which multiple 

electrodes are stereotactically implanted within pre-defined areas of the brain to identify the 

seizure onset zone, which needs to be removed to achieve remission of focal epilepsy. 

Computer-assisted planning (CAP) has been shown to improve trajectory safety metrics and 

generate clinically feasible trajectories in a fraction of the time needed for manual planning. 

We report a prospective validation study of the use of EpiNavTM as a clinical decision support 

software for SEEG. 

3.1.2 Methods 

Thirteen consecutive patients (125 electrodes) undergoing SEEG were prospectively 

recruited. EpiNavTM was used to generate 3D models of critical structures (including 

vasculature) and other important regions of interest. Manual planning utilising the same 3D 

models was performed in advance of CAP. CAP was subsequently employed to automatically 

generate a plan for each patient. The treating neurosurgeon was able to modify CAP generated 

plans based on their preference. The plan with the lowest risk score metric was stereotactically 

implanted. 

3.1.3 Results 

In all cases (13/13) the final CAP generated plan returned a lower mean risk score and 

was stereotactically implanted. No complication or adverse event occurred. CAP trajectories 

were generated in 30% of the time with significantly lower risk scores compared to manually 

generated. 
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3.1.4 Conclusions 

EpiNavTM has successfully been integrated as a CDSS into the clinical pathway for SEEG 

implantations at our institution. To our knowledge, this is the first prospective study of a 

complex CDSS in stereotactic neurosurgery and provides the highest level of evidence to date. 
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3.2 Introduction 

Surgery can result in sustained seizure freedom in patients with drug-resistant focal 

epilepsy if the seizure onset zone can be resected(De Tisi et al., 2011). Invasive EEG recordings 

are needed to identify the SOZ when non-invasive pre-surgical investigations are discordant 

when a tailored resection is required and for mapping adjacent eloquent cortex(Isnard et al., 

2018; Kovac et al., 2016). Over the last two decades, there has been a significant shift toward 

SEEG from subdural grid placement in most epilepsy surgery centres(Vakharia et al., 2018a). 

SEEG is a procedure in which electrodes are stereotactically inserted into 10-16 predefined brain 

regions and affords a comparatively favourable safety profile(Bourdillon et al., 2017; Schmidt et 

al., 2016) with rapid patient recovery time. Trajectory planning follows the formulation of an 

intracranial EEG sampling strategy, derived from consideration of seizure semiology, scalp EEG 

and imaging data.  Precise SEEG trajectory planning requires a number of parameters to be 

optimised, including accurate targeting of the anatomical structures of interest through an 

avascular corridor, drilling angle to the skull, intracerebral length, grey matter sampling and 

avoidance of other SEEG electrodes. Planning is, therefore, a time-consuming process that 

requires multi-disciplinary input. The risk of morbidity from SEEG  in a recent meta-analysis was 

1 per 287 electrodes, which equates to 1 in every 29 patients implanted(Mullin et al., 2016a). 

The greatest risk associated with SEEG is haemorrhage and it is imperative that all possible 

measures to mitigate this are employed.  

Computer-assisted planning enables parameters, which are thought to be most useful 

during pre-operative planning, to be optimised in a systematic and time-saving manner. Such 

software has been classified by the FDA as ‘Clinical Decision Support Software’ (CDSS) and 

legislation differentiates this from medical devices(Gottlieb, 2017). A working definition of CDSS 

is a system that “provides clinicians or patients with computer-generated clinical knowledge and 

patient-related information, intelligently filtered or presented at appropriate times, to enhance 

patient care”(O’Sullivan. et al., 2014). To be classified as a CDSS the software must: (1) be 

intended to display, analyse or print medical information about a patient or (2) be intended to 

support or provide recommendations to a health care professional about prevention, diagnosis 

or treatment of a disease but (3) not be intended to acquire, process or analyse medical images 

or signals and (4) the healthcare professional must be able to review the basis for such 

recommendations(Gottlieb, 2017).  Most current CDSSs provide clinicians with alerts or 

reminders, such as drug allergy status and are embedded within hospital electronic systems. 
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More sophisticated CDSSs include disease-related scoring systems or utilise artificial intelligence 

to aid diagnosis or management.  

We utilise EpiNavTM as a CDSS that is able to automatically generate multi-trajectory 

SEEG plans in a fraction of the time required for manual planning. Previous studies of SEEG CDSSs 

have been retrospective comparisons with previously implanted manually planned 

trajectories(De Momi et al., 2014a; Nowell et al., 2016b; Sparks et al., 2017b; Vakharia et al., 

2018e). These showed reduced risk scores with the use of CAP.  Blinded neurosurgeons rated 

the feasibility of planned trajectories, with no difference between the acceptability of manual 

and CAP trajectories. Ratings for implanted manually planned trajectories were ~70%, 

highlighting the variability in surgical practice (Vakharia et al., 2018e).  

We report a prospective comparative study between CAP and manually planned SEEG 

trajectories in which the plan with the lowest mean risk score was stereotactically implanted.   

3.3 Methods 

3.3.1 Patient demographics 

Thirteen consecutive patients (7 male) with drug-resistant focal epilepsy undergoing 

SEEG as part of their routine clinical care at The National Hospital for Neurology and 

Neurosurgery, London, UK, were enrolled between July 2017 and January 2018. This study was 

granted by the National Research Ethics Service Committee London, approval reference: 

12/LO/0377. Written consent was obtained from all patients prior to inclusion in the study. 

Patient age at the time of SEEG implantation was 33.5±6.5 years (mean±S.D.). Target regions for 

SEEG sampling were determined following a multi-disciplinary team meeting in which the clinical 

history, semiology, video telemetry, imaging, neuropsychological, and neuropsychiatric 

assessments were reviewed (see Table 6). Following this, the EpiNavTM software was then 

utilized to assist the surgeon with the precise planning of the electrode trajectories, after the 

acquisition of vascular imaging.
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Table 6: Patient demographics 

No

. 

Age 

(years

) 

Onset 

of 

epilepsy 

(years) 

Hemispheri

c language 

dominance 

(fMRI) 

Semiology Scalp EEG (contact 

names based on EEG 

33 system) 

Neuroimaging findings Primary hypothesis of 

EZ 

1 42 3 Left Psychic aura 

Automotor seizure 

Dystonic posturing 

of the left arm 

Post-ictal nose-

wiping with the 

right hand 

Interictal: Intermittent 

right temporal slowing 

and right temporal 

sharp waves. 

 

Ictal: Fast activity in 

the posterior parietal 

region. 

Right mesial 

temporal sclerosis; 

Hippocampal 

volumes:  

Right 2.34 cm3 

Left 2.94 cm3 

Ratio:79% 

FDG PET 

inconclusive 

Neocortical posterior 

quadrant onset with 

early temporal 

involvement 



132 
 

 

2 43 14 Left Psychic aura 

Complex motor / 

hyperkinetic 

seizure 

Loss of awareness 

Post-ictal speech 

difficulties 

Interictal: Intermittent 

slow left and right 

temporal regions. 

Sharp waves left 

anterior temporal 

(F7>LSPh>F11>F3, 

~50%) and right 

frontotemporal 

(F8>RSPh>F12>T4, 

~50%). 

 

Ictal: Left temporal 

discharges at the onset 

of the seizure. 

Normal structural 

imaging 

FDG PET left frontal 

and temporal 

hypometabolism 

Ictal SPECT 

inconclusive 

Left frontal 

(Neuropsychological 

testing implicates the 

dominant 

frontotemporal region) 

3 26 6 Left Autonomic aura 

Automotor seizure 

– vomiting 

Interictal: Polyspikes 

and sharp waves 

(F8>FC6>F4) in runs 

Normal structural 

imaging 

Right hemispheric 

?insula 
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followed by 

outstretched arms 

and clenched fists 

Dialeptic – 

behavioural arrest 

with loss of 

awareness 

followed by oral 

automatisms 

Secondarily 

generalised 

tonic/clonic seizure 

without clinical 

change. 

 

Ictal: Right inferior 

frontal > right 

frontocentral onset 

with prominent 

ictal tachycardia. 

FDG PET – mildly 

reduced tracer 

activity in both 

temporal lobes 

(Neuropsychological 

testing implicates the 

non-dominant 

temporal region) 

4 34 1 Left Psychic/autonomic 

aura 

Hyperkinetic 

seizure (bicycling 

Interictal: No 

abnormalities. 

 

Left temporal 

hippocampal 

sclerosis 

FDG PET - Reduced 

metabolic activity 

Left frontotemporal 

(Neuropsychological 

testing unable to 

distinguish left frontal 

from temporal 
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movements in both 

legs) 

Ictal: Left temporal 

lobe onset. 

in the left temporal 

lobe 

dysfunction due to 

language barrier) 

Possible non-epileptic 

attacks 

5 25 9 Not 

performed 

Unspecified aura 

Dialeptic seizure 

Left-arm and leg 

tonic seizure 

Axial tonic seizure 

Interictal: Intermittent 

slow over the vertex 

(Cz) and right 

frontocentral (F4 and 

C4) regions. 

 

Ictal: Right 

frontocentral onset. 

Haemosiderin 

staining in the left 

superior frontal 

gyrus suggestive of 

cavernoma 

FDG PET – minimal 

hypometabolism in 

the left superior 

frontal region 

Ictal SPECT – 

hyperperfusion in 

the left superior 

Right mesial frontal 

lobe 

(Neuropsychological 

testing suggests frontal 

lobe dysfunction) 
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frontal and right 

frontal regions 

6 37 7 Bilateral Unspecified aura 

Asymmetric tonic 

seizure (left arm 

extended) 

Dialeptic seizure 

Interictal: Very rare 

sharp waves anterior 

frontal region. 

 

Ictal: Rhythmic activity 

(3-5 Hz) frontocentral 

region. 

Normal structural 

imaging 

FDG PET – subtle 

reduction in 

metabolic activity 

in the right frontal 

lobe 

Ictal SPECT – 

hyperperfusion in 

the right frontal 

lobe 

Right fronto-central 

(Neuropsychological 

testing suggests 

dominant hemisphere 

dysfunction) 

7 31 3 Right Right arm 

somatosensory 

aura 

Interictal: Sharp waves 

left frontotemporal 

(max F7/T7) with 

polyspikes and left 

Extensive damage 

to left hemisphere 

lined by gliotic rim 

involving temporal, 

Left centro-parietal 

(Neuropsychological 

testing suggests 

widespread cerebral 
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Asymmetric tonic 

seizure (right arm) 

Post-ictal right arm 

weakness 

Dialeptic / 

Automotor seizure 

posterior 

temporoparietal (max 

P7). 

 

Ictal: Attenuation and 

low amplitude fast in 

the left 

temporoparietal 

region. Repetitive left 

temporoparietal sharp 

waves. 

parietal and insula 

lobes. 

dysfunction maximally 

implicating the non-

dominant 

frontoparietal region) 

8 36 4 Left Dialeptic seizure 

Automotor seizure 

Secondarily 

generalised 

tonic/clonic seizure 

Interictal: Sharp waves 

right temporal (max 

T4) 80% and sharp 

waves left anterior 

temporal (max F7) 

20%. 

Normal structural 

imaging 

FDG PET – Reduced 

metabolic activity 

in temporal lobes 

Right frontotemporal 

(Neuropsychological 

testing did not provide 

any consistent 

lateralising or localising 

signs) 
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Ictal: Onset non-

localisable. Evolution 

was more prominent 

over the right 

hemisphere. 

bilaterally, right 

more than left. 

9 33 7 Left Left-arm and leg 

somatosensory 

aura 

Autonomic aura 

Automotor seizure 

Secondarily 

generalised 

tonic/clonic seizure 

Interictal: Intermittent 

right temporal slowing 

 

Ictal: Right temporal 

onset with wider right-

hemispheric onset 

recorded in some 

seizures 

Right 

hippocampal 

sclerosis 

Hippocampal 

volumes: 

Right 2.08 cm3 

Left 2.53 cm3 

Ratio: 82% 

 

Right temporal plus 

(Neuropsychological 

testing suggests 

dominant 

frontotemporal 

dysfunction) 
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10 19 15 Left Bilateral 

visual/auditory 

aura 

Automotor 

seizure 

Secondarily 

generalised 

tonic/clonic 

seizure 

Interictal: Sharp wave 

left temporal (LSph 

and T7) and left frontal 

(Fp1>F3>Fz) 

 

Ictal: Spike and slow 

waves left hemisphere, 

maximal in the fronto-

centrotemporal region 

with spread to the 

right 

Normal structural 

imaging 

FDG PET – Mild 

reduction in 

metabolic activity 

in the left temporal 

lobe 

Left frontotemporal 

(Neuropsychological 

testing suggests left 

temporal lobe 

dysfunction) 

11 29 22 Left Psychic aura 

Automotor 

seizure – left 

hand and oral 

automatisms 

Interictal: Sharp waves 

right temporal 

maximal (F12 and T8). 

Rare left temporal 

sharp waves (F11) 

Right hippocampal 

sclerosis 

Hippocampal 

volumes: 

Right frontotemporal 

(Neuropsychological 

testing suggests right 

frontal lobe 

dysfunction) 
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Secondarily 

generalised 

tonic/clonic 

seizure 

 

Ictal: Regional right 

inferior temporal onset 

which evolves to 

rhythmic theta and 

propagation to the 

right parasagittal and 

left temporal regions 

 

Right 2.14 cm3 

Left 2.76 cm3 

Ratio: 77.6% 

FDG PET – Reduced 

metabolic activity 

in the right 

temporal lobe 

12 32 22 Right Bilateral 

somatosensory aura 

Asymmetric tonic 

seizure - head turn to 

left with bilateral arm 

extension 

Interictal: Sharp waves 

left frontocentral 

region (F3/FC1>FC5) 

 

Ictal: Left fronto-

central onset  

Subtle left 

hippocampal 

sclerosis 

Hippocampal 

volumes: 

Right 3.02 cm3 

Left fronto-central 

(Neuropsychological 

testing suggests 

dominant temporal 

lobe dysfunction) 
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Secondarily 

generalised 

tonic/clonic seizure 

Left 2.93 cm3 

Ratio: 97% 

FDG PET – Reduced 

hypometabolism 

over the left 

hemisphere most 

prominent in the 

left inferior frontal 

region 

13 36 27 Left Dialeptic seizure 

Automotor seizure 

 

Secondarily 

generalised 

tonic/clonic seizure 

Interictal: Sharp waves 

right anterior temporal 

(50%), left anterior 

temporal (30%), right 

frontopolar (10%) and 

left frontopolar (5%) 

Widening of the 

sulci over the right 

cerebral 

hemisphere 

suggestive of a 

perinatal right-

hemispheric insult 

Right frontotemporal 

(Neuropsychological 

testing did not provide 

any consistent 

lateralising or localising 

signs) 
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Right frontocentral 

paroxysmal fast 

activity 

 

Ictal:  Right 

hemispheric activity at 

the onset, maximal 

centroparietal regions 

followed by temporal 

spread 

FDG PET – Reduced 

metabolic activity 

in the right frontal 

and temporal lobes 
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Figure 14: CAP Image Processing Pipeline 
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Figure 14 Legend: Imaging modalities required for CAP include a reference image (A), 

preferably a gadolinium-enhanced T1 image, and a vascular imaging modality (B). A whole-brain 

parcellation (C) is generated from the T1 image. A model of the scalp (D) is generated from the 

reference image whilst models of the cortex (E), sulci (F) and grey matter (G) are automatically 

extracted.  Vascular models (H) are derived from the vascular imaging following filter application 

and mesh cleaning. The implantation schema entry and target points are then selected from the 

whole brain parcellation (I) and brain ROIs are automatically segmented (J). In this case 

amygdala, hippocampus and lingual gyrus target regions are shown with the middle temporal 

gyrus as the entry region. A composite image of the scalp, brain and vasculature is shown (K). 

Trajectories that exceed the length, angle and critical structure restrictions are removed from 

consideration. Risk maps for the target structures (only the hippocampus is shown) and 

corresponding entry zones are generated (L). CAP trajectories with shortest intracerebral length, 

orthogonal drilling angles, maximal grey matter sampling and lowest trajectory risk score are 

provided (M). Generated trajectories also shown with the vascular model (N). Region of interest 

(ROI). Note: for clarity, only temporal electrodes are shown. 

3.3.2 Trajectory Planning 

Experienced neurosurgeons undertook manual planning in all patients with 3D models 

of the cortex and vascular segmentation before CAP (see below for description). Entry points on 

the scalp surface and target points within the structure of interest were manually determined 

and iterated to achieve a satisfactory solution that was labelled Plan 1. 

CAP was undertaken using EpiNavTM (CMIC, UCL). EpiNavTM is a multi-modal imaging 

platform that allows manual as well as advanced multi-trajectory automated trajectory 

planning(Sparks et al., 2017a), invasive EEG grid/electrode contact localisation(Granados et al., 

2018b), SEEG signal visualisation, source localisation and resection planning(Nowell et al., 2017). 

CAP was performed with a gadolinium-enhanced T1 MRI reference image and vascular 

segmentation (see Figure 14). Patients also underwent digital subtraction catheter angiography 

with an intra-arterial contrast injection of the ipsilateral internal carotid artery and vertebral 

artery depending on the implantation strategy. A vessel extraction filter(Zuluaga et al., 2015) 

was applied to the raw bone subtracted DSA images before manual threshold setting, 3D model 

generation and mesh cleaning. Rigid registration of the bone-inclusive DSA image to the 

reference image was then performed. A visual check of the vessel segmentation suitability and 
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registration accuracy was performed before commencing planning. Whole-brain parcellations 

and Pseudo-CT images were generated from T1 MPRAGE sequences with a field-of-view of 

224256256 mm (Antero-posterior, left-right, inferior-superior) an acquisition matrix of 

224256256 for a voxel size of 1 mm isotropic (TE/TR/TI = 3.1/7.4/400 ms; flip angle 11°; 

parallel imaging acceleration factor 2) using geodesic information flows (Cardoso et al., 2015a). 

Patient-specific 3D models of the cortex, sulci, GM, scalp and SEEG entry and target regions were 

then generated from the GIF parcellations. The same models were utilised during manual 

planning as were required for CAP to ensure parity between the two planning methods. For a 

detailed description of the CAP, algorithm see Sparks et al. (Sparks et al., 2017b). In brief, the 

DSA vascular segmentation was used as a critical structure and the algorithm plans trajectories 

to remain as far from the vessel as possible, up to a distance of 1 cm. A minimum vessel distance 

of 3 mm was set based on previous accuracy data(Cardinale et al., 2013), whereby only 1% of 

implanted electrodes would exceed this distance from the planned trajectory. A risk 

score(Sparks et al., 2017b; Zombori et al., 2011), based on the cumulative distance of the 

planned trajectory from the vessel segmentation, was calculated using the following equation: 

Equation 2: Risk Score 

𝑅 = 

{
 
 

 
 ∑

10 − 𝐷𝑖𝑠𝑡(𝑖)

𝑁(10 − 3)

𝑁

𝑖

 ,   𝐷𝑖𝑠𝑡(𝑖) >  3

1 +∑
3− 𝐷𝑖𝑠𝑡(𝑖)

3𝑁

𝑁

𝑖

 ,   𝐷𝑖𝑠𝑡(𝑖) ≤  3

 

 

Where N = 128, the total number of sampling nodes along the length of the trajectory and ί denotes the 

indices of the individual node being computed. The risk score (R) is expressed as a value between 0-2, with 

values >1 indicating at least one node is within 3 mm of a segmented blood vessel. 

Sulcal models were derived from the whole brain parcellation and were set as no-entry 

zones to prevent electrodes from passing through the sulci pial boundary where vessels are 

known to be present. The grey matter at the bottom of sulci is sampled by contacts on electrodes 

passed down the adjacent gyrus. GM was weighted so that trajectories with increased GM 

sampling were preferentially selected in order to maximise the efficiency of detecting epileptic 

activity. Coupled with the sulcal model, this preferentially places electrodes within grey matter 
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at a depth of sulci. Angle crossing the skull and length restrictions were applied at <30 degrees 

from orthogonal and <90 mm, respectively, based on previous work showing that these 

parameters generated clinically feasible trajectories when assessed by blinded external 

experts(Vakharia et al., 2018e). Planned trajectories were prevented from being within 10 mm 

of other trajectories to satisfy local post-SEEG MRI safety guidelines. 

Trajectories generated by CAP were labelled as Plan 2 and represent the output of CAP 

without any human review. Following this ‘Next Entry’ and ‘Next Target’ buttons were used to 

iterate through the CAP planned trajectories in a risk-stratified manner until the most feasible 

trajectory was found and labelled as Plan 3. This represents the most feasible trajectory that 

could be provided with CAP after human review but without precise adjustments. If precise 

adjustments were required, these were applied and labelled as Plan 4. The mean risk score of 

all trajectories in Plan 1 was compared to Plan 4 and the plan with the lowest risk score was 

implemented surgically. The plans were then exported to the S7 Stealth station (Medtronic Inc.) 

for stereotactic implantation. Following implantation, patients underwent both CT and MRI 

scans within 48 hours, which were then co-registered to the generated plans. Any haemorrhage 

(clinical or asymptomatic) present on the images was reviewed and noted. Repeat CT scans were 

not routinely performed after removal of the electrodes to prevent unnecessary irradiation 

unless there was a clinical indication. All other surgical complications were stratified according 

to the Clavien-Dindo classification(Clavien et al., 2009).  

3.3.3 Statistical analysis 

A prospective sample size calculation revealed that 42 electrode comparisons (~5 

patients) would be required to detect a 0.1 reduction in risk score assuming a standard deviation 

(S.D.) of 0.1 and a power 0.9 (β = 0.1) and significance level α = 0.05, two-tailed. To account for 

the potential of clustering, we required ≥118 electrodes (~13 patients), assuming a cluster size 

of 10 electrodes per plan and an intracluster correlation coefficient of 0.2.  

Statistical analysis was performed using Stata (Version 15). Comparison of paired 

trajectory metrics between Plan 1 and 4 was undertaken using mixed-effects linear regression 

models, with patient-level random effects to account for the clustering of electrodes within 

patients. Difference estimates, together with associated 95% confidence intervals and P-values 

for a test of the null hypothesis that the true difference is zero, are reported. Comparison 

between the different phases of CAP (Plans 2-4) was also performed using mixed-effects linear 
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regression models with patient-level random effects to account for the clustering of 

electrodes within patients. Estimates for each metric are reported for each plan type (with 95% 

confidence intervals). In each case, a likelihood ratio test was used to obtain a P-value for tests 

of the null hypothesis of no difference in the corresponding metric between plans 2-4.  

3.4 Results 

A total of 125 electrodes (mean of 9.62 electrodes per patient) were implanted (See Table 7), of 

which seven were in the left hemisphere. 

At an individual patient level plans derived following CAP with human review and adjustment 

(Plan 4) had a lower mean risk score compared to the manual plans (Plan 1) and were 

stereotactically implanted in all 13 cases (see Table 8). An example of CAP implantation is shown 

in Figure 15 and Figure 16. There were no haemorrhages or adverse events following the 

implementation of the plans (125 electrodes) and the target structures were successfully 

sampled in all cases.  
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Table 7: Summary of electrode sampling regions  

  Subject Number [Implanted Hemisphere] 

  1 [R] 2 [L] 3 [R] 4 [L] 5 [R] 6 [R] 7 [L] 8 [L] 9 [R] 10 [L] 11 [R] 12 [L] 13 [L] 

Te
m

p
o

ra
l 

Amygdala 
              

Anterior 
hippocampus              

Posterior 
hippocampus                 

Temporo-
occipital 
junction                      

Superior 
temporal 
gyrus                         

Middle 
temporal 
gyrus              

C
in

gu
l

u
m

 Anterior 
cingulum                
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Middle 
cingulum                     

Posterior 
cingulum                     

Fr
o

n
ta

l 

Mesial 
orbitofrontal 
cortex              

Lateral 
orbitofrontal 
cortex              

Superior 
frontal gyrus                

Middle frontal 
gyrus                   

Inferior frontal 
gyrus                 

Mesial 
prefrontal 
cortex                

Pre-SMA 
                         

Anterior SMA 
                      
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Posterior SMA 
                    

Precentral 
gyrus                         

P
ar

ie
ta

l 

Postcentral 
gyrus                       

Superior 
parietal lobule                 

Supramarginal 
gyrus                     

Angular gyrus 
                         

In
su

la
 Anterior Insula 

                 

Posterior 
Insula                     

 

*Anatomic brain regions sampled by SEEG. Note: The same region may be sampled by more than one electrode and one electrode may sample multiple brain 

region, e.g. an orbitofrontal electrode implanted using an orthogonal trajectory may enter through the pars orbitalis of the inferior frontal gyrus, sample the lateral 

orbitofrontal gyrus, medial orbitofrontal gyrus and terminate in the medial prefrontal region. Occasionally, the anterior insula may also be sampled using this 

trajectory.
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Figure 15: EpiNavTM generated electrode trajectories implemented in patient 13: 

 

 

Figure 15 Legend: Example EpiNavTM generated implantation from patient 13 with suspected 

right frontotemporal onset. A) Right fronto-lateral view of 3D model of the cortex with the 

EpiNavTM generated implantation plan of 13 electrodes.  B) Transparent cortex to allow 

visualisation of the intracerebral course of the planned electrodes. C) Superimposed vessel 

segmentation from a right internal carotid artery use for precise planning. D) Superimposed post-

implantation bolt and actual electrode contact segmentation (yellow). 
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Figure 16: Detailed post-implantation view of active contacts: 

 

Figure 16 Legend: Detailed views of the contacts that were active on the right orbitofrontal 

electrode at the onset of the seizure. Implemented electrode trajectories segmented from the 

post-operative CT are shown (yellow) and fused with the pre-operative MRI. The electrode 

contacts active at the onset of the seizure are shown in Red. These have been accentuated for 

clarity. In-line trajectory views (top left and bottom left), as well as probes eye view (top right) 

and 3D model (bottom right), are shown. Note: The orbitofrontal trajectory passes through the 

grey matter at the depths of the sulci along the orbitofrontal cortex before terminating in the 

mesial prefrontal cortex. Electrode conflicts with vessels in the sulcus are averted by preventing 

the trajectory from crossing sulcal pial boundaries.
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Table 8: Metric comparison between Manual (Plan 1) and final CAP (Plan 4):  

Metric Estimate  

(Plan 1 – Plan 4 
difference) 

95% Confidence 
Interval 

p-value 

Length (mm) 0.54 (-2.94, 4.02) 0.762 

Drilling angle (deg.) 1.11 (-1.88, 4.10) 0.467 

GM sampling ratio -0.02 (-0.05, 0.00) 0.098 

Risk score 0.05 (0.02, 0.08) 0.003 

Minimum distance 
from critical 

structure (mm) 

0.04 (-0.43, -0.01) 0.040 

 

*Estimates for differences between Plan 1 and Plan 4, for each metric, together with associated 

95% confidence intervals and P-values for a test of the null hypothesis that the true difference = 

0. The estimates have been obtained from mixed-effects regression models that include within-

patients random effects to account for within-patient clustering of electrodes. 
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Table 9: Metric comparison between different phases of CAP (Plans 2-4):  

Metric Estimate (95% Confidence Interval) P-value* 

Plan 2 Plan 3 Plan 4 

Length (mm) 43.65 

(39.39, 47.92) 

44.41 

(40.15, 48.68) 

43.16 

(38.90, 47.44) 

0.772 

Drilling angle (deg) 18.85 

(16.53, 21.18) 

19.36 

(17.04, 21.68) 

18.84 

(16.52, 21.16) 

0.885 

GM sampling ratio 0.37 

(0.30, 0.45) 

0.39 

(0.31, 0.46) 

0.37 

(0.30, 0.45) 

0.704 

Risk score 0.90 

(0.84, 0.96) 

0.96 

(0.90, 1.02) 

1.01 

(0.95, 1.07) 

0.00023 

Minimum distance 
from critical 

structure (mm) 

2.76 

(2.45, 3.07) 

2.36 

(2.05, 2.67) 

2.23 

(1.92, 2.54) 

0.001 

 

*Estimates for each metric by group from mixed-effects ANOVA models that include patient-level 

random effects to account for within-patient clustering of electrodes. *P-values are shown for 

likelihood ratio tests of the null hypothesis of no difference in the corresponding outcome 

variable between Plans 2-4
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Comparison of trajectory metrics between Plan 1 and 4 revealed a significant 

reduction in risk score (p = 0.003) and minimum distance from critical structures (p = 0.04), but 

not intracerebral trajectory length (p = 0.76), drilling angle (p = 0.47) or grey matter sampling 

ratio (p = 0.10). Subgroup analysis of the trajectory parameters between Plan 2-4 revealed that 

risk score and minimum distance following the immediate output of CAP (Plan 2) was 

significantly lower than following the subsequent human interaction (Plan 3 and Plan 4) p = 

0.00023 and p = 0.001, respectively. (see   
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Table 9). 

Computation times for CAP (generation of Plan 2) ranged from 34-89 seconds. Review 

of the trajectories and iteration through the risk-stratified trajectories (Plan 3) required an 

additional 15-20 minutes. Final precise adjustments (Plan 4) and review of all trajectories took 

an additional 20-40 minutes depending on the complexity of the implantation. Using CAP, the 

total time for plan generation, individual trajectory review and precise adjustment took 62 ± 17 

minutes (mean ± S.D.). Manual planning took an average of 221 ± 39 minutes (mean ± S.D.). Due 

to the long manual planning duration, this was usually spread over two separate sessions. 

Overall CAP (Plan 2-4) was significantly quicker than manual planning (p = 6.4 x 10-8). 

3.5 Discussion 

Before CDSSs can be integrated into the clinical pathway, they must be rigorously tested 

and externally validated to ensure that they perform optimally across a representative range of 

patients and institutions. See Table 10 for a summary of the published literature to date along 

with methodological index for non-randomized studies (MINORS) scores for study design 

appraisal (see Supplementary for an itemisation of MINORS scores).  
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Table 10: Summary of published literature of clinical studies utilising CAP for SEEG: 

Publication CAP 
platform 

MINORS Type Number of 
patients 
(electrodes) 

Parameters 
optimised 

Comments 

De Momi et al. 
(2013) 

3D Slicer 16/24 Retrospective 15 (199) Vessel distance 
Skull drilling angle 
Sulci 

Single electrode planning 
Entry and target points manually selected by surgeon 
and 4.38 mm and 4.27 mm search radius applied 
respectively. 
No external validation 

Zombori (et al. 
2014) 

EpiNav 12/24 Retrospective 6 (30) Vessel distance 
Skull drilling angle 
Electrode length 
Risk score 

Single electrode planning 
Overall electrode risk score, length and drilling angle 
was improved with CAP 

De Momi et al. 
(2014) 

3D Slicer 16/24 Retrospective 3 (24) Vessel distance 
Skull drilling angle 
Adherence to 
planned entry and 
target structure 
Cortex curvature 
value 

Multi-electrode planning 
1.6 mm safety margin from vasculature within 2.5 cm 
of skull entry point and 1 mm safety margin 
thereafter. 
Maximum drilling angle 40o.  
Minimum distance from a vessel was significantly 
improved with multi-electrode planning. 
No external validation 

Zelmann et al. 
(2014) 

MINC toolkit 14/24 Retrospective 6 (27) Vessel distance 
Sulci 
Ventricles 

Multi-electrode planning 
Only amygdala and hippocampus targeted. 
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Grey matter 
sampling 
Target volume 
sampling 

Automated trajectories improved target volume 
sampling, distance from vasculature and grey matter 
contact. 
25/27 trajectories were rated feasible 

Zelmann et al. 
(2015) 

MINC toolkit 14/24 Retrospective 20 (116) Risk score 
ROI recording 
volume 
Grey matter 
sampling 
Skull drilling angle 

Multi-electrode planning 
Only three electrodes (amygdala, anterior 
hippocampus and posterior hippocampus) planned 
with target structures defined as ROIs. 
A single neurosurgeon did a feasibility assessment on 
all patients. A second neurosurgeon scored 12 
patients. No external validation 
Automated trajectories were statistically safer overall 
and rated more feasible than those that were 
manually planned. 
Insertion angle was higher with automated 
trajectories 

Nowell et al. 
(2016) 

EpiNav 16/24 Retrospective 18 (166) Electrode length 
Skull drilling angle 
Risk score 
Vessel distance 
Grey matter 
sampling 
Sulci 

Multi-electrode planning 
3 mm safety margin from vasculature along the 
entire length of trajectory with risk profile graphic. 
The surgeon manually selects the target point. 
Able to generate 98.2% of the required trajectories. 
The external blinded evaluation revealed 79% were 
feasible for implantation without further adjustment. 

Scorza et al. 
(2017) 

3D Slicer 14/24 Retrospective 20 (253) Vessel distance 
Sulcal avoidance 
Skull drilling angle 

Multi-electrode planning 
4 mm safety margin from vasculature within 1 cm of 
skull entry point and 1 mm safety margin thereafter. 
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Electrode conflicts Entry and target points manually selected by a 
surgeon and 7 mm and 3 mm search radius applied 
respectively. 
Improvement in optimisation parameters in 98% of 
electrodes. 
No feasibility ratings of trajectories or external 
validation undertaken. 

Sparks et al. 
(2017)a 

EpiNav 16/24 Retrospective 18 (165) Electrode length 
Skull drilling angle 
Risk score 
Vessel distance 
Grey matter 
sampling 
Sulci 

Multi-electrode planning 
3 mm safety margin from vasculature along the 
entire length of trajectory with risk profile graphic. 
Surgeon manually selects the target point. 
Entry structure risk map generation 
Improvement in risk, grey matter sampling, 
intracerebral length and drilling angle with CAP. 
Skull template to remove infeasible entry points  

Sparks et al. 
(2017)b 

EpiNav 16/24 Retrospective 20 (190) Electrode length 
Skull drilling angle 
Risk score 
Vessel distance 
Grey matter 
sampling 
Sulci 

Multi-electrode planning 
3 mm safety margin from vasculature along the 
entire length of trajectory with risk profile graphic. 
Entry and target regions defined as anatomic ROIs, 
allowing the algorithm to define optimal entry and 
target points. 
Entry and target structure risk map generation 
Iterative relaxation of hard constraints if suitable 
trajectories cannot be found. 
External blinded feasibility ratings were 97% for 
manual, and 90% for CAP generated trajectories 
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Vakharia et al. 
(2017) 

EpiNav 20/24 Retrospective 13 (116) Electrode length 
Skull drilling angle 
Risk score 
Vessel distance 
Grey matter 
sampling 
Sulci 

Multi-electrode planning 
3 mm safety margin from vasculature along the 
entire length of trajectory with risk profile graphic. 
Entry and target regions defined as anatomic ROIs, 
allowing the algorithm to define optimal entry and 
target points. 
External review of manual and CAP trajectories in 
blinded fashion revealed no difference in feasibility. 
Improvement in risk, grey matter sampling, 
intracerebral length and drilling angle with CAP. 

Vakharia et al. 
(2018) * 

EpiNav 24/24 Prospective 13 (125) Electrode length 
Skull drilling angle 
Risk score 
Vessel distance 
Grey matter 
sampling 
Sulci 

Multi-electrode planning 
First prospective CAP study in which CAP trajectories 
were implemented with no adverse events. 
Significant improvement in the risk score.  
 

* Current Study 
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Over the last five years, CAP algorithms have significantly advanced. Initial studies 

implemented many of the single trajectory planning features(De Momi et al., 2013a; Zombori et 

al., 2014) that had been developed previously for deep brain stimulation(Bériault et al., 2012). 

As SEEG schema contain many more electrodes and the target points are anatomically more 

varied, multi-trajectory planning was required(De Momi et al., 2014a; Sparks et al., 2017b; 

Zelmann et al., 2015). This added an additional level of complexity to CAP planning as not only 

did individual electrodes need to be optimised with regards to planning parameters, but they 

could not come within a user-defined distance of each other. Various parameters for minimum 

vascular distance, sulcal avoidance, risk calculation and drilling angle through the skull have been 

implemented and these studies have shown significant improvements in planning time. With 

the addition of patient-specific whole-brain parcellations, entry and target structures no longer 

need to be manually selected, but whole-brain anatomical regions can now be specified. This 

helps to automate the process further and increase the potential number and safety of 

generated trajectories(Sparks et al., 2017a; Vakharia et al., 2018e). To date, all previous studies 

have been retrospective comparisons in which previous manually planned and implemented 

trajectories were re-planned utilising CAP and metrics compared back to the manual plans. Due 

to the low incidence of intracranial haemorrhage associated with SEEG most CAP studies have 

adopted a surrogate metric in the form of a risk score(Bériault et al., 2012; De Momi et al., 

2014b; Essert et al., 2012; Shamir et al., 2012; Sparks et al., 2017b), which is the cumulative 

distance from the vasculature, for comparison. To validate the clinical feasibility of the 

trajectories, these were rated by expert neurosurgeons(De Momi et al., 2014a; Nowell et al., 

2016b; Scorza et al., 2017; Sparks et al., 2017a).   

We have previously undertaken a retrospective clinical assessment of SEEG planning 

with EpiNavTM (Vakharia et al., 2018e). Consecutive patients that had undergone manual 

planning and electrode implantation were selected from a prospectively maintained database 

and the implantation schema were re-planned using CAP. The resulting trajectory metrics 

revealed that CAP trajectories significantly improved trajectory length, drilling angle, grey 

matter sampling ratio, risk and minimum distance from vasculature. The trajectories were also 

externally validated by five expert neurosurgeons that were blinded to the trajectory generation 

method. There was no significant difference in feasibility between manual and CAP generated 

electrodes. The implication of this was that CAP could generate SEEG trajectories that are 

potentially safer and more efficient than those planned manually in a fraction of the time. This 
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study also instituted a sulcal model that prevents electrodes from crossing the sulcal pial 

boundaries in order to reflect the current surgical practise at our institution. We acknowledge 

that there is variability in surgical practice with regards to crossing sulcal pial boundaries and 

accordingly, this constraint can be turned on or off at the surgeon’s discretion. The intent of the 

sulcal model is to prevent trajectories passing through sulcal pial boundaries where vasculature 

is known to reside. Our practice to sample grey matter at the bottom of sulci, that is a common 

site for focal cortical dysplasia, is to direct trajectories obliquely through the adjacent gyrus.  The 

preferential GM sampling feature facilitates efficient sampling of all selected grey matter 

targets.  The current prospective study builds upon our retrospective experience with CAP for 

SEEG, validating this as a CDSS for trajectory planning. 

During the generation of CAP trajectories, we assessed metrics at each stage to replicate 

the expected ‘real world’ clinical application. As a CDSS it is intended that the recommended 

output of CAP (Plan 2) be reviewed by the operating neurosurgeon and any potential 

modifications be made by iterating through the CAP trajectories in a risk-stratified manner (Plan 

3). This allows the neurosurgeon to customise trajectories to fit their usual practice whilst also 

utilising CAP to ensure that the trajectory carries the lowest risk. If required further 

modifications can be made by the neurosurgeon setting precise entry and target points (Plan 4) 

prior to implantation. For the purpose of this prospective validation study, we compared the 

manual plan (Plan 1), made in advance of CAP, with the final CAP-assisted plan ready for 

implantation (Plan 4). In all cases, plans carrying the lowest mean risk score were stereotactically 

implanted. No patients had an adverse event related to the planning or implantation of the CAP 

generated trajectories. Unlike in previous studies(Nowell et al., 2016b; Vakharia et al., 2018e), 

there was no significant difference in intracerebral length, drilling angle to the skull or GM 

sampling ratio between manual and implemented CAP trajectories. This is most likely due to the 

evolving nature in which manual planning was performed, whereby the pre-operative 3D models 

generated for use with CAP were also available to the neurosurgeon.   

It should be noted that there is a significant distinction between computer-assisted and 

computer-autonomous planning. The former requires an expert neurosurgeon to review and 

modify the suggested plans as necessary prior to stereotactic implantation. Due to the 

complexity of SEEG planning and variability in implantation methods as well as surgeon planning 

practices, it is unlikely that computer-autonomous algorithms will be available in the near 

future. We have previously found that manually planned and implemented trajectories rated by 
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external blinded neurosurgeons were deemed feasible in only 70%. In each of these cases, the 

manually planned trajectories were by definition feasible as they had already been implanted 

without complication. This highlights the lack of consensus between stereotactic neurosurgeons 

regarding planning parameters and is likely to be a hurdle to widespread adoption of computer-

autonomous planning. Furthermore, the variability in acquisition parameters for pre-operative 

MRI and methods for vascular imaging mean the results of CAP will vary between institutions. 

In this study, we employ DSA to provide the greatest segmentation of intracranial vasculature, 

although not all institutions acquire this(Cardinale et al., 2015). It still remains unclear what is 

the critical vessel size for visualisation for safe SEEG.  The ability for the neurosurgeon to be able 

to modify CAP output is key to customising trajectories based on individual surgeon preferences 

and building user confidence in the algorithms.  

There are limitations to this study.  It would have been methodologically superior to 

perform a prospective, randomised controlled trial of CAP versus manual trajectory planning. As 

there have not been any prospective studies of CAP to date, we decided it would be safer to 

independently generate CAP and manual plans for comparison and implant those with the 

lowest risk score. As the position of individual trajectories impacts upon other trajectories in the 

plan, we compared the mean risk score for the overall plan and not at an individual electrode 

level. Furthermore, all patients and implantations were performed at a single institution where 

uniform imaging protocols were performed on all patients. It is unclear whether the same results 

would be achieved by other institutions employing different imaging strategies. We have 

suggested parameters for suitable image acquisition protocols using different MRI scanners 

(Supplementary), so this can be replicated at other centres. We acknowledge the small sample 

size of the study (n = 125 electrodes in 13 patients) but emphasize that even when controlling 

for clustering within patients the study was well powered to detect the study primary end-point 

(power = 0.9 to a difference in risk score of ≥0.1). A further limitation of this study, and one that 

is ubiquitous in all CAP algorithms, is the reliance on a risk score(Bériault et al., 2012; De Momi 

et al., 2013a; Essert et al., 2012; Shamir et al., 2012). Due to the low incidence of haemorrhage 

from SEEG, a prohibitively large sample size would be required to undertake a study in which 

reduction in haemorrhage rate was the primary outcome. Given that haemorrhage must occur 

from conflict with a blood vessel (visualised or not by modern imaging techniques) and that 

exploitation of avascular channels during trajectory planning is the primary goal of the surgeon, 

we apply the pragmatic tenet that haemorrhage is less likely to occur the further an electrode is 
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placed from an intracranial vessel. The risk score is, therefore, an objective means of quantifying 

the size of the avascular corridor. Future studies should aim to be multi-centre in nature to 

assess the external robustness of the algorithm and feasibility in the hands of different 

neurosurgeons. It would also be methodologically optimal if the neurosurgeon was blinded to 

the generation method but still retained the ability to modify the plans prior to implantation. In 

reality, surgeon blinding is challenging to implement as the surgeon performing the implantation 

would have to be different to the surgeon performing the manual planning.   

Currently, EpiNavTM supports the direct export of CAP plans to the S7 Stealth Station 

(Medtronic Inc.) for implantation. Future developments may include export formats that are 

compatible with other devices, e.g. Leksell frame. We will also aim to improve the feasibility of 

the immediate CAP output (Plan 2) and reducing the modifications required by the surgeon 

(Plans 3 and 4). Given the significant variability in surgeons’ preference for trajectory planning, 

this will require customisation of CAP to the individual surgeon’s practice. To this end, we 

propose the generation of spatial priors for specific trajectories that will define commonly used 

entry and target zones. 

3.6 Conclusion 

CAP provides clinically feasible SEEG trajectory plans with improved safety metrics in 

one-third of the time required for manual planning. Incorporating automated SEEG planning into 

the clinical workflow is possible with the use of EpiNavTM as a CDSS. We have itemised each stage 

of the trajectory generation pathway and highlighted the ability of the surgeon to modify the 

trajectories based on their individual planning preferences in a risk-stratified manner. When the 

final CAP trajectories were directly compared with manual plans, they returned lower mean risk 

scores in all cases and were prospectively stereotactically implanted without complication. 

EpiNavTM is a significant advance in the planning of SEEG trajectories and has application for 

other stereotactic neurosurgical procedures including planning cranial LITT, DBS, focal therapy 

delivery, brain biopsies and shunt catheter placement.
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3.7 Supplementary materials 

Supplementary Table 11: Derivation of MINORS scores (Slim et al., 2003) 
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Total 

De momi 
et al. 
(2013) 

2 0 0 2 2 2 2 0 2 0 2 2 16/24 

De momi 
et al. 
(2014) 

2 0 0 2 0 2 2 0 2 0 2 2 14/24 

Zombori 
et al. 
(2014) 

2 0 0 2 2 2 2 0 2 0 2 2 16/24 

Zelmann 
et al. 
(2014) 

2 0 0 2 0 2 2 0 2 0 2 2 14/24 

Zelmann 
et al. 
(2015) 

2 0 0 2 0 2 2 0 2 0 2 2 14/24 

Nowell et 
al. (2016) 

2 0 0 2 2 2 2 0 2 0 2 2 16/24 
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Scorza et 
al. (2017) 

2 0 0 2 0 2 2 0 2 0 2 2 14/24 

Sparks et 
al. (2017)a 

2 0 0 2 2 2 2 0 2 0 2 2 16/24 

Sparks et 
al. 
(2017)b 

2 0 0 2 2 2 2 0 2 0 2 2 16/24 

Vakharia 
et al. 
(2017) 

2 2 0 2 2 2 2 2 2 0 2 2 20/24 

Vakharia 
et al. - 
(2018) * 

2 2 2 2 2 2 2 2 2 2 2 2 24/24 

* Current Study
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SupplementaryTable 12: Suggested MRI scanner parameters for CAP planning (Courtesy of Dr 

S. Vos). 

a) 3T Siemens Prisma (software version VE11C) 

Sequence 3D T1 MPRAGE (Acquisition 

time: 5m19s)  

 

Inversion-prepared gradient 

echo 

MR Venography (Acquisition 

time: 16m05s) 

 

3D Phase-contrast 

MR Angiography (Acquisition 

time: 9m03s) 

 

3D Phase contrast 

Geometry Orientation: Coronal 

In-plane FOV of 25.6x25.6 cm 

with an acquisition matrix 

256x256 (GRAPPA factor 2) 

240 slice locations of 1.0 mm 

thickness 

Reconstructed voxel size: 

1.0x1.0x1.0 mm 

Orientation: Axial 

In-plane FOV of 22x22 cm 

with an acquisition matrix 

512x512 (GRAPPA factor 3) 

Phase FOV: 75% 

Phase-encoding direction 

R>>L 

208 slice locations of 0.6 mm 

thickness with slice resolution 

50% 

Phase partial Fourier: off 

Reconstructed voxel size: 

0.43x0.43x0.60 mm 

 

Orientation: Axial 

In-plane FOV of 22x22 cm 

with an acquisition matrix 

512x512 (GRAPPA factor 3) 

Phase FOV: 75% 

Phase-encoding direction 

R>>L 

208 slice locations of 0.6 mm 

thickness with slice resolution 

50% 

Phase partial Fourier: off 

Reconstructed voxel size: 

0.43x0.43x0.60 mm 

Sequence 

details 

TR/TE/TI = 7.4 / 2.7 / 909 ms 

Segment time (time between 

inversion pulses): 2300 ms 

TR/TE = 76.55 / 8.31 ms 

Flip angle: 8 degrees 

BW: 425 Hz/pix 

TR/TE = 46.45 / 6.76 ms 

Flip angle: 15 degrees 

BW: 425 Hz/pix 
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Flip angle: 8 degrees 

BW: 200 Hz/pix 

Vascular  Velocity encoding: 15 cm/s Velocity encoding: 80 cm/s 

Other Distortion Corr. (3D) 

Pre-scan Normalize 

Suppression slab inferior to 

FOV 

 

 

b) 3T GE MR750 (software version DV24_R02) 

Sequence 
3D T1 MPRAGE (Acq time: 

4m17s) 

 

Scan type: 3D Gradient Echo 

Fast SPGR 

Imaging Options: IR 

Prepared, ASSET, EDR 

MR Venography (Acq time: 

13m7s) 

 

Scan type: 3D Vascular 

Inhance Velocity 

Imaging Options: ASSET, ZIP2 

MR Angiography (Acq time: 

5m49s) 

 

Scan type: 3D Vascular 

Inhance Velocity 

Imaging Options: ASSET, ZIP2 

Geometry 
Orientation: Coronal 

In-plane FOV of 25.6x25.6 cm 

with an acquisition matrix 

256x256 (ASSET acceleration 

2) 

Phase FOV 0.8 

224 slice locations of 1.0 mm 

thickness 

Reconstructed voxel size: 

1.0x1.0x1.0 mm 

Orientation: Axial 

In-plane FOV of 22x22 cm 

with an acquisition matrix 

384x256 (ASSET acceleration 

2) 

Phase FOV 0.9 

124 slice locations of 1.2 mm 

thickness 

Reconstructed voxel size: 

0.43x0.43x0.60 mm 

Orientation: Axial 

In-plane FOV of 22x22 cm 

with an acquisition matrix 

384x256 (ASSET acceleration 

2) 

Phase FOV 0.9 

124 slice locations of 1.2 mm 

thickness 

Reconstructed voxel size: 

0.43x0.43x0.60 mm 
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Sequence 

details 

TR/TE/TI = 7.4 ms / Min Full / 

400 ms 

Flip angle: 11 degrees 

BW: 31.25 

TR/TE = Minimum 

Flip angle: 8 degrees 

BW: 31.25 

 

TR/TE = Minimum 

Flip angle: 8 degrees 

BW: 31.25 

 

Vascular  Flow analysis off 

Velocity encoding: 15 cm/s 

Flow recon type complex 

difference 

Acquisition flow direction 

images: all add flow images, 

magnitude 

Flow analysis off 

Velocity encoding: 80 cm/s 

Flow recon type complex 

difference 

Acquisition flow direction 

images: all add flow images, 

magnitude 

Other 
3D Geometry correction: on 

Intensity inhomogeneity 

correction: PURE 

3D Geometry correction: on 

Intensity inhomogeneity: 

PURE 

Advanced: 80% pfkr 

Suppression slab inferior to 

FOV 

Chemical fat saturation 

 

3D Geometry correction: on 

Intensity inhomogeneity: 

PURE 

Advanced: 80% pfkr 

 

c) 3T Philips Achieva 

Sequence 
3D T1 MPRAGE (Acq time: 

6m32s) 

 

MR Venography (Acq time: 

8m58s) 

MR Angiography (Acq time: 

5m30s) 
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Inversion-recovery 3D TFE 
 

3D T1 Fast Field echo, phase 

contrast 

 

3D T1 Fast Field echo, phase 

contrast 

Geometry 
Orientation: Sagittal 

In-plane FOV of 25.6x25.6 

cm with an acquisition 

matrix 256x256 (SENSE 

factor 2)180 slice locations of 

1.0 mm thickness 

Reconstructed voxel size: 

1.0x1.0x1.0 mm 

Orientation: Axial 

In-plane FOV of 23x18 cm 

with an acquisition matrix 

384x212 (SENSE factors: RL=3, 

IS=2) 

Scan percentage: 70.87% 

248 slice locations of 1.2 mm 

thickness (overcontiguous 

slices) 

Reconstructed voxel size: 

0.45x0.45x0.60 mm 

Orientation: Axial 

In-plane FOV of 23x18 cm 

with an acquisition matrix 

384x212 (SENSE factors: RL=3, 

IS=2) 

Scan percentage: 70.87% 

248 slice locations of 1.2 mm 

thickness (overcontiguous 

slices) 

Reconstructed voxel size: 

0.45x0.45x0.60 mm 

Sequence 

details 

TR/TE/TI = 6.9 / 3.1/ 867 ms 

Segment time (time between 

inversion pulses): 3000 ms 

Flip angle: 8 degrees 

 

TR/TE (both set to shortest) = 

21 / 8.3 ms  

Flip angle: 8 degrees 

Halfscan: yes 

water-fat shift: maximum 

BW: 114.6 Hz 

 

TR/TE (both set to shortest) = 

13 / 6.7 ms  

Flip angle: 8 degrees 

Halfscan: yes 

water-fat shift: maximum 

BW: 114.6 Hz 

 

Vascular  Velocity encoding: 15 cm/s Velocity encoding: 80 cm/s 
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Other 3D Geometry correction: on fold-over direction: RL 

fat shift direction: P 

NSA: 2 

REST slab: type=parallel, 

thickness=60 mm, 

position=feet, gap=default, 

power=1 

fold-over direction: RL 

fat shift direction: P 

NSA: 2 

 

Note: Parameters may have to be altered on different models.  
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4 Refining Computer Assisted Planning For SEEG: A Prospective Validation Of Spatial 

Priors. 

 

4.1 Abstract 

4.1.1 Objective 

Stereoelectroencephalography (SEEG) is a procedure in which many electrodes are 

stereotactically implanted within different regions of the brain to estimate the epileptogenic 

zone in patients with drug-refractory focal epilepsy. Computer-assisted planning (CAP) 

improves risk scores, grey matter sampling, orthogonal drilling angles to the skull and 

intracerebral length in a fraction of the time required for manual planning. Due to differences 

in planning practices, such algorithms may not be generalizable between institutions. We 

provide a prospective validation of clinically feasible trajectories using ‘spatial priors’ derived 

from previous implantations and implement a machine learning classifier to adapt to evolving 

planning practices. 

4.1.2 Methods 

 Thirty-two patients underwent consecutive SEEG implantations utilising computer-

assisted planning over two years. Implanted electrodes from the first 12 patients (108 

electrodes) were used as a training set from which entry and target point spatial priors were 

generated. CAP was then prospectively performed using the spatial priors in a further test set 

of 20 patients (210 electrodes). A K-nearest neighbour (K-NN) machine learning classifier was 

implemented as an adaptive learning method to modify the spatial priors dynamically.   

4.1.3 Results 

 All of the 318 prospective computer-assisted planned electrodes were implanted 

without complication. Spatial priors developed from the training set generated clinically 

feasible trajectories in 79% of the test set. The remaining 21% required entry or target points 

outside of the spatial priors. The K-NN classifier was able to dynamically model real-time 

changes in the spatial priors in order to adapt to the evolving planning requirements. 



172 
 

 

4.1.4 Conclusions 

 We provide spatial priors for common SEEG trajectories that prospectively integrate 

clinically feasible trajectory planning practices from previous SEEG implantations. This allows 

institutional SEEG experience to be incorporated and used to guide future implantations. The 

deployment of a K-NN classifier may improve the generalisability of the algorithm by 

dynamically modifying the spatial priors in real-time as further implantations are performed. 
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4.2 Introduction 

Stereotactic neurosurgery requires precise pre-operative trajectory planning and 

accurate implementation to ensure safety and efficacy. The greatest risk of this procedure is 

intracerebral haemorrhage, which can result in significant morbidity in 2-3% of cases(Mullin et 

al., 2016a). Various surgical techniques are employed for insertion of SEEG electrodes including 

frame-based, frameless and robotic methods with mean target point accuracies of around 2-3 

mm(Vakharia et al., 2017b). To maximise safety surgeons plan SEEG trajectories to maximise 

distance from vasculature. Other important considerations include accurate targeting of the 

regions of interest (ROIs), avoidance of critical structures, maximising grey-matter sampling, 

orthogonal drilling angles to the skull, avoidance of other electrodes, optimal spatial sampling 

with ROIs and minimising intracerebral trajectory length. Various computer-assisted planning 

(CAP) algorithms have been employed to optimise these factors. EpiNav™ is one such 

stereotactic planning platform that has been applied to SEEG(Sparks et al., 2017a; Vakharia et 

al., 2018e), laser interstitial thermal therapy (LITT)(Li et al., 2019a; Vakharia et al., 2018d) and 

tumour biopsy. External feasibility ratings of CAP generated trajectories were not significantly 

different from manually planned trajectories, yet due to the wide variation in individual 

surgeon’s planning preferences, these were 62% and 69%, respectively(Vakharia et al., 2018e). 

Another reason for this is the reliance on whole-brain parcellations to constrain the entry and 

target points, which in many cases are large structures that require multiple electrodes to pass 

through them. Furthermore, the algorithms are static without the ability to adapt or learn from 

previous trajectory planning experience.  

Here we present an extensive series of patients that have undergone prospective SEEG 

planning with CAP. We provide spatial priors that have been generated from the first 12 patients 

and used these plans to subsequently constrain the entry and target points during the 

prospective planning of a further 20 patients. To aid in the generalisability of the spatial priors, 

we deploy an active learning algorithm that can dynamically modify the spatial priors based on 

individual surgeon’s planning preferences. 

4.3 Methods 

4.3.1 Patient Inclusion 

A total of 32 patients (17 male) with drug-resistant focal epilepsy, in whom SEEG was 

performed as part of their routine care at The National Hospital for Neurology and 
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Neurosurgery, London, U.K., were included in this prospective validation study. Patients 

underwent SEEG implantation between February 2017 and March 2019.  

All patients underwent a standardized multi-disciplinary assessment consisting of 

specialist input from neurologists, neurosurgeons, neurophysiologists, neuropsychologists and 

psychiatrists. SEEG trajectory target selection was based on an estimation of the seizure onset 

zone derived from a review of the non-invasive pre-surgical investigations undertaken at the 

study institution. This includes the clinical history and semiology, scalp EEG / video telemetry, 

neuropsychological and neuropsychiatric evaluations, structural and functional MRI, PET and 

SPECT imaging. Entry regions were also specified for SEEG trajectories when the lateral 

neocortex was also of electrophysiological interest. 

4.3.2 Ethical Approval 

Ethical approval for this study was provided by the National Research Ethics Service 

Committee London, approval reference: 12/LO/0377. Written consent was obtained from all 

patients prior to inclusion in the study. 

4.3.3 Computer-assisted planning 

Pre-operative SEEG planning was performed within the EpiNav™ platform (CMIC, UCL / 

KCL), which has been described previously(Sparks et al., 2017a; Vakharia et al., 2018e). In brief, 

a single gadolinium-enhanced T1 acquisition is used as a reference image to which all other 

imaging modalities are registered. A whole-brain parcellation was generated, using Geodesic 

Information Flow (GIF)(Cardoso et al., 2015a), from which models of the cortex, grey matter and 

sulci are extracted in an automated fashion. Vascular segmentations were performed following 

application of a Sato filter to the pre-operative digital subtraction angiography and manual 

thresholding(Zuluaga et al., 2015). Depending on the spatial distribution of the SEEG 

implantation and the patient’s individual anatomy, injections of the ipsilateral internal carotid 

artery and a vertebral artery were performed. The EpiNav™ algorithm generates SEEG 

trajectories based on optimisation of user-defined parameters, which include intracerebral 

length, drilling angle to the skull, grey matter sampling ratio, minimum distance from 

vasculature, risk score and avoidance of critical structures(Nowell et al., 2016b). The user-

defined parameters applied during this study are shown in Table 13: 

Table 13: User defined parameters for prospective computer-assisted planning 
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Parameter Value 

Intracerebral length (mm) <90 

Drilling angle to the skull (deg) <30 to orthogonal 

Grey matter sampling ratio Maximise 

Minimum distance from 

vasculature (mm) 

>3 

Risk score <1 

Avoidance of critical 

structures 

Sulcal model 

Distance between electrodes 

(mm) 

>10 

 

The risk score is a mathematical representation of the avascular corridor through which 

the planned trajectory passes in order to reach the target (see Equation 2). It is calculated by 

fitting 128 nodes along the planned trajectory and measuring the distance between the 

trajectory and vasculature at each node(Sparks et al., 2016, 2017a). A cumulative score is then 

provided scaled by the minimum distance defined by the user. In this study, a 3 mm minimum 

distance from vasculature was applied to result in trajectories that pass within 3 mm of a vessel 

returning a risk score >1.  

The user inputs the implantation strategy by typing or selecting the anatomical region 

of interest. The entry and target regions are based on the segmentation provided by the GIF 

parcellation. An example of a typical strategy and plan generated from the GIF parcellation is 

shown in Figure 17. The automated planning algorithm first removes trajectories that do not 
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adhere to the length and angle constraints. Next, trajectories that do not pass through the entry 

region, if specified, or conflict with critical structures are also removed. The remaining 

trajectories are then optimised for grey matter sampling and returned to the user in a risk-

stratified manner, i.e. lowest risk score first.    

Following CAP, the user reviews each trajectory to ensure clinical feasibility and safety. 

The potential trajectories generated for a specific target (or entry-target pair) can be iterated 

through using the ‘Next Entry’ or ‘Next Target’ functions. Manual changes to the entry and target 

points can also be performed by the user if no suitable CAP generated trajectory is found.  

 

4.3.4 Cluster generation 

Following prospective SEEG planning and surgical implantation in the first 12 cases (108 

electrodes), each patient’s reference image was normalised to the MNI-152 (ICBM 2009a 

Nonlinear Asymmetric) group template(Fonov et al., 2011). The parameters for transformation 

were then applied to the electrode trajectories and coordinate points for the entry and target 

points were extracted. Right and left side trajectories were combined through flipping. Entry 

point coordinates were taken at the intersection of the planned trajectory and the cortical 

surface. The cluster centroids for trajectories were calculated from the coordinates in cases in 

whom the region of interest was targeted five or more times to form the training set. 

Trajectories targeting patient-specific abnormalities, such as lesions or PET / SPECT 

abnormalities, were excluded.  A total of 11 entry and 14 target regions of interest were 

included. Within-cluster sum of squares (WCSS) was calculated to quantify the extent of 

variance. Based on the normalised trajectories, spatial priors were then generated to constrain 

the entry and target points and applied prospectively to a further 20 patients (210 electrodes).  
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Figure 17: EpiNav Strategy from GIF parcellations  

 

Figure 17 Legend: A) A typical example of an anatomy-driven multiple trajectory planning strategy (Sparks et al., 2017a), with the target and entry points for the 

trajectory specified by the user. B) The 3D segmentation of the whole brain structures outlined in the strategy and C) the corresponding CAP trajectories optimising 

for the user-defined parameters.
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4.3.5 Prospective Validation 

Prospective planning was performed with spatial priors derived from the training set. 

Here binary masks were generated to include the previous trajectory entry and target points for 

each trajectory. The binary masks were then converted to meshes and used to subsequently 

guide implantation in a further 20 cases within the test set. The predictive accuracy of the spatial 

priors was determined by the proportion of trajectories that passed through both the entry and 

target spatial priors. In addition, the Euclidean distances between the cluster centroids from the 

prospective trajectories (test set) and those derived from the first 12 cases (training set) were 

calculated to quantify the prediction accuracy. 

4.3.6 Active learning 

As a further implementation, we sought to incorporate a system whereby the spatial 

priors could adapt to evolving SEEG planning practices. The added flexibility would allow the 

spatial priors to adapt and potentially incorporate new entry or target points outside of the 

original spatial priors. This would permit external institutions to use the above spatial priors and, 

with subsequent SEEG implantations, enable it to adapt to the individual surgeon's preferences. 

This was accomplished through the implementation of a K-Nearest Neighbor (K-NN) classifier to 

data from the prospective validation dataset, which was added in five-folds. The K-NN was 

deployed using Euclidean distance from 5 uniformly weighted neighbours to determine the 

classifier assignments. Computational analysis was performed with custom scripts utilising 

functions from the following python libraries: Pandas, Numpy and SciKit learn. The Matplotlib 

library was used for data visualisation. 

4.4 Results 

4.4.1 Cluster generation 

In total, 11 entry and 14 target point clusters were included in the training set derived 

from the first 12 patients (See Figure 18).  Entry spatial priors for the anterior insula, posterior 

insula and medial parietal regions were not generated due to the large dispersion indicating a 

lack of consistency during planning. An overview of colour coded spatial priors derived from the 

entry and target regions of the training set are showed in Figure 19 
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Figure 18: MNI coordinate space entry and target points for training set electrodes 

a) Entry clusters from the training set:  
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b) Target clusters from the training set: 

 

Figure 18 Legend: Coordinates of the a) entry, shown from a right anterolateral projection, and b) target points, shown from a right lateral projection, for electrode 

trajectories within the training set (n=12 patients). Greater transparency represents trajectory points closer to the midline.
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Figure 19: Spatial Priors 
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Figure 19 Legend: Panel of 3D images shown from right lateral projection with colour-coded 

entry (columns 1 and 3) and target (columns 2 and 4) spatial priors within GIF defined anatomical 

regions (pink). Colour scheme: Amygdala: Cyan, Hippocampus: Yellow, Temporo-occipital 

junction: Green, Orbitofrontal cortex: Red, Anterior Insula: Copper, Posterior Insula: Grey, 

Anterior Cingulum: Dark pink, Middle Cingulum: Purple, Posterior Cingulum: Blue, Mesial 

prefrontal cortex: Yellow, Supplementary sensory-motor area: Magenta, Precuneus: Orange. 
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Table 14: Summary of Test Set Trajectories in Relation to Training Set Priors 

 No. trajectories Through prior Outside prior 

Orbitofrontal 15 13 (87%) 2 (13%) 

Amygdala 17 16 (94%) 1 (6%) 

Anterior 
Hippocampus 

11 8 (73%) 3 (27%) 

Posterior 
Hippocampus 

13 10 (77%) 3 (23%) 

Anterior Cingulum 10 10 (100%) 0 (0%) 

Middle Cingulum 13 7 (54%) 6 (46%) 

Posterior 
Cingulum 

15 12 (80%) 3(20%) 

Mesial pre-frontal 
cortex 

9 8 (89%) 1 (11%) 

Anterior SSMA 12 11 (92%) 1 (8%) 

Posterior SSMA 8 4 (50%) 4 (50%) 

Precuneus 7 4 (57%) 3 (43%) 

Anterior Insula 17 10 (59%) 7 (41%) 

Posterior Insula 10 10 (100%) 0 (0%) 

Total 157 123 (78%) 34 (22%) 
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Figure 20: Test set implanted electrodes 
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Figure 20 Legend: Panel of 3D cortical images shown from various projections with implanted 

electrode trajectories from the test set (red) passing through the entry spatial priors (yellow) to 

the target spatial priors (blue) with the GIF defined anatomical structure shown in green. 

 

4.4.2 Prospective validation 

A further 20 patients were then prospectively planned and implanted using the spatial priors 

derived from the previously implanted trajectories within the training set. Of the prospectively 

planned trajectories, 78% (123/157) were able to be planned and implanted using the spatial 

priors to restrict the entry and target regions (see Table 14 and Figure 20). The remaining 22% 

of prospectively implanted trajectories required entry or target pointed outside of the spatial 

priors. Coordinates for the entry and target point cluster centroids from the training set with 

Euclidean distance to the cluster centroid from the prospective group are shown in Table 15. 

There were no radiological or clinically significant haemorrhages as a result of electrode 

implantations in either the training or test set patients. 

 

4.4.3 Active learning 

As a further implementation, a K-NN classifier was applied to allow the spatial priors to 

adapt to on-going and evolving planning practices. To mimic the real-world workflow of an 

external institution, we first defined the boundaries of the entry and target spatial priors based 

on the data in the training set. Subsequent implantations from the test set validation group were 

then added to the training set in five folds (random selection of 42 new trajectories with each 

fold). The K-NN classifier was iteratively applied and the changes in the target spatial priors are 

shown in Figure 21. After the addition of the third fold, corresponding to 192 electrodes (roughly 

20 patients), there was LITTle further change in the priors suggesting this was sufficient to learn 

the planning preferences of the surgeon.  
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Table 15: Entry and Target Cluster Centroid Coordinates for Training and Test Sets in MNI space 

 Entry Target 

 Cluster Centroid 
Coordinates 

Test 
set 

error 

Cluster Centroid 
Coordinates 

Test 
set 

error 

ROI Method X Y Z Euclid
ean 

(mm) 

X Y Z Euclid
ean 

(mm) 

Amygdala Training -62.63 9.47 -22.41 10.16 -14.29 3.55 -21.05 2.49 

Test -57.40 2.24 -27.27 - -15.06 5.53 -19.74 - 

Anterior 
Hippocam

pus 

Training -66.20 8.00 -26.07 13.59 -20.44 13.33 -20.66 4.25 

Test -69.07 18.68 -18.19 - -21.16 14.75 -16.73 - 

Posterior 
Hippocam

pus 

Training -69.12 36.34 -11.19 6.53 -23.53 30.35 -11.13 4.29 

Test -69.87 36.35 -9.50 - -25.17 26.46 -11.89 - 

Temporo-
occipital 
junction 

Training -67.41 55.60 3.71 10.29 -13.59 47.81 -6.84 9.09 

Test -61.63 51.20 -3.57 - -14.58 40.97 -12.73 - 

Orbitofro
ntal 

cortex 

Training -51.96 -46.41 0.08 6.52 -2.05 -35.08 -16.66 5.23 

Test -48.19 -43.82 4.72 - -5.77 -34.26 -13.08 - 

Anterior 
Cingulum 

Training -38.87 -47.14 32.07 18.08 -3.02 -28.10 16.48 3.64 

Test -46.12 -31.09 36.19 - -2.49 -26.58 13.22 - 

Middle 
Cingulum 

Training -46.65 -20.74 46.22 8.57 -1.62 5.49 29.48 9.75 

Test -45.40 -14.19 51.59 - -2.34 -3.52 33.15 - 
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Posterior 
Cingulum 

Training -65.10 41.82 39.26 9.27 -1.95 41.16 27.60 3.37 

Test -60.53 33.91 37.63 - -2.49 38.44 25.67 - 

Mesial 
prefrontal 

cortex 

Training -35.38 -54.05 26.89 28.80 -2.91 -44.27 20.73 15.90 

Test -24.59 -38.85 48.83 - -2.65 -31.24 29.84 - 

Anterior 
SSMA 

Training -20.87 -19.80 66.95 18.65 -3.36 -9.94 47.31 10.76 

Test -33.90 -6.46 66.90 - -3.49 0.18 50.94 - 

Posterior 
SSMA 

Training -23.90 -5.70 74.89 19.48 -3.58 2.80 51.37 11.41 

Test -35.67 9.07 70.12 - -4.02 14.20 51.12 - 

Mesial 
parietal 

Training ±35.50 52.00 71.26 8.37 -3.70 41.29 52.61 15.31 

Test ±41.96 50.50 66.15 - -2.92 49.34 39.62 - 

Anterior 
Insula 

Training ±58.26 -16.00 24.83 12.07 -34.75 -13.33 -2.17 7.72 

Test ±48.50 -22.97 26.17 - -31.64 -12.98 4.88 - 

Posterior 
Insula 

Training - - - - -36.87 12.47 5.72 4.93 

Test - - - - -32.23 13.82 4.76 - 

*Please note, all coordinates provided in MNI-152 template space.  Regarding the X-axis 

positive values denote the right hemisphere and negative values the left. Regarding the Z-axis 

negative values refer to coordinated inferior to the origin (centre of image). 
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4.6 Discussion 

We present the results of a prospective validation study utilising spatial priors to refine 

computer-assisted planning of SEEG electrode trajectories. Based on a training set of 12 patients 

(108 electrodes) in which the EpiNav™ platform was used for CAP based on the GIF parcellation, 

we generated entry and target spatial priors for common regions of interest (targeted five or 

more times).  The spatial priors were then used to restrict the entry and target points within the 

regions of the interest for CAP in a further 20 prospective patients (210 electrodes). The spatial 

priors were able to return feasible trajectories for 78% of electrodes. Each of these was 

subsequently implanted without complication. For the remaining 22%, the entry or target points 

were outside of the spatial priors suggesting anatomical constraints necessitated changes in the 

planning strategy. We provide the spatial priors in template space for use by other institutions 

during CAP and as a potential starting point for standardisation of SEEG trajectories.  

This is the first prospective study, specifically assessing the utility of spatial priors to 

refine computer-assisted SEEG trajectory planning. Two main methods for SEEG CAP have been 

implemented in the literature. The first is where the user defines a target point and the 

algorithm returns a trajectory with the lowest risk score(Nowell et al., 2016b). This has the 

benefit of ensuring that the precise region of interest within the anatomical structure is 

targeted, but this limits the algorithm to return the local, but not global, minimum risk score. It 

may also lead to a failure of the CAP algorithm to return a feasible trajectory, especially if the 

chosen target point is adjacent to a critical structure and therefore contravenes a ‘hard 

constraint’ within the planning algorithm. Due to this, some groups have suggested ‘roughly’ 

selecting the entry and target point(De Momi et al., 2013a, 2014b; Scorza et al., 2017). The 

algorithm then returns trajectories within a 1 cm radius allowing for slightly more variation in 

the entry and target points. This method still requires manual user interaction for rough 

placement.  
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Figure 21: K-Nearest Neighbour classifier 

 

Figure 21 Legend: K-NN classifier in MNI coordinate system used to define spatial prior boundaries for target points based on the training set and subsequent 

addition of five folds of data from the test set. Dynamic refinement of the spatial priors can be seen with the addition of subsequent implantation information.  
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Another method that has been implemented is to allow the algorithm to define the 

entry and target points automatically within predefined anatomical structures(Sparks et al., 

2017a). This is reliant on the anatomical segmentation provided by whole-brain parcellations 

such as Freesurfer(Dale et al., 1999) or GIF(Cardoso et al., 2015a). In general, whole-brain 

parcellations are developed from healthy controls and the accuracy of the segmentation may 

fail in patients with gross anatomical abnormalities or following previous surgery. A further 

limitation is that in some cases the anatomically defined entry and target regions may be very 

large such as electrodes targeting the anterior cingulum, which typically enter through the 

middle frontal gyrus. The computer planning algorithm then returns the global minimum risk 

score, but this may not be practical or feasible. Algorithms have been able to counter this 

problem to some extent through maximising spatial distribution, but only when multiple 

electrodes pass through a single region of interest(Sparks et al., 2017a). One example of this can 

be seen with temporal implantations. In such a scenario sampling the temporal pole, amygdala, 

anterior hippocampus, posterior hippocampus and temporo-occipital junction may be required. 

Unless the clinical scenario dictates otherwise, it is likely that that entry points for all of these 

electrode trajectories will pass through the middle temporal gyrus. It is beneficial, therefore for 

the lateral neocortical sampling to be spatially distributed along the anteroposterior axis to 

prevent electrode conflicts and also aid in the delineation of the lateral neocortical resection 

margin. More advanced systems also enable the user to iterate through the proposed 

trajectories in a risk-stratified manner until a feasible trajectory with the lowest risk score is 

identified. Spatial priors are able to overcome this limitation as the entry and target points are 

confined to previously implemented trajectories. This removes the reliance on whole-brain 

parcellations for the entry and target point constraints and ensures reliable spatial sampling. 

Another benefit is that the risk-stratified trajectories returned to the user are more likely to be 

feasible, reducing the need to iterate through the options. In generating these spatial priors, we 

purposefully excluded trajectories that targeted unique patient-specific abnormalities, such as 

focal cortical dysplasias, as these would not be generalizable when considering trajectory 

planning in other patients. 

As a further analysis, we implemented a K-NN classifier as part of an adaptive learning 

algorithm. In order to mimic the real-world use of the algorithm for a new centre adopting the 

spatial priors, the K-NN classifier first generated the boundaries that define the spatial priors for 

the entry and target points of the electrodes in the training set. Further electrode entry and 
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target points were then iteratively added in five-folds, each with 42 randomly selected 

trajectories. The K-NN classifier then adjusted the spatial priors based on the additional 

implanted electrode information. The unique benefit of this active learning technique is the 

ability to dynamically adapt to different planning practices and learn individual surgeon 

preferences with time. In this implementation, the weighting was uniformly distributed, that is 

to say, that each of the entry and target points contributes to the classifier equally. When 

surgeons prefer entry or target regions within a specific prior, weightings could then also be 

applied to favour the distribution. Further work could also implement reinforcement learning 

algorithms to potentially improve the speed of learning.  

 

4.7 Conclusion 

Spatial priors are a valuable contribution to CAP, allowing future implantations to be 

guided by previous planning experience. Through the prospective application of spatial priors, 

we show that feasible trajectories can be planned and implanted in test cases enabling CAP to 

be performed without the need for whole-brain parcellations. In addition, experience from SEEG 

trajectory planning can be continually refined and used to personalise the spatial priors in a 

dynamic fashion, through the implementation of a K-NN classifier. We have made our 

institutional priors for commonly used SEEG trajectories publically available as a starting point 

for those wishing to embark upon computer-assisted planning or as motivation for manual 

planning



5 Automated trajectory planning for LITT in mesial temporal lobe epilepsy: Based on 

(Vejay N. Vakharia et al., 2018a) 

 

5.1 Abstract 

5.1.1 Objective 

Surgical resection of the mesial temporal structures brings seizure remission in 65% of 

individuals with drug-resistant mesial temporal lobe epilepsy (MTLE). LITT is a novel therapy 

which may provide a minimally invasive means of ablating the mesial temporal structures with 

similar outcomes, whilst minimizing damage to the neocortex. Systematic trajectory planning 

helps ensure safety and optimal seizure freedom through adequate ablation of the 

amygdalohippocampal complex (AHC). Previous studies have highlighted the relationship 

between the residual unablated mesial hippocampal head and failure to achieve seizure 

freedom. We aim to implement computer-assisted planning (CAP) to improve the ablation 

volume and safety of LITT trajectories. 

5.1.2 Methods 

Twenty-five patients that had previously undergone LITT for MTLE were 

retrospectively studied. The EpiNavTM platform was used to automatically generate an optimal 

ablation trajectory, which was compared with the previous manually planned and 

implemented trajectory. Expected ablation volumes and safety profiles of each trajectory were 

modelled. The implemented laser trajectory and achieved ablation of mesial temporal lobe 

structures were quantified and correlated with seizure outcome. 

5.1.3 Results 

CAP automatically generated feasible trajectories with reduced overall risk metrics 

(p<0.001) and intracerebral length (p = 0.007). There was a significant correlation between the 

actual and retrospective CAP anticipated ablation volumes supporting a 15 mm diameter 

ablation zone model (p < 0.001). CAP trajectories would have provided significantly greater 

ablation of the amygdala (p = 0.0004) and AHC (p = 0.008), result in less residual unablated 

mesial hippocampal head (p = 0.001), and also reducing ablation of the parahippocampal gyrus 

(p = 0.02).  
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5.1.4 Conclusion 

Compared to manually planned trajectories CAP provides a better safety profile, with a 

potentially improved seizure-free outcome and reduced neuropsychological deficits, following 

LITT for MTLE. 
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5.2 Introduction 

Numerous operative techniques have been described to treat mesial temporal lobe 

epilepsy (MTLE) including anterior temporal lobe resection (ATLR) and selective 

amygdalohippocampectomy (SAH).   The most common form of ATLR, based on the 

technique described by Spencer et al(Spencer et al., 1984a), involves resection of the lateral 

neocortex, temporal pole and amygdala prior to intraventricular resection of the 

hippocampal head and body to the level of the tectal plate. More selective approaches, 

including transsylvian(Wieser et al., 1982), transcortical(Olivier, 2000) and subtemporal(Hori 

et al., 1993) SAH, have not given better seizure freedom rates or neuropsychological 

outcomes(Englot et al., 2014; Morino et al., 2006; West et al., 2015b). As the fear of the 

operation is cited as a major factor preventing patients from undergoing surgery, a less 

invasive means of ablation may be more acceptable to patients and potentially increase 

surgical uptake. Thermal ablation is a lesioning technique that has been used in 

neurosurgery for many years with variable success(Cossu et al., 2015; Malikova et al., 2014; 

Parrent et al., 1999). The main limitation of earlier methods was the unpredictable nature of 

thermal lesioning and the lack of real-time monitoring. The combination of MR 

thermography techniques with laser technology has allowed precise intracerebral lesioning 

to be performed using laser interstitial thermal therapy (LITT)(Curry et al., 2012). The 

majority of the clinical experience surrounding LITT in epilepsy uses the Visualase system 

(Medtronic Inc.). The extent of the thermal ablation volume is monitored with real-time with 

MR thermography(Hoppe et al., 2017). A critical part to the process, both in terms of safety 

and efficacy, involves the planning of the laser trajectory as this determines ablation safety, 

location and volume. Previous studies have not shown ablation volume to be a predictive 

factor for the post-LITT outcome, but have suggested anatomical height of the amygdala and 

volume of residual unablated mesial hippocampal head as important factors(Gross et al., 

2016; Jermakowicz et al., 2017b; Kang et al., 2016; Willie et al., 2014; Wu et al., 2015).  

Limiting collateral damage to the lateral temporal neocortex, parahippocampal gyrus 

(PHG) and subcortical white matter fibre tracts has been suggested to improve 

neuropsychological outcomes compared to ATLR (Drane et al., 2015).  Our aim is to validate the 

use of computer assisted planning (CAP) to maximise ablation of the amygdalohippocampal 

complex (AHC) whilst improving the safety profile when compared to previously implemented 

manually planned laser trajectories.Surgical resection of the mesial temporal structures brings 
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seizure remission in 65% of individuals with drug-resistant mesial temporal lobe epilepsy (MTLE). 

LITT is a novel therapy which may provide a minimally invasive means of ablating the mesial 

temporal structures with similar outcomes, whilst minimizing damage to the neocortex. 

Systematic trajectory planning helps ensure safety and optimal seizure freedom through 

adequate ablation of the amygdalohippocampal complex (AHC). Previous studies have 

highlighted the relationship between the residual unablated mesial hippocampal head and 

failure to achieve seizure freedom. Our objectives were to implement computer-assisted 

planning (CAP) to improve the ablation volume and risk score of LITT trajectories. 

5.3 Methods 

5.3.1 Patient inclusion  

Twenty-five patients with mesial temporal sclerosis that had previously undergone 

selective laser amygdalohippocampectomy (SLAH) at the Comprehensive Epilepsy Centre at 

Thomas Jefferson University between 2012 and 2016 were included in the study. Patients 

underwent manual trajectory planning and SLAH ablation using the Visualase system (Medtronic 

Inc.). All patients underwent a comprehensive pre-surgical evaluation and post-operative 

follow-up. Hemispheric language dominance was determined by functional MRI. The outcome 

was assessed based on a modified Engel scale in which we compared patients that were seizure-

free with or without auras for one year or more (class 1) compared to all other outcomes (class 

2-4)(Sperling et al., 2008). 

5.3.2 EpiNavTM  

EpiNavTM (Centre for medical imaging computing, University College London) is a 

multimodal imaging platform that has been described in previous chapters to undertake multi-

trajectory automated SEEG electrode planning optimised to maximise contact with grey matter 

and distance from segmented vasculature whilst reducing intracerebral trajectory length, 

drilling angle to the skull and overall risk(Nowell et al., 2016b; Sparks et al., 2016, 2017a; 

Vakharia et al., 2018e). We have now further developed EpiNavTM to plan automated selective 

amygdalohippocampal laser ablations.  

5.3.3 Model generation: 

Figure 22: Pipeline for automated LITT trajectories 
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Figure 22 Legend: a) T1 weighted MRI scans for each patient were used to generate geodesic 

information flow (GIF) brain parcellations. The whole brain is segmented into 140 separate 

anatomical structures that can be used to guide trajectory planning and model generation. 

b) Pseudo-CT images were generated from the same T1 weighted MRI scans to provide an 

image from which a model of the skull can be extracted. The external surface of the skull model 

is used to calculate the trajectory drilling angle and the inner surface is used to calculate 

intracranial trajectory length. 

c) Models of the cortex, lateral ventricle, amygdala, hippocampus, entorhinal cortex, 

parahippocampal gyrus, grey matter ribbon, inferior occipital gyrus, middle occipital gyrus, 

inferior temporal gyrus, middle temporal gyrus, intracranial mask and sulci are extracted from 

the GIF parcellation and combined with the skull model. In the image shown, the 

amygdalohippocampal complex is coloured in yellow, entorhinal cortex in pink and 

parahippocampal gyrus in green. The remaining models have been excluded for clarity. 

d) Based on the generated models the optimal trajectory is calculated to target the amygdala 

whilst preventing entry to the lateral ventricle, maximising contact with the hippocampus, 

distance from sulci and vasculature, minimising intracranial trajectory length and drilling angle 

to the skull. The calculated laser trajectory is shown in blue. 

e) A region of ablation is then modelled along the model laser trajectory. The visualase system 

is able to ablate a diameter between 5-20 mm. A conservative maximum ablation diameter of 

15 mm was applied to the model (red cylinder).  

f) Areas of overlap between the modelled laser ablation zone and the anatomical regions of 

interest were then extracted so that an estimation of the modelled ablation cavity could be 

calculated. The volume of each of the regions of interest within the modelled ablation cavity 

was calculated individually and as a whole. The amygdalohippocampal complex is shown in 

white and parahippocampal gyrus in green. 

(g) Expected ablation cavity within the ROIs (black) showing the extent of mesial hippocampal 

head ablation. The amygdalohippocampal complex is shown in yellow, parahippocampal gyrus 

in green and entorhinal cortex in pink. 
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Utilising a single T1-weighted MRI scan a whole-brain parcellation and pseudo-CT 

images were generated using geodesic information flow (GIF)(Cardoso et al., 2015b; Ferran 

Prados, M. Jorge Cardoso, Ninon Burgos, Claudia AM Wheeler-Kingshott, 2016). From the whole 

brain parcellation, anatomical regions of interest (ROIs) were extracted in an automated fashion 

including the lateral ventricles, hippocampus, amygdala, entorhinal cortex (ECx) and 

parahippocampal gyrus (PHG). ROIs were then manually inspected to confirm anatomical 

accuracy. Potential trajectories were risk-stratified based on cumulative distance from the sulci. 

The ventricular system was marked as an exclusion zone. Using CAP, target regions for LITT were 

defined as the amygdala in which the central point was transformed by 3 mm medial, 3mm 

anterior and 3mm inferior. The medial and inferior transformation was based on preliminary 

data to improve the ablation of the mesial hippocampal head and avoid heat transfer to the 

temporal stem and globus pallidus, respectively. The anterior transformation ensured that the 

trajectory target was situated on the anterior surface of the amygdala(Wu et al., 2015). The CAP 

algorithm selectively weights trajectories that maximise contact with the centre of the AHC and 

provides a quantitative measure of this as a proportion of the entire structure. To facilitate 

cannulation of the long axis of the AHC, the entry point for CAP was assigned as the inferior 

occipital gyrus. Post-ablation MRI scans were assessed after generation of CAP trajectories in all 

patients. Manual trajectory planning was undertaken utilizing the ‘posteroinferior corridor’ (Wu 

et al., 2015). Here, an initial target point is placed in the centre of the amygdala and a waypoint 

is placed between the occipital horn of the lateral ventricle and collateral sulcus. The trajectory 

is then extrapolated posteriorly to the cortical surface with medio-lateral adjustments to avoid 

vasculature, lateral ventricle and sulci. Finally, the target point is extrapolated forward to the 

anterior surface of the amygdala. 

5.3.4 Safety metric calculation:  

Each of the CAP generated trajectories were reviewed by a neurosurgeon for feasibility. 

For both CAP and manually planned trajectories, length, drilling angle to the skull, minimum 

distance from critical structures, overall risk (cumulative distance from critical structures) and 

minimum distance of trajectory from brainstem were automatically calculated(Sparks et al., 

2016). Due to a lack of dedicated vascular imaging, it was not possible to segment vascular 

models for the majority of cases in the study. To prevent potential conflict with cerebral 

vasculature, sulcal models were used as critical structures as blood vessels are most likely to be 

present within sulci. The risk score was measured as a cumulative distance from critical 

structures along the entire trajectory. Derivation of safety margins for stereotactic implantations 
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was based on the sum of the diameter of the probe, average target inaccuracy and three 

standard deviations of the inaccuracy(Cardinale et al., 2013).  Average target accuracy was based 

on the method of implantation used(Vakharia et al., 2017b). As a result, a 3 mm planning safety 

margin was applied.  Distances from critical structures greater than 10 mm returned a risk of 0, 

whilst distances < 3mm returned a risk of 1(Sparks et al., 2017a). The overall risk for trajectory 

was calculated along the whole of the intracerebral length of the trajectory.  

5.3.5 Ablation zone modelling: 

Following generation of the CAP and manual trajectories for each patient ‘expected 

ablation zones’ were produced using a 15 mm diameter dilation of the initial trajectory. ROIs 

within the expected ablation zone were extracted and the paired structure volumes calculated. 

For the purpose of the anatomical volume, laser ablation zone modelling and trajectory 

optimisation, only the part of the hippocampus anterior to the tectal plate was 

considered(Spencer et al., 1984b). From the post-ablation MRI scans, taken intra-operatively 

immediately after the final ablation, the achieved ablation cavities were manually segmented. 

ROIs within the achieved ablation cavity was then extracted and compared with the calculated 

(expected) modelled ablation cavities of the manual trajectory to determine the validity of using 

a 15 mm diameter ablation zone estimation. 

5.3.6 Statistical Analysis: 

Statistical analysis was performed using SPSS 24. Mann-Whitney-U and Kruskal-Wallis 

tests were performed for non-parametric comparisons. Correlation between ROI ablation 

volumes was calculated using a Pearson correlation. A p-value <0.05 was taken to be significant. 

5.3.7 Institutional review board approval: 

#15D.106 – “Volumetric Analysis of MRIs in Patients with Mesial Temporal Lobe Epilepsy 

Treated with Stereotactic Laser Amygdalohippocampectomy” (Thomas Jefferson University 

Hospital ) 

 

5.4 Results 

Patient demographics Twenty five patients (12 male) with MTS who had previously 

undergone LITT were studied (see Table 16). Post-LITT outcome data were available for all 

patients with a mean follow up duration of 24.4 +/- 14.1 months (mean +/- S.D.). At last follow 

up 44% (11/25) of patients were seizure-free. One patient with class 3 outcome underwent a 
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further LITT ablation 12 months following the first with no improvement in outcome. Three of 

the other patients with class 3 outcome and both of the patients with class 4 outcome 

subsequently underwent ATL lobe resection. ATLR resulted in seizure freedom in 2 of the 3 class 

3 outcome patients.  



Table 16: Study patients demographics and clinical features 

Patie

nt 

Age Gender Duration 

of 

epilepsy 

(years) 

Hemispheric 

language 

Dominance 

Side of 

ablation 

Follow up 

duration 

(months) 

Modified Engel 

outcome at last 

follow up 

Complications 

following LITT 
Comments 

1 25 Male 23 Left Left 30 1 None  

2 35 Male 5 Left Left 11 3 None  

3 

29 

Male 

16 

Left Left 

10.5 3 

Transient blurry 

vision, 

single episode of 

psychosis requiring 

hospitalization 

 

4 29 Female 2 Left Left 15 2 None  

5 
11 

Male 
4 

Left Right 
8 3 None Underwent ATL 8 months post-LITT 

6 56 Female 40 Left Left 61.5 1 None  

7 57 Female 44 Left Left 14 3 None  

8 19 Male 3 Left Right 35 1 None  

9 
65 

Male 
10 

Left Left 
8 4 None Underwent ATL 8 months post-LITT 

10 
48 

Female 
40 

Left Right 
26.5 2 None Also has parafalcine meningioma 

11 41 Female 15 Left Left 41 1 None  
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12 

20 

Female 

19 

Left Right 

18 3 

Transient anxiety with 

panic attacks Underwent ATL 18 months post-LITT 

13 66 Male 31 Left Left 17 1 None  

14 

23 

Female 

22 

Left Left 

29.5 3 

Contralateral superior  

quadrantanopsia 

Underwent reablation 12 months post-

LITT 

15 66 Female unknown Left Left 27 3 None "Epilepsy since childhood" 

16 

29 

Male 

24 

Left Left 

31.5 1 

Transient increased 

anxiety   

17 54 Female 58 Left Right 45 1 None  

18 
52 

Female 
14 

Left Left 
6 4 None Underwent ATL 6 months post-LITT 

19 58 Male 8 Left Left 4.5 2 Committed suicide Pre-existing mood disorder 

20 52 Female 13 Right Right 29 1 Transient CN IV palsy  

21 59 Male 37 Left Left 37 1 None  

22 14 Male unknown Left Left 24 2 None "Epilepsy since childhood" 

23 34 Female 33 Left Left 27 1 None  

24 
49 

Male 
24 

Left Left 
15 3 None Underwent ATL 15 months post-LITT 

25 43 Female 15 Left Left 40 1 None  

Mean 

41.4 

M:F = 

12:13 21.7 

L:R = 24:1 L:R = 19:6 

26.5 (Median)    

S.D. 17.2  14.9       



 

5.4.1 Trajectory characteristics:  

The mean trajectory length was 8mm less with CAP than manual planning (p = 0.007). 

The overall risk score was lower with CAP trajectories (p < 0.001) were significantly (Table 17).  

 

Table 17: Summary of qualitative safety metrics for manual and CAP generated trajectories 

 

 Manual trajectory 

(mean +/- SD) 

CAP trajectory (mean 

+/- SD) 

 

p-value 

Length (mm) 90 +/- 12 82 +/- 6  0.007* 

Drilling angle (deg) 31.1 +/- 7.8 32.3 +/- 8.5 0.47 

Proportion of 

trajectory within 

centre of AHC 

0.50 +/- 0.40 0.55 +/- 0.20 0.66 

Overall risk score 2.02 +/- 0.64 0.96 +/- 0.20 <0.001* 

*denotes statistical significance with p<0.05 

 

With the variability in the individual anatomy of the lateral ventricles, depth of the 

collateral sulcus and extent of sclerosis of the hippocampus a feasible entry point through the 

lateral aspect of the inferior occipital gyrus was achieved by CAP in 72% (18/25) of cases. In all 

instances, the amygdala, in which the centre-point was transformed by 3 mm medial, 3 mm 

anterior and 3 mm inferior, could be used as the target point. The remaining entry points 

traversed the lateral aspect of the middle occipital gyrus in 20% cases (5/25) and the posterior-

most aspect of the middle temporal gyrus in 8% cases (2/25). 

5.4.2 ROI model ablation volumes:  

Following the implementation of a 15 mm laser ablation diameter to both the CAP and 

manually planned trajectories, CAP trajectories significantly increased the modelled ablation 

volume of the AHC from 2748 +/- 771 mm3 (mean+/-S.D.) to 3282+/- 605 mm3 (mean+/-S.D.) 

equating to an extra 11.34% of the total anatomical volume (p = 0.0075). Amygdala ablation 

volumes increased by an extra 15.7% of the total anatomical volume (p = 0.0004). The residual 

(unablated) depth of the mesial hippocampal head reduced by 73% (p < 0.001).  CAP planned 
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trajectories, resulted in an 11.3% decrease of the anatomical volume of PHG being ablated (p = 

0.02) and reduction in distance of the centre of the trajectory from the brainstem by 1.85 mm 

(p = 0.0052). (See Table 18). 

 

5.4.3 Actual and expected cavity volumes 

Ablation cavities from the post-ablation images of the manually planned trajectories 

were manually segmented for all patients and volumes calculated. A total implemented mean 

ablation cavity volume of 6675 +/- 2470 mm3 was achieved, whilst the total volume of grey 

matter within the ablation cavity was 3259 +/- 1352 (mean+/-S.D.). The mean proportion of the 

implemented ablation cavity containing grey matter was 49%; the remaining half of the ablation 

cavity was in white matter. 

 

The volumes of the achieved AHC ablations were compared with the expected AHC 

ablations when a 15 mm diameter ablation zone was applied to the manually planned and CAP 

trajectories. The estimated correlation coefficient was 0.64 with 95% confidence interval (0.38 

to 0.89), suggesting a significant linear association (R2 = 0.535, p < 0.001). Differences between 

actual and modelled ablation volumes, when implementing a cylindrical 15 mm ablation zone, 

are shown in Table 19. 



Table 18: Expected ablation volumes and parameters of anatomical regions of interest 

Structure Anatomical volume 

(mm3) (mean +/- SD) 

Manual trajectory 

ROI volume ablated 

(mm3) (mean +/- SD) 

Manual trajectory % 

ROI ablated (mean 

+/- SD) 

CAP trajectory ROI 

volume ablated 

(mm3) (mean +/- SD) 

CAP trajectory % ROI 

ablated (mean +/- SD) 

p-value 

Amygdala 1648.19 +/- 359.53 739.84+/- 372.29  45.80+/-20.45 994.03+/- 318.77 61.16+/- 15.82 0.0004* 

Hippocampus 2987.22 +/- 477.36 2003.28+/- 565.33 67.68 +/- 17.55 2079.32+/- 488.46 70.18 +/- 14.44 0.6152 

AHC 4792.43 +/- 735.75 2748.30+/- 771.30 57.82 +/- 15.05 3282.49+/- 604.62 69.16 +/- 11.54 0.0075* 

ENCx 2318.75 +/- 562.01 246.85+/- 271.41 11.35 +/- 13.85 212.89+/- 270.77 8.87 +/- 10.77 0.7005 

PHG 3023.94 +/- 506.75 621.94+/- 495.06 20.77 +/- 16.15 358.60+/- 258.02 12.56 +/- 9.78 0.0243* 

Total 10135.12 +/- 1395.68 3686.26+/- 959.25 36.73 +/- 9.76 3932.00+/- 793.52 39.31 +/- 8.73 0.3116 

Residual 

(unablated) 

N/A 4.45+/- 1.58 N/A 1.19+/- 1.37 N/A <0.0001* 
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depth of MHH 

(mm) 

Distance from 

brainstem (mm) 

N/A 11.75+/- 2.81 N/A 9.90+/- 2.18 N/A 0.0052* 

 

Abbreviations: AHC – Amygdalohippocampal complex; ENCx – Entorhinal cortex; PHG – Parahippocampal gyrus; MHH – Mesial hippocampal head. *denotes 

statistical significance with p<0.05. 
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Table 19: Error between expected and achieved ablation volumes 

Structure Achieved manual 

trajectory ROI 

ablation  

Expected manual 

trajectory ROI 

ablation 

Estimation error 

as a proportion 

of anatomical 

volume (%) 

 

Amygdala 741.92 +/- 

423.93 

739.84 +/- 

372.29 

-2.08% 

Hippocampus 1630.32 +/- 

580.90 

2003.28 +/- 

565.33 

+12.49% 

AHC 2510.54 +/- 

887.46 

2748.30 +/ - 

771.30 

+4.96% 

ENCx 269.23 +/- 

368.17 

246.85 +/- 

271.41 

-0.97% 

PHG 478.87 +/- 

447.05 

621.94 +/- 

495.06 

+4.73% 

Total ROIs 3258.59 +/- 

1351.81 

3686.26 +/- 

959.25 

+4.22% 

 

Abbreviations: AHC – Amygdalohippocampal complex; ENCx – Entorhinal cortex; PHG – 

Parahippocampal gyrus; ROI – Region of Interest. 

 

5.4.4 Correlation with seizure freedom outcome: 

There was no significant difference between seizure-free outcome and absolute total 

volume of ROI ablation (p = 0.73) or residual depth of the mesial hippocampal head (p = 0.43). 

A trend was found between seizure-free outcome and the baseline anatomical volume of the 

amygdala, but this failed to reach significance (p = 0.08). 
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5.5 Discussion 

5.5.1 Application of computer-assisted planning in neurosurgery  

CAP was first introduced to neurosurgery during the 1980s as a means of calculating 

frame-based coordinates during stereotactic brain biopsies (Davis et al., 1988). Advances have 

included the addition of multimodal imaging(Cardinale et al., 2015; Nowell et al., 2016a), 3D 

model generation(Rodionov et al., 2013), pathology segmentation, atlas and whole-brain 

parcellation integration(Sparks et al., 2017a). The most recent advances in CAP have been in 

automated trajectory planning for deep brain stimulation and SEEG procedures. Through the 

implementation of constraints such as maximising distance from blood vessels, avoidance of 

crossing sulcal boundaries, ensuring an orthogonal drilling angle to the skull, minimising 

intracerebral trajectory length and optimising grey matter sampling, algorithms can provide 

trajectories with improved safety metrics at a fraction of the planning time (Nowell et al., 2016b; 

Sparks et al., 2017a). Blinded external validation studies of CAP generated electrodes have 

shown that they achieve feasibility ratings similar to manually planned trajectories and may even 

provide feasible trajectories when manually planned trajectories are deemed 

infeasible(Vakharia et al., 2018e). Using the EpiNavTM software we have applied parameters to 

automate LITT trajectories for the management of mesial temporal sclerosis to improve 

trajectory safety metrics and maximise ROI ablation volumes beyond that of manually planned 

trajectories in a fully automated fashion (see Figure 22 for the processing pipeline).  

  

5.5.2 Correlation of ROI ablation with seizure and neuropsychological outcomes 

In contemporary series, seizure-free outcomes following LITT for mesial temporal 

sclerosis have varied between 54%(Willie et al., 2014) and 80% (Wu et al., 2015). In the study by 

Wu et al., seizure freedom was achieved in 80%. All patients had mesial temporal sclerosis, 

whilst in the study that achieved 54%, only 7 of 13 had unilateral mesial temporal sclerosis. This 

highlights the need for careful patient selection. A later study by Kang et al. (Kang et al., 2016) 

reported longer-term follow up on the same patient cohort as Wu et al. Seizure freedom fell to 

60% at two years. In another series, 23 patients had at least one year follow up and 65% of 

patients had an Engel class 1 outcome(Jermakowicz et al., 2017b). Jermakowicz et al. also report 

the lack of ablation of the mesial hippocampal head as being associated with poorer 

outcome(Jermakowicz et al., 2017b). Lateral trajectories through the hippocampus and lack of 

mesial temporal sclerosis also showed a trend towards a more unsatisfactory outcome. There 
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was no relation between the absolute ROI ablation volume and seizure freedom rates or 

neuropsychological outcomes. These findings correlate with the results of the current study, 

whereby there was also no relationship between postoperative seizure freedom rates and 

absolute total ROI ablation volumes. We report seizure freedom rates of 44% at a median follow 

up of 26.5 months. This is slightly lower than other studies in the published literature, but this 

likely reflects the normal variation and impact of individual outcomes on group level statistics in 

small case series. Nevertheless, this remains a minimally invasive alternative to open temporal 

lobe resection and repeat LITT or open surgery can still be performed if LITT is unsuccessful.  

 

5.5.3 Potential effect on neuropsychological outcomes 

Drane et al. compared patients undergoing SLAH with standard or tailored ATLR and 

showed in the dominant hemisphere, SLAH resulted in significantly less post-operative decline 

in famous face recognition and common noun naming(Drane et al., 2015). In the non-dominant 

hemisphere, ATLR resulted in a significant comparative decline in famous face recognition only. 

Given that both methods involve lesioning of the amygdala and hippocampus, it can be inferred 

that collateral damage to the surrounding cortical and subcortical structures compromises 

neuropsychological function. The CAP generated trajectories resulted in a significant reduction 

in the expected PHG ablation compared to manually planned trajectories. Furthermore, entry 

through the inferior occipital gyrus spares the lateral temporal neocortex, temporal pole and 

temporal stem. Prospective studies are required to determine whether this will lead to less post-

operative neuropsychological morbidity. 

 

5.5.4 Optimisation of laser trajectories 

Few studies have critically assessed implemented trajectories to improve AHC ablation 

volume. Our aim was to validate CAP trajectories, with regards to AHC ablation volume and 

safety metrics, when compared to manually planned trajectories. Wu et al. compared 

trajectories and ablation volumes after the implementation of a systematic method of manual 

trajectory planning(Wu et al., 2015). The method described is very similar to the approach 

automated by the CAP trajectories. This resulted in an increase in the amygdala ablation from 

42% to 66% and hippocampal ablation from 52% to 61%. In the current study, CAP generated 

trajectories were anatomically constrained and cumulative distance from the sulci was 

maximised and used as a basis of risk stratification. Given these constraints, there was a small 



210 
 

 

window between the collateral sulcus and the inferior surface of the occipital horn of the lateral 

ventricle through which trajectories could pass, which Wu et al. (Wu et al., 2015) originally 

described as the ‘posteroinferior corridor’. Due to the anatomical variation in the depth of the 

collateral sulcus and the size of the occipital horn of the lateral ventricle, a trajectory through 

the inferior occipital gyrus was only feasible in 72% (18/25) of cases. In the remaining cases, a 

more lateral and superior entry point was required through the posterior middle temporal and 

the lateral middle occipital gyri respectively.  Even with the application of the systematic method 

to increase ablation volume of manually planned trajectories, as described by Wu et al(Wu et 

al., 2015), the CAP trajectories provided an increased ablation of the AHC volume by 11.34% and 

reduced the depth of the mesial hippocampal head remnant to ~1 mm. The incidence of 

significant intracranial haemorrhage following LITT cannot be accurately distinguished from the 

literature due to the low number of published reports. Nevertheless, given that there were no 

haemorrhages in this case series, this does not mean that the risk of haemorrhage is zero. As a 

result, we implemented a risk stratification method based on the cumulative distance from 

critical structures such as vasculature or sulci (in cases where vascular segmentation could not 

be performed). Based on data from SEEG studies we model risk from 0 to 1 along the entire 

length of the trajectory(Sparks et al., 2016). Any point along the planned trajectory where a 

critical structure is within 3 mm is attributed a risk score of 1, whilst those greater than 10 mm 

are given a risk of 0. In this study, CAP trajectories halved the overall trajectory risk score. 

 

5.5.5 Significance and limitations 

Here we provide the first automated CAP pipeline for optimising laser trajectory 

planning utilising a single T1 weighted MRI image. This system is fully customisable to allow the 

user to anatomically constrain both entry and target points, stratify for ROI contact (central core 

of hippocampus) as well as defining critical structures to be avoided. To date, the only 

independent prognostic factor for seizure outcome following LITT is the residual (unablated) 

hippocampal head(Jermakowicz et al., 2017b), which CAP trajectories would reduce. 

Furthermore, the safety profile of the trajectory, as determined by the cumulative distance from 

the sulcal segmentation, is improved. The implication is that CAP trajectories may result in 

improved seizure freedom rates and improved safety profiles, although this remains to be 

proven through a prospective clinical trial. If future prospective studies are to be undertaken to 

determine if ROI ablation volume correlates with improved seizure freedom rates we estimate 
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~250 patients would need to be enrolled to detect an increased seizure freedom rate of 20% 

with a power of 90% at a significant level of p = 0.05. The current study is underpowered to 

detect such a difference statistically. 

 

LITT is likely to become more prevalent for the treatment of mesial temporal lobe 

epilepsy as short term outcomes have been shown to be comparable to open surgical 

intervention. As such, as the number of institutions performing LITT increases each will undergo 

a learning curve. The increase in adoption will inevitably lead to variability in patient outcomes 

and complication rates making initial comparisons to other modalities difficult. CAP may provide 

a solution whereby a uniform and objective means of generating laser trajectories overcomes 

the initial learning curve potentially providing sustained and reliable outcomes. As newer 

evidence emerges and experience grows the algorithm can be continuously modified to ensure 

optimal trajectories are implemented uniformly.  

The accuracy of ROI segmentation is based on the parcellation algorithm implemented 

within the model development stage. In this study, we implemented GIF(Cardoso et al., 2015b), 

a whole-brain parcellation, instead of a dedicated hippocampal segmentation. This has the 

added benefit of including nearby anatomical ROIs, such as the PHG, ENCx as well as allowing 

ventricular, sulcal and cortical entry ROI model generation simultaneously, at the relative 

expense of hippocampal segmentation accuracy. GIF was derived from healthy controls. As such 

when applied to populations with mesial temporal sclerosis it has a tendency to over-estimate 

the size of the hippocampus. All GIF segmentations were checked manually at the time of model 

generation and the over-segmentation of the hippocampus was minor. Given that the same 

segmentations were used for both manual and CAP trajectory assessment any error in the 

parcellation would effectively cancel out. 

Due to the retrospective nature of this comparison study, it was not possible to 

prospectively control for baseline image quality. In addition, the patients did not undergo 

dedicated vascular imaging, such as MRV, so vascular segmentation was not possible. Sulcal 

models were used as proxy critical structures to avoid deep vasculature, whilst trajectories that 

conflicted with surface veins, based on gadolinium enhance T1 images, were considered not 

feasible and the next risk-stratified trajectory, was selected. Future prospective studies should 

include standardised structural and vascular imaging protocols. The patient cohort was derived 

from a single centre and limited to two surgeons. Further studies should aim to be multi-centre 

in their design to validate the algorithm against variability in practice.  
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Finally, the application of a 15 mm diameter ablation zone around the CAP and manual 

trajectories to provide an ‘expected’ ablation cavity was not an exact estimation of the actual 

‘achieved’ ablation volumes. One reason for this is that the laser ablation zone in vivo is not 

cylindrical as the lateral ventricles and basal cisterns act as heat sinks dissipating the thermal 

energy. These anatomical features result in a non-linear ablation cavity that could not be easily 

modelled based on current clinical experience, due to patient variability. The intimate proximity 

of the hippocampus to the lateral ventricle and basal cisterns may explain why the expected 

cavity, based on a uniform ablation zone, disproportionately over-estimated hippocampal 

ablation compared to the other ROIs.  The estimated ablation cavity for both manual and CAP 

generated electrodes were calculated in the same fashion, to ensure uniformity during the 

comparison and account for any potential inaccuracy.  

 

5.6 Conclusion 

We present a novel, fully automated CAP system for the generation of LITT trajectories 

to maximise mesial temporal ROI ablations, improve trajectory safety metrics and maximise the 

ablation of the mesial hippocampal head when compared to manually planned and 

implemented trajectories. CAP also significantly reduces collateral damage to nearby structures, 

such as the parahippocampal gyrus, which may reduce the cognitive effects of the procedure. 

We have also validated a 15 mm diameter ablation zone model as a predictor of ROI ablation 

volume. Prospective studies of CAP are needed to determine if this method is associated with 

improved seizure outcomes and reduced neuropsychological deficits.  
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6 Optimising Trajectories in Computer-Assisted Planning for Cranial Laser Interstitial 

Thermal Therapy: A Machine Learning Approach. Based on (Li et al., 2019a) 

 

6.1 Abstract 

6.1.1 Objective 

Laser interstitial thermal therapy (LITT) is an alternative to open surgery for drug-

resistant focal mesial temporal lobe epilepsy (MTLE). Studies suggest maximal ablation of the 

mesial hippocampal head and amygdalohippocampal complex (AHC) improve seizure freedom 

rates whilst better neuropsychological outcomes are associated with sparing of the 

parahippocampal gyrus (PHG). Optimal trajectories avoid sulci and CSF cavities and maximize 

distance from vasculature. Computer-assisted planning (CAP) improves these metrics, but the 

combination of entry and target zones has yet to be determined to maximize ablation of the 

AHC whilst sparing the PHG. We apply a machine learning approach to predict entry and target 

parameters and utilize these for CAP. 

6.1.2 Methods 

Ten patients with hippocampal sclerosis were identified from a prospectively managed 

database. CAP LITT trajectories were generated using entry regions that include the inferior 

occipital, middle occipital, inferior temporal and middle temporal gyri. Target points were varied 

by sequential AHC erosions and transformations of the centroid of the amygdala. In total 7600 

trajectories were generated and ablation volumes of the AHC and PHG were calculated. Two 

machine learning approaches (Random Forest and Linear Regression) were investigated to 

predict composite ablation scores and determine entry and target point combinations that 

maximise ablation of the AHC whilst sparing the PHG. 

 

6.1.3 Results 

Random Forests and Linear Regression predictions had a high correlation with the 

calculated values in the test set ( = 0.7) for both methods. Maximal composite ablation scores 

were associated with entry points around the junction of the inferior occipital, middle occipital 

and middle temporal gyri. The optimal target point was anteromedial amygdala. These 
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parameters were then used with CAP to generate clinically feasible trajectories that optimize 

safety metrics. 

6.1.4 Conclusion 

Machine learning techniques accurately predict composite ablation score. Prospective 

studies are required to determine if this improves seizure-free outcome whilst reducing 

neuropsychological morbidity following LITT for MTLE. 
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6.2 Introduction 

As described in Chapter 5, LITT has emerged as a novel therapy for mesial temporal lobe 

epilepsy due to the ability to modulate the extent of the ablation cavity in real-time through MR-

thermography and providing seizure freedom rates comparable to open surgery (Gross et al., 

2018; Willie et al., 2014) with potentially improved neuropsychological outcomes (Drane et al., 

2015). The extent of ablation of the mesial hippocampal head has been shown to be an 

independent predictor of seizure freedom (Jermakowicz et al., 2017b), whilst sparing the 

parahippocampal gyrus (PHG) correlates with improved neuropsychological outcome (Drane, 

2017; Drane et al., 2015). 

To aid LITT trajectory planning and improve ablation volumes a systematic manual method 

utilising the ‘posterior-inferior corridor’ has been proposed (Wu et al., 2015). Comparisons of 

manually planned with computer-assisted planning of trajectories showed that the latter 

improved AHC ablation, reduced the unablated mesial hippocampal head remnant, spared the 

PHG and enhanced safety metrics (Vakharia et al., 2018d). CAP also provides a uniform objective 

method of trajectory planning that could help to overcome the initial learning curve associated 

with implementing a novel technology. 

Here we aim to implement machine learning techniques with CAP to determine the optimal 

parameters for LITT that will maximise AHC ablation, sparing of PHG and distance from critical 

structures such as the brainstem, sulci and vasculature.  

6.3 Methodology 

6.3.1 Subjects  

Ten consecutive pre-operative patients with mesial temporal sclerosis (5 left) that were 

eligible for LITT were identified from a prospectively maintained database at The National 

Hospital for Neurology and Neurosurgery, London. From a single T1 MPRAGE acquisition with a 

voxel size of 1 mm isotropic (TE/TR/TI = 3.1/7.4/400 ms; flip angle 11°; parallel imaging 

acceleration factor 2) whole brain parcellations and synthetic CT (pseudoCT) images were 

generated using geodesic information flow (Cardoso et al., 2015a) and a multi-atlas information 

propagation scheme(Burgos et al., 2013), respectively. Patient-specific 3D models of the cortex, 

ventricular system, brainstem, AHC, PHG, EnC and sulci were extracted from the whole brain 
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parcellation (see). EpiNavTM (UCL, CMIC) was then used to generate CAP trajectories based on a 

previously described algorithm(Vakharia et al., 2018d).  

6.3.2 Computer-assisted planning 

In brief, the algorithm aims to minimise the intracerebral catheter length, drilling angle 

from orthogonal to the skull and PHG ablation, whilst maximising distance from sulci, ventricles 

and intracranial vasculature, ablation of the mesial hippocampal head and AHC and distance 

from the brainstem (see Figure 23). Both sulci and intracranial vasculature are regarded as 

critical structures where the minimum distance was set to 3 mm. The overall risk score was 

calculated based on a cumulative distance from critical structures along the entire length of the 

trajectory and normalised between 0-2(Sparks et al., 2017b). See Equation 2: 

To determine the optimal trajectory parameters, CAP trajectories were calculated for all 

possible combinations of the following parameters for each patient: 

1. Entry zones (Inferior occipital gyrus (IOG), middle occipital gyrus (MOG), inferior temporal 

gyrus (ITG) and middle temporal gyrus (MTG). 

2. Morphological erosions (circumferential diminution) of the AHC (0, 1 and 2 mm) 

3. Target zones (translations of the centroid of the amygdala by 0-3 mm in the X, Y and Z planes) 

Based on these parameter combinations a total of 760 trajectories per patient were 

generated using CAP and a composite score was calculated by the following equation: 

Equation 3: Composite Score 

𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 𝑆𝑐𝑜𝑟𝑒 (𝑚𝑙) =  
𝐴𝐻𝐶𝑎𝑏𝑙𝑎𝑡𝑖𝑜𝑛

𝐴𝐻𝐶𝑎𝑛𝑎𝑡𝑜𝑚𝑖𝑐𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒
−

𝑃𝐻𝐶𝑎𝑏𝑙𝑎𝑡𝑖𝑜𝑛
𝑃𝐻𝐶𝑎𝑛𝑎𝑡𝑜𝑚𝑖𝑐𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒

 

where, AHC and PHC indicate the volumes (ml) of the correspondent structures. 
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Figure 23: Pipeline for machine learning and application parameters for individual patient planning 
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Figure 23 Legend: Trajectory planning requires a single T1 image from which a whole brain 

parcellation and pCT (not shown) are generated using geodesic information flows (GIF). 

Important structures required for planning were automatically segmented from the GIF 

parcellation and 3D models were generated of the cerebral cortex, sulci, mesial temporal lobe 

structures (hippocampus, amygdala, entorhinal cortex, parahippocampal gyrus), brainstem and 

ventricles. The automated trajectories were then calculated using EpiNav based on all possible 

combinations of entry region, target region and AHC erosion. Composite scores for each of the 

trajectories were calculated. Machine learning was performed on 50% (training set) and 

composite score predictions were compared with the actual values in the remaining 50% (test 

set). Optimal parameters for entry region, target region and erosion were defined. In 

combination with patient-specific vascular segmentations the optimal parameters could be 

then used as the basis for computer-assisted planning  (CAP) to optimise safety metrics such as 

laser catheter intracerebral length, drilling angle, estimated risk, distance from brainstem and 

mesial hippocampal head (MHH) remnant following simulated ablation (based on 15 mm 

ablation diameter). 

 

6.3.3 Machine learning 

Two different supervised regression-based machine learning models (Random Forest 

and Linear Regression) were configured using R (R Core Team, 2018) and auxiliary packages: 

ggplot2 (Wickham, 2009), randomForest (Liaw et al., 2002), stringr (Wickham, 2018), cowplot 

(Wilke, 2017), RColorBrewer (Neuwirth, 2014), and reshape2 (Wickham, 2007).  

All composite scores were normalised using the maximum score in each patient, in order 

to guarantee the comparability of these indices. The data was then split into training and testing 

sets. The training set of 5 patients (3800 trajectories) was selected at random. The data from 

the remaining 5 patients (3800 trajectories) were then used as the test dataset to validate the 

predictive accuracy of the model. 

Both Linear Regression and Random Forest (Breiman, 2001) models were trained on the 

first portion of the data, according to the parameters entry area (MTG, MOG, IOG, ITG), 

translations of the centroid of the amygdala (axial, sagittal, and coronal planes), and the 
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magnitude of erosion of the AHC. For the Random Forest method, 100 trees were used. Linear 

Regression was performed according to the following equation: 

Equation 4: Regression Score 

𝑆𝑐𝑜𝑟𝑒 =  ∑𝐶𝑖𝑉𝑖
𝑖

 

Where, C is the coefficient and V is the variable. The index i identifies the different 

variables/coefficient shown in Figure 25. 

We then applied the trained predictors to the (unseen) test data and evaluated the 

obtained results. Pearson correlations between the predicted and actual values were obtained, 

as well as, the root mean square of the errors. The most critical parameters to maximise the 

composite score were then evaluated. The study was approved the National Research Ethics 

Committee London, reference 12/LO/0377. Individual patient consent was sought for use of 

anonymized perioperative imaging. 

 

6.4 Results 

Both Linear Regression and Random Forest approaches showed similar results. The 

predicted scores reproduce the structure with good accuracy as shown by a Pearson correlation 

of  = 0.7 for both methods suggesting a strong correlation. Linear Regression and Random 

Forest models featured a root mean squared error of RMSE = 0.13 and RMSE = 0.12, respectively. 

Figure 24 shows the predicted values and actual scores. 
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Figure 24: Validation accuracies of machine learning models
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Figure 24: Evaluation of the accuracy of trained models (Linear Regression and Random Forest). 

A) Comparison between values predicted by both models and composite scores for all entries in 

every patient of the test set. B) Error for both models, i.e., the difference between predicted 

and calculated composite scores, for all entries in every patient of the test set. C) Violin plots of 

distributions of errors shown in B. D) Scatter plot of composite scores versus predicted score 

(Linear Regression) for all entries in every patient of the testing set, each patient is represented 

by a different colour. E) Scatter plot of composite versus predicted scores (Random Forest) for 

all entries in every patient of the test set, each patient is represented by a different colour. Both 

models were capable of reproducing the overall trend of data with good accuracy, with a 

Pearson correlation of  = 0.7 for the Linear Regression model and  = 0.7 for the Random 

Forest model. Some of the patients exhibit a worse fitting and higher errors, e.g., NHNN7 and 

NHNN10. ml*: millilitres (normalised). 

 

When identifying the most important component features, both Linear Regression and Random 

Forest methods provide similar results. Figure 25 shows the coefficients for each variable of the 

Linear Regression. According to the values, in order to maximise the ablation score, one should 

prioritise an entry which is centred at the junction of the IOG, MTG and MOG (see Figure 26 B 

and D) and apply an anterior and mesial translation to the centroid of the amygdala. Figure 26 

C and D show an example CAP trajectory generated using the optimal parameters derived from 

the Linear Regression. 

Figure 25: Regression Model Coefficients for Entry and Target Points 
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Figure 25 Legend: Coefficient Ci for each variable Vi of the estimated linear model. A) 

Coefficients for entry areas B) Coefficients for target areas (translations of the centroid of the 

amygdala) and erosion of the AHC. Coronal shifts and erosion of the AHC impact negatively on 

the predicted scores. Note coefficients for entry points at an order of magnitude greater than 

for target points. 
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Figure 26: Machine Learning Derived Entry and Target Points for LITT:MTLE  
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Figure 26: Anatomical structures and example LITT trajectory for amygdalohippocampectomy, 

shown with and without the transparent cortical overlay. A) Automated segmentation of 

patient-specific anatomical structures including the lateral ventricles (cyan), 

amygdalohippocampal complex (pink), entorhinal cortex (yellow), parahippocampal gyrus 

(orange) and brainstem (teal). B) Probes-eye view along trajectory (green), shown by 

implementing optimal entry point (black arrow) through junction of middle occipital gyrus 

(yellow), inferior occipital gyrus (pink) and middle temporal gyrus (orange), C) Lateral view of 

trajectory shown in B, revealing entry into the hippocampus at the level of the tectum without 

crossing the occipital horn of the lateral ventricle and D) Automated LITT trajectory with 

overlaying transparent scalp and cortex. The right pane shows the optimal entry zone at the 

level of the cortex based on the results of the linear Regression. 

 

6.5 Discussion 

Here we utilise machine learning algorithms to define the junction between the IOG, 

MOG and MTG as the optimal entry and anterior and medial translation of the amygdala as the 

target point parameters for LITT trajectories. Application of these parameters results in maximal 

ablation of the amygdalohippocampal complex and sparing of the parahippocampal gyrus. The 

implication is that this may result in improved seizure-free outcome and reduced 

neuropsychological morbidity.   

6.5.1 Laser interstitial thermal therapy 

As discussed in Chapter 5, LITT for MTLE is a novel minimally invasive approach for 

selective amygdalohippocampectomy (Hoppe et al., 2017). As with all novel therapies, there is 

an initial learning curve and early outcome results can be variable. To date, most case series of 

LITT for MTLE  are limited in number (< 30), provide short follow up durations of 6-24 months 

and lack comprehensive reporting of secondary outcomes, such as neuropsychological 

morbidity.  

An ‘open-label’ comparative study comparing open microsurgery to LITT for mesial 

temporal sclerosis revealed a significant decline in naming or recognition tasks in > 80% (32/39) 

following open surgery that was not observed in any patients following LITT (Drane et al., 2015). 

This suggests naming and recognition is sub-served by the parahippocampal gyrus and 
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surrounding white matter fibre tracts running within the temporal stem (uncinate fasciculus and 

inferior fronto-occipital fasciculus) or basal temporal regions (inferior longitudinal fasciculus) 

that are relatively spared following LITT. 

A further study correlated LITT trajectories with seizure outcome at a mean follow up 

duration of 22.4 months in 23 patients (Jermakowicz et al., 2017b). Trajectories passing more 

mesially within the hippocampal head were more likely to be associated with seizure-free 

outcome.  

6.5.2 Computer-assisted planning 

In Chapter 5, CAP was previously applied to LITT amygdalohippocampal ablation and 

compared to independently generated trajectories in 25 patients (Vakharia et al., 2018d). Using 

parameters derived from expert opinion the entry point was restricted to the inferior occipital 

gyrus. The target point of the centroid of the amygdala was translated by 3 mm anteriorly, 

mesially and inferiorly to improve ablation of the mesial hippocampal head, maximise amygdala 

and entorhinal cortex ablation and prevent heat dissipation to the pallidum respectively.  

As is conventional in LITT trajectory planning an extra-ventricular approach was 

implemented, entering the hippocampus at the level of the tectum and maximising distance 

from the brainstem to prevent inadvertent thermal injury (Wu et al., 2015). Due to individual 

patient anatomical variability, an entry point through the inferior occipital gyrus was only 

possible in 72% (18/25) of cases with the remainder passing through the middle occipital and 

middle temporal gyri. Ablation volumes with CAP were significantly improved by 11% for the 

AHC whilst the unablated mesial hippocampal head and PHG volume were reduced by 73% and 

11% respectively (Vakharia et al., 2018d). In the current study, we have implemented machine 

learning to determine the optimal trajectory parameters that enhance mesial hippocampal 

ablation and spare the PHG. Through the calculation of 760 trajectories per patient across 10 

patients, we computed all possible trajectory combinations and utilised machine learning to 

predict a normalised composite score of ablation volumes.  

Compared to our previous study in Chapter 5, these results suggest that the application 

of the machine learning parameters would increase the composite ablation scores by a further 

10%, based on the refined entry point and if the coronal translation and AHC erosion are not 

applied. We anticipate that if these trajectories were implemented for prospective LITT 



226 
 

 

ablations there may be an improvement in the seizure-free outcome rate and reduced 

neuropsychological morbidity. 

6.5.3 Machine learning results 

In order to identify the optimal parameters for LITT amygdalohippocampal ablation that 

maximise the ablation composite score, we trained both linear regression and random forest 

machine learning models. To prevent overfitting, the models were trained on half of the dataset 

and then validated on the remaining unseen data. Both linear regression and random forest 

methods show similar outputs when compared to the actual scores, indicating high reliability 

for the machine learning models.  

The results showed good correlation with the composite scores and low root mean 

square error suggesting a good predictive accuracy. From all the parameters, the entry area had 

the most relevant impact on the composite score with IOG, MTG and MOG having the greatest 

contribution. These findings are consistent with the postero-inferior corridor described by Wu 

et al.(Wu et al., 2015), which is the only study in the literature that has been able to systematise 

manual LITT trajectory planning to improve ablation volume.  

With regards to the target regions, translation of the centroid of the amygdala anteriorly 

(sagittal plane) and mesially (axial plane) resulted in the greatest increase in composite score 

whilst erosion of the AHC and inferior translation (coronal plane) had a negative impact. This 

would be expected as inferior trajectories ablate more of the PHG and spare the superior 

amygdala.   

6.5.4 Limitations 

Only 10 patients, from a single centre, were included in this study. The large number of 

possible unique trajectory combinations resulted in 7600 CAP generated trajectories for 

evaluation. Future studies using larger datasets from a range of institutions and a number of 

neurosurgeons performing manual planning will be required to assess the external validity and 

robustness of CAP. Furthermore, the application of the Linear Regression results from this study 

will allow a more focused investigation of trajectory parameter combinations, therefore, 

reducing the number of CAP generated trajectories per patient. 
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All imaging was derived from a single centre and the acquisition quality of the T1 image has 

significant implications for the whole brain parcellation. It is unclear whether T1 acquisitions 

with movement artefact or sequences with poorer grey-white matter differentiation would 

result in less accurate structure segmentation and alter the CAP trajectory output.  

The GIF whole brain parcellation was derived from a control dataset. The resulting 

segmentation of the hippocampus over-estimated hippocampal volume in our cohort of mesial 

temporal sclerosis patients by ~12% (Vakharia et al., 2018d). A whole brain parcellation derived 

from patients with mesial temporal sclerosis may, therefore, provide more accurate 

hippocampal segmentation. Given that the Linear Regression results revealed a negligible effect 

of AHC erosion on the composite score, however, this is unlikely to have a significant effect on 

the result. 

 

6.6 Conclusion 

To our knowledge, this is the first direct clinical application of machine learning in pre-

operative planning for stereotactic neurosurgical procedures. LITT is a novel therapy and given 

the potential neuropsychological benefits with comparable seizure freedom rates it is likely to 

be a viable alternative to hippocampal resection in the near future, as it spares temporal 

neocortex, requires a shorter hospital stay, reduced risk of complications and quicker recovery. 

As more neurosurgical units adopt this technology it is vital that prior experience from high 

volume centres is integrated within the decision making and pre-operative planning process to 

minimise the learning effect on patients.  

The use of machine learning in this context has allowed quantification of hitherto 

unidentified trajectory parameter combinations to be determined. When used with CAP this 

allows contemporary research findings to be applied systematically and objectively across all 

centres. A prospective clinical trial implementing these machine learning parameters is required 

to determine if this translates into improved seizure-free outcomes and reduced 

neuropsychological morbidity. 
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7 Multicentre validation of automated trajectories for selective laser 

amygdalohippocampectomy. Based on (Vakharia et al., 2019a) 

 

7.1 Abstract 

7.1.1 Objective 

Laser interstitial thermal therapy (LITT) is a novel minimally invasive alternative to open mesial 

temporal resection in drug-resistant mesial temporal lobe epilepsy (MTLE). The safety and 

efficacy of the procedure are dependent on the pre-planned trajectory and the extent of the 

planned ablation achieved. Ablation of the mesial hippocampal head has been suggested to be 

an independent predictor of seizure freedom, whilst sparing of collateral structures is thought 

to result in improved neuropsychological outcomes. We aim to validate an automated 

trajectory planning platform against manually planned trajectories to objectively standardize 

the process. 

7.1.2 Methods 

Using the EpiNav™ platform we compare automated trajectory planning parameters derived 

from expert opinion and machine learning to undertake a multicentre validation against 

manually planned and implemented trajectories in 95 patients with MTLE. We estimate 

ablation volumes of regions of interest and quantify the size of the avascular corridor through 

the use of a risk score as a marker of safety. We also undertake blinded external expert 

feasibility and preference ratings. 

7.1.3 Results 

Automated trajectory planning employs complex algorithms to maximize ablation of the mesial 

hippocampal head and amygdala, whilst sparing the parahippocampal gyrus. Automated 

trajectories resulted in significantly lower calculated risk scores and greater amygdala ablation 

percentage, whilst overall hippocampal ablation percentage did not differ significantly. 

Estimated damage to collateral structures was also reduced. Blinded external expert raters 

were significantly more likely to prefer automated to manually planned trajectories. 
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7.1.4 Conclusion 

Retrospective studies of automated trajectory planning show much promise in improving 

safety parameters and ablation volumes during LITT for MTLE. Multi-centre validation provides 

evidence that the algorithm is robust and blinded external expert ratings indicate that the 

trajectories are clinically feasible. Prospective validation studies are now required to 

determine if automated trajectories translate into improved seizure freedom rates and 

reduced neuropsychological deficits.  
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7.2 Introduction  

Building from the work presented in Chapters 5 and 6 we have demonstrated 

improved trajectory metrics including risk score, trajectory length and greater estimated 

ablation volumes of the AHC over manually planned trajectories using EpiNav™ CAP. We next 

applied a machine learning approach to optimise the LITT trajectory parameters that resulted in 

a further increase in the estimated ablation of the AHC by ~10% whilst sparing ablation of the 

parahippocampal gyrus (PHG)(Li et al., 2019a). This revealed that optimal entry points cluster 

around the temporo-occipital junction and optimal target points are at the anterior medial 

aspect of the amygdala. It is unclear, however, if these machine learnt trajectories are 

generalizable to external surgeons with varied planning practices. 

In this study, we perform a multicentre validation of automated trajectories derived 

from both expert-derived (see Chapter 5) and machine learnt parameters (see Chapter 6) and 

compare these to expert manually planned trajectories for MTLE LITT. Comparators include 

trajectory metrics, estimated ablation volumes, and external blinded feasibility ratings. 

7.3 Methods:  

The manuscript was prepared in accordance with the STROBE statement(Elm et al., 

2007). 

7.3.1 Patient inclusion 

Ninety-five patients from three high volume epilepsy surgery services (Thomas 

Jefferson University Hospital n = 25, Harbor View Medical Center n = 48 and Columbia University 

Medical Center n = 22) were included in this multi-centre validation study following a 

prospective power calculation (see 2.f.iii). Each centre has an extensive series and established 

expertise in using LITT to MTLE. Consecutive patients were included if they had received LITT for 

MTLE and either had concordant semiology, scalp EEG and imaging features or had onset 

confirmed within the hippocampus following SEEG investigation. Ethical approval for the study 

was provided by institutional review board approval at each of the collaborating institutions for 

the retrospective use of anonymized imaging: (Thomas Jefferson University Hospital: #15D.106, 

Harbor View Medical Center: #STUDY0006292, Columbia University Medical Center: 

#AAAS3264.) 
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7.3.2 Manual trajectory generation 

Implemented laser catheter trajectories were determined from the post-operative 

MRI scans from three different LITT centres. Post-operative T1 MR images, taken intra-

operatively immediately after the final ablation, were registered to the pre-operative MRI scans 

within EpiNav™ using a rigid transformation(Modat et al., 2014) and manually checked to ensure 

accurate registration. In cases where rigid registration failed, due to an insufficient field of view, 

a landmark registration using the anterior and posterior commissures was applied. Implemented 

(manually planned) trajectories were then reconstructed by manual selection of the entry and 

target points on the post-operative T1 MRI scans. Manual Trajectories were denoted as 

Trajectory 1. 

7.3.3 Automated trajectory generation 

Computer-assisted planning for automated generation of LITT trajectories using EpiNav™ was 

performed prior to the assessment of the manually implemented trajectory and has been 

previously described. For a more in-depth description of the CAP algorithm see (Li et al., 2019a; 

Vakharia et al., 2018d). In brief, a pre-operative T1 image is used to generate a patient-specific 

whole-brain parcellation(Cardoso et al., 2015a) and pseudoCT(Burgos et al., 2014) using 

Geodesic information flows (GIF). The corresponding whole-brain parcellation is then used to 

derive models of the cerebral cortex, inferior occipital gyrus, lateral ventricles, sulci, brainstem, 

amygdala, hippocampus, entorhinal cortex, and parahippocampal gyrus (Figure 27). 

The lateral ventricle was defined as a no-entry zone, whilst vasculature, brain stem 

segmentation, and sulcal models were included as critical structures. Minimum distance from 

critical structures was set at 3 mm. Trajectories were limited to a maximum length of 120 mm, 

to prevent excess parenchymal transgression, and a drilling angle orthogonal to the skull of <30 

degrees to prevent skiving at the bone during drilling(Vakharia et al., 2018d). Minimum distance 

to the brainstem and LGN was set to 7.5 mm for all automated trajectories to prevent excess 

heat transmission.  

In this study, we compare clinical feasibility and estimated ablation volumes for three 

automated trajectories based on our previous work. The first was constrained to entry through 

the inferior occipital gyrus targeting the centroid of the amygdala (denoted as Trajectory 2). This 

represents the benchmark parameter for automated planning and most closely replicates 
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manual planning(Wu et al., 2015). The second incorporates the trajectory parameters derived 

from expert consensus(Vakharia et al., 2018d) and incorporates an entry point through the 

inferior occipital gyrus targeting a 3 mm anterior, medial and inferior translation of the centroid 

of the amygdala (denoted as Trajectory 3). Finally, the third trajectory employs trajectory 

parameters derived from machine learning(Li et al., 2019a). These include an entry point at the 

temporo-occipital junction, targeting a 3 mm anterior and medial translation of the centroid of 

the amygdala without an inferior translation (denoted as Trajectory 4).
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Figure 27: Automated Model Generation For Multi-center LITT Validation 
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Figure 27 Legend: Summary of model generation. Input image consists of a single volumetric 

Gadolinium enhanced T1 image from which a whole brain parcellation and pseudo-CT image 

are generated. Regions of interest segmented from the GIF parcellation include the cortical 

surface, hippocampus (yellow), amygdala (purple), parahippocampal gyrus (orange) and 

entorhinal cortex (green). Skull model segmented from the pseudo-CT. Critical structures 

segmented from GIF parcellation include sulci, lateral ventricles, and brainstem. Vascular 

segmentation from Gadolinium enhanced T1 image following application of a Sato 

filter(Zuluaga et al., 2015). 

 

7.3.4 Trajectory parameter analysis  

For each of the 4 corresponding trajectories (one manual and three automated) per 

patient, the calculated trajectory parameters were calculated and returned in an automated 

fashion. Calculation of the risk score has been described previously(Sparks et al., 2017a) and 

provides a numerical representation for the size of the avascular corridor. In brief, the risk score 

is calculated by assigning 128 nodes along the trajectory and measuring the distance from 

vasculature at each of the indices. The same number of nodes are assigned regardless of the 

trajectory length to preven longer trajectories from accruing greater risk scores. The risk score 

is then normalized to provide a score of >1 if the trajectory to vessel distance was less than the 

user-defined safety margin (3 mm in this case). A uniform 5-15 mm diameter ablation 

zone(Vakharia et al., 2018d) (see Figure 28) was then applied to each trajectory and the volume 

of overlap with the amygdala, hippocampus, entorhinal cortex, and parahippocampal gyrus, as 

determined from the brain parcellation, was automatically calculated in each case. The 

estimated ablation volumes were normalized by the pre-operative volume to provide the 

percentage of ablation for each structure. 

7.3.5 Expert ratings 

Three expert neurosurgeons were selected as blinded raters. Each was provided with 

four trajectories from 23 randomly selected patients (92 trajectory ratings in total). To assess 

interrater variability the first 16 randomly selected patients were sent to all raters and the 

remainder were uniquely assigned. Raters were blinded to the trajectory generation method 

and were asked to rate the feasibility of the entry, trajectory and target points of the four laser 

trajectories. Feasibility criteria were based on whether the expert raters would be willing to 



235 
 

 

implant the trajectory as part of their current surgical practice. Raters were also asked to rank 

the blinded trajectories in order of preference from 1-4, with 1 being the most and 4 the least 

preferred. 

7.3.6 Statistical Analysis 

Trajectory parameters for the four trajectories per patient were analyzed using an 

ANOVA with post-hoc pair-wise comparisons and Bonferroni correction for multiple 

comparisons.   

Expert ratings between three independent neurosurgeons were assessed using a mixed 

effects logistic regression model estimating the binomial probability distribution of trajectory 

feasibility (=1) compared to infeasibility (=0). Cohen’s Kappa statistic for pairwise assessments 

between the expert raters was also performed. Analysis of expert preference was performed 

using Pearson’s χ2 and an ordinal logistic regression model. Statistical analysis was performed 

using SPSS 25 (IBM Corp., Armonk, N.Y., USA) and Stata Statistical Software: Release 15 (College 

Station, TX: StataCorp LLC). 

A prospective sample size calculation was performed to determine the number of 

patients to sample to be able to detect a reduction in risk score of at least 0.2 units using a two-

sample t-test with a significance level of 1% and a power of 90%. In performing this calculation, 

it was assumed that the standard deviation of risk score is 0.25 (estimates derived from pilot 

data and previous work). In total, 92 patients would need to be recruited to achieve this. This 

sample size would also allow detection of at least 10% difference in ablation volumes at a power 

of 0.9 given a 0.14 standard deviation.
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Figure 28: Method For Reconstructing And Modelling Ablation Volumes Of Manually Planned And Implemented Laser Trajectories  

A      B      C 

 

Figure 28 Legend: a) Axial and sagittal images of pre- (left) and post-LITT ablation (right) in the same patient. b) Manual trajectory recreated from post-LITT 

ablation (left) and with estimated 15 mm diameter uniform ablation cavity applied (right). c) Overlap of estimated ablation cavity with regions of interest 

(amygdala: blue, hippocampus: yellow and parahippocampal gyrus: orange) used to calculate ablation volume and also shown on the 3D model (right). Note: 

Parahippocampal gyrus not shown on the 3D models for clarity.
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7.4 Results 

7.4.1 Trajectory metrics 

Mean trajectory parameters for the 4 calculated trajectories (one manual and three 

automated) are shown inTable 20.  A one-way analysis of variance (ANOVA) model suggested a 

significant difference in the mean planned trajectory length, drilling angle to bone and risk score 

(p<0.0001). Post-hoc analysis with Bonferroni correction (see Figure 31) revealed manually 

planned trajectories had significantly longer trajectory lengths and greater risk scores compared 

to the automated trajectories (1 vs 2-4). Drilling angle to the skull was significantly less (i.e. more 

orthogonal to the bone) with trajectories 1-3 compared to trajectory 4.  

 

Table 20: Comparison of Trajectory Metrics Between Generation Methods 

 1 (Manual) 2 (Automated-
Centroid of 
amygdala) 

3 (Automated-
Antero-
inferior mesial 
amygdala) 

4 (Automated-
Antero-mesial 
amygdala) 

Statistical 
significance 
(ANOVA 
model) 

Length (mm) 103.6±10.0 93.5±8.4 95.8±8.2 89.0±7.4 p<0.000* 

Angle (deg) 29.3±6.5 28.8±6.8 28.9±6.2 31.8±6.0 p=0.003* 

Risk score 1.3±0.1 1.1±0.2 1.1±0.2 1.1±0.2 p<0.000* 

Brainstem 

distance 

(mm) 

7.3±2.4 6.7±2.3 6.5±2.1 7.0±2.1 P=0.053 

* denoted statistical significance following correction for multiple comparisons 
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7.4.2 Ablation volumes 

A one-way ANOVA revealed a significant difference in the mean ablation length, total 

ablation volume, amygdala ablation (%), hippocampal ablation (%), entorhinal cortex ablation 

(%), and parahippocampal gyrus ablation (%) (Table 21) between trajectories. Post-hoc analysis 

with Bonferroni correction (Table 22) revealed manual trajectories had a significantly shorter 

ablation length (mm) compared to the automated trajectories (1 vs 3; 1 vs 4). Manual 

trajectories also had a significantly greater total ablation volume (1 vs 2; 1 vs 4) but achieved a 

significantly smaller percent ablation of the amygdala (1 vs 3; 1vs 4) and hippocampus (1 vs 4). 

Finally, manual trajectories resulted in a significantly greater percent ablation of the entorhinal 

cortex (1 vs 2; 1 vs 3; 1 vs 4) and parahippocampal gyrus (1 vs 2; 1 vs 4). 
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Table 21: Comparison of estimated ablation volumes between the different trajectory 

generation methods:  

 1 (Manual) 2 
(Automated-
Centroid of 
amygdala) 

3 
(Automated-
Antero-
inferior 
mesial 
amygdala) 

4 
(Automated-
Antero-mesial 
amygdala) 

Statistical 
significance 
(ANOVA 
model) 

Ablation 
Length (mm) 

24.9±11.0 27.1±6.9 30.4±6.8 28.6±7.7 

 

p<0.000* 

Ablation 
volume 
(mm^3) 

3535.7±1021.

4 

3021.1±906.3 3630.4±830.9 3203.9±998.6 p<0.000* 

Amygdala 
ablation (%) 

45.3±22.2 44.5±16.2 58.7±14.0 64.2±20 p<0.000* 

Hippocampal 
ablation %) 

67.3±16.3 65.2±14.5 67.9±12.8 61.6±13.8 p<0.012* 

Entorhinal 
cortex 
ablation (%) 

17.8±18.0 2.1±4.4 7.2±8.1 8.7±7.7 p<0.000* 

Parahippocam
pal ablation 
(%) 

25.1±17.9 17.1±14.00 28.3±17.8 11.0±11.6 p=0.000* 

* denoted statistical significance following correction for multiple comparisons 



240 
 

 

Table 22: Post-hoc analysis of trajectory metrics with Bonferroni correction applied 

  1 2 3 4 

Length (mm) 1 - p<0.000 p<0.000 p<0.000 

2 p<0.000 - p=0.367 p=0.003 

3 p<0.000 p=0.367 - p<0.000 

4 p<0.000 p=0.003 p<0.000 - 

Angle (deg) 1 - p=1 p=1 p=0.047 

2 p=1 - p=1 p=0.009 

3 p=1 p=1 - p=0.010 

4 p=0.047 p=0.009 p=0.010 - 

Risk score 1 - p<0.000 p<0.000 p<0.000 

2 p<0.000 - p=1 p=0.670 

3 p<0.000 p=1 - p=0.280 

4 p<0.000 p=0.670 p=0.280 - 

Ablation 
length (mm) 

1 - p=0.410 p<0.000 p<0.013 

2 p=0.410 - p=0.039 p=1 

3 p<0.000 p=0.039 - 0.874 

4 p<0.013 p=1 p=0.874 - 

1 - p=0.001 p=1 p=0.094 



241 
 

 

Ablation 
Volume 
(mm^3) 

2 p=0.001 - p=0.000 p=1 

3 p=1 p<0.000 - p=0.012 

4 p=0.094 p=1 p=0.012 - 

 

7.4.3 Feasibility ratings 

Mixed-effects logistic regression models (see Table 23) were applied to subjects, with a 

random effect to account for clustering of trajectories within patients, in whom ratings were 

provided by all three raters and revealed a significant difference between trajectory generation 

methods, despite correction for the significant difference between raters (test statistic = 59.61, 

2 d.f., p<0.01). Overall, automated trajectories 2-4 were significantly more likely to be rated as 

feasible by external raters (test statistic = 24.21, 3 d.f., p<0.01), despite the manual trajectories 

having been stereotactically implanted in all patients.  
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Table 23: Mixed Effects Logistic Regression Model of Trajectory Feasibility Ratings (1-4) from 

Raters (A-C): 

 

 

 

 

 

 

 

*Note, odds refers to the odds of a trajectory being rated feasible. 

 

Comparison of ordinal rater preferences between trajectory generation methods revealed ‘fair’ 

agreement(Landis et al., 1977) between all raters with a Cohen’s Kappa statistic of 0.333 (rater 

1 vs rater 2), 0.235 (rater 1 vs rater 3) and 0.333 (rater 2 vs rater 3). Pearson’s χ2 analysis 

revealed a significant difference (p<0.001) between the observed and expected distribution of 

expert preference ratings between trajectory generation methods. Ordinal logistic regression 

was then performed to examine if there was any difference between trajectory preference 

ratings after accounting for raters. This revealed the manual trajectories (method 1) had the 

greatest probability of being assigned the lowest rater preference i.e. preference 4. (Table 24 

and Figure 29) 

 

  

Variable Odds Ratio 
Estimate 

95% Confidence 
Interval 

Trajectory 1 (reference group) 1 N/A 

Trajectory 2 2.46 (1.47, 4.13) 

Trajectory 3 3.08 (1.83, 5.17) 

Trajectory 4 2.89 (1.72, 4.85) 

   

Rater A (reference group) 1 N/A 

Rater B 3.53 (2.25, 5.53) 

Rater C 5.21 (3.30, 8.23) 



243 
 

 

Figure 29: Rater Preference Ranking By Method 

 

Figure 29 Legend: Summary of blinded expert rater preferences (Rank 1-4) by trajectory 

generation method (1-4). Trajectory 1 (manually planned) was significantly more like to be 

ranked 4th (least favourable) compared to trajectories 2-4 (automated). 

  



244 
 

 

Table 24: Estimated frequency of rater preferences and estimated probabilities by trajectory 

generation method, from the fitted ordinal logistic regression model: 

 Rater preference 

Count (Estimated probability*) 

 

Trajectory 1 2 3 4 Total 

1 6 
(0.04) 

4 
(0.09) 

6 
(0.25) 

32 
(0.62) 

48 

2 14 
(0.30) 

12 
(0.29) 

19 
(0.26) 

3 
(0.14) 

48 

3 19 
(0.40) 

14 
(0.29) 

11 
(0.21) 

4 
(0.21) 

48 

4 9 
(0.24) 

18 
(0.28) 

12 
(0.30) 

9 
(0.30) 

48 

Total 48 48 48 48  

*Estimated probabilities of rank for each method as predicted by the ordinal logistic 

regression model. 

7.5 Discussion 

7.5.1 Key results 

LITT trajectory planning requires optimization of a number of complex parameters 

including trajectory metrics for safety and ROI ablation for seizure freedom and 

neuropsychological outcome(Donos et al., 2018; Drane et al., 2015; Gross et al., 2018; Kang et 

al., 2016). We present a multicentre validation of different automatically generated stereotactic 

trajectories using the EpiNav™ platform and compare these to manually planned (implemented) 

trajectories from three different institutions. We also provide trajectory feasibility ratings from 

3 external blinded experts. We find that automated trajectories are significantly shorter and 

have improved risk scores. We also show that automated trajectories have increased ablation 

length and amygdala ablation (%) with decreased parahippocampal gyrus ablation (%). External 
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blinded experts were significantly more likely to prefer and rate automated trajectories (2-4) as 

feasible.  

7.5.2 Summary of LITT studies to date 

Single-centre case series report LITT for MTLE is a safe and effective first-line alternative 

to open temporal lobe surgery in cases of mesial temporal sclerosis or where mesial temporal 

seizure onset has been proven by SEEG(Donos et al., 2018; Gross et al., 2018; Jermakowicz et 

al., 2017b; Kang et al., 2016; Petito et al., 2018; Tao et al., 2017; Youngerman et al., 2018). A 

recent meta-analysis of LITT for MTLE has suggested an overall seizure freedom rate of 50% at 

12-36 months rising to 62% when considering ‘lesional’ cases only(Grewal et al., 2019). Despite 

a slightly lower seizure freedom rate compared to open surgery, the minimally invasive nature 

of the procedure and superior patient satisfaction makes LITT an attractive first-line alternative. 

To date, there have not been any randomized comparisons of LITT to open surgery, but a 

prospective parallel group study has shown superior post-operative object recognition and 

naming following LITT(Drane et al., 2015). The focal nature of the ablation and lack of damage 

to the surrounding critical structures and temporal neocortex have been suggested as possible 

reasons for this. The FLARE (ClinicalTrials.gov Identifier: NCT02820740) and SLATE trials 

(ClinicalTrials.gov Identifier: NCT02844465) are two open-labelled prospective studies from 

Monteris Medical and Medtronic Inc., respectively, that are currently on-going. As with any 

novel technology, there is an associated learning curve and it is possible, therefore, that early 

case series may both underestimate the therapeutic potential of LITT and overestimate the risks. 

Despite the promise of LITT as an alternative first-line therapy, a single case series has 

reported an overall complication rate of 22.4%(Pruitt et al., 2017), including catheter 

misplacement, intracranial haemorrhage, device malfunction, hemiparesis, cranial neuropathy, 

and visual field deficits(Gross et al., 2018; Jermakowicz et al., 2017a; Pruitt et al., 2017; Vakharia 

et al., 2018d; Waseem et al., 2017). Intracranial haemorrhage may be due to catheter 

misplacement resulting in an unplanned conflict with a vessel, inability to visualize small vessels 

on radiographic images, or due to planning trajectories through corridors that are not avascular. 

To this end, we calculate ‘risk score’ as a mathematical representation of the size of the 

avascular corridor for the entire planned trajectory. Due to the complexity of the calculation, it 

is not possible for the surgeon to calculate this during manual planning and as such they must 

depend on their experience to estimate this. Intraventricular haemorrhage was described in one 
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of three cases of LITT for MTLE in the series by Pruitt et al(Pruitt et al., 2017). Trajectories passing 

through the ventricles are therefore avoided where possible due to the risk of intraventricular 

haemorrhage, CSF leak, and potential heat sink effect.  

Visual field deficits (VFD) are the most common complication associated with LITT for 

MTLE and include contralateral superior quadrantanopia and hemianopia(Gross et al., 2018). 

Superior quadrantanopias result from ablation cavities extending posterior to the hippocampus 

into the optic radiation postero-laterally within the sagittal striatum(Gross et al., 2018), whilst 

homonymous hemianopia may result from heat transfer to the lateral geniculate nucleus (LGN) 

during posterior hippocampal ablation(Jermakowicz et al., 2017a). EpiNav™ generated 

trajectories run inferior to the lateral ventricle and therefore prevent excessive heat transfer to 

the sagittal striatum (lateral to the body of the hippocampus) so are less likely to result in 

superior quadrantanopia secondary to optic radiation injury. The ambient cistern and choroidal 

fissure separate the body of the hippocampus from the ventral diencephalon (superiorly) and 

brainstem (medially), respectively. Patients at most risk of heat transfer to the LGN and 

therefore homonymous hemianopia have been identified as those with low choroidal fissure 

CSF volume. EpiNav™ maximizes distance from the brainstem, based on a user-specified 

parameter, in order to prevent thermal injury. The LGN is included within the brainstem 

segmentation and represents the most lateral aspect. Through maximizing the distance from 

the brainstem EpiNav automatically maximizes distance from the LGN (see Figure 30).  

Transient cranial neuropathies (Oculomotor and Trochlear nerves) have been reported and are 

thought to result from heat transfer medially at the tentorium during ablation of the mesial 

hippocampal head and entorhinal cortex(Gross et al., 2018; Vakharia et al., 2018d). We have 

previously shown that EpiNav™ generated trajectories maximize ablation of the mesial 

hippocampal head(Vakharia et al., 2018d), as this has also been suggested to be an 

independent predictor of postoperative seizure freedom(Jermakowicz et al., 2017b). Extra care 

will, therefore, be required when implementing EpiNav™ generated trajectories as these 

patients may be at a theoretically higher risk of this complication. 
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Figure 30: Example Computer-assisted planning Trajectory and Proximity to Collateral Structures  

a)           b) 
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Figure 30 Legend: Template-based a) 3D model and b) coronal MRI of an automated left sided 

LITT trajectory (light green) at the level of the LGN (dark green) showing its incorporation 

within the brainstem segmentation (blue). Entire LITT trajectory overlaid on to 2D coronal slice 

with intra-hippocampal (opaque green) and extra-hippocampal (transparent green) portions. 

Position of trajectory at the level of LGN. Amygdalohippocampal complex (yellow), lateral 

ventricles (pink), parahippocampal gyrus (orange), entorhinal cortex (teal) and optic tract 

(white) also shown. 

 

7.5.3 Ablation parameters 

The extent of mesial hippocampal head ablation has been shown to correlate with 

seizure-free outcome in a single centre case series(Jermakowicz et al., 2017b), but this finding 

has not been replicated in larger series. This suggests a complex correlation that may be affected 

by other, as yet undefined, ablation parameters as well as patient selection. Furthermore, the 

total ablation volume of the hippocampal ablation does not correlate with seizure freedom rate, 

despite correction for pre-operative anatomical volume(Donos et al., 2018; Gross et al., 2018; 

Vakharia et al., 2018d). The extent of hippocampal resection in the open surgical literature has 

also failed to show a significant correlation with seizure freedom rates in MTLE(Schramm et al., 

2011a). We hypothesize therefore that there is a critical volume of amygdala and hippocampal 

ablation or resection that encompasses the seizure onset zone resulting in seizure freedom. 

Given that this is likely to be patient specific and no study has been able to estimate this, the 

EpiNav™ algorithm maximizes ablation of the hippocampal head and body, whilst sparing the 

tail, which is vital for the preservation of episodic memory(Bonelli et al., 2013) (Figure 31). 

EpiNav™ (trajectories 3 and 4) resulted in a significantly greater ablation of the amygdala 

compared to manually planned trajectories, with significantly improved risk scores (trajectories 

2, 3 and 4) and only a small reduction in hippocampal ablation (trajectory 4). The 

parahippocampal gyrus ablation was also significantly reduced (trajectory 2 and 4), which has 

been suggested to be essential for preserving neuropsychological function(Aminoff et al., 2013; 

Drane, 2017; Zola-Morgan et al., 1989, 1994).  
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Figure 31: Comparison of Manual and Computer-assisted Planning Trajectories in a Single 

Patient 

 

Figure 31 Legend: Orthogonal planes and a 3D model showing an example of trajectory 

1 (manual: yellow) and trajectory 4 (automated: green) superimposed on the pre-operative T1 

image, with estimated ablation zones (15 mm diameter cylinders) and amygdalohippocampal 

complex (pink). The more lateral entry point of the automated trajectory allows more medial 

target points without significantly reducing the brainstem distance. The more medial target 
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points also allow greater ablation of the amygdala and mesial hippocampal head with reduced 

posterior hippocampal ablation. The more superior target points result in significantly less 

parahippocampal gyrus ablation. 

 

7.5.4 External Expert Feasibility Ratings 

We undertook a multicentre retrospective validation of the algorithm to 1) ensure that the 

algorithm is generalizable across centres, 2) maintains performance with imaging from different 

institutions and 3) compare the algorithm to a variety of planning practices from different 

neurosurgeons. External expert raters were blinded to the trajectory generation methods and 

asked to rate the entry, trajectory, and target feasibility individually. After reviewing the 4 

trajectories per patient, the raters then ordered them based on preference according to their 

current clinical practice. The trajectory parameters, including ablation volumes and risk scores, 

were not provided to the external experts so as not to bias the ratings. There was significant 

variation between the ratings provided by the external blinded raters for trajectory feasibility, 

whilst ordinal ratings between trajectory preference rankings showed fair correlation. 

Correcting for the difference between surgeons we found automated trajectories were 

significantly more likely to be rated as preferred compared to manual trajectories. Given that 

the EpiNav™ platform optimizes trajectory heuristics that are normally considered by 

neurosurgeons during planning, we hypothesize that this is why automated trajectories were 

more broadly acceptable. In addition, trajectory 3 was used in our initial comparative 

study(Vakharia et al., 2018d) and was derived from expert consensus. By comparison, trajectory 

4 entry was defined solely through machine learning parameters(Li et al., 2019a). Taking into 

account the trajectory safety metrics, ablation volume estimations and external expert 

feasibility ratings, we would advocate providing the surgeon with a choice of trajectories 3 and 

4 for use in future prospective validation studies. 

7.5.5 Generalisability 

As more centres perform LITT for MTLE each will face a learning curve which may result 

in increased complication rates and poorer seizure-free outcomes until this is overcome. 

Automated trajectory algorithms optimize planning parameters in an objective and systematic 

fashion based on user-defined parameters(Vakharia et al., 2018d). The EpiNav™ platform is 
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based on the current literature to date and therefore benefits from the combined learning 

curves of multiple centres as well as the incorporation of machine learning parameters(Li et al., 

2019a). As further data is acquired the algorithm is adaptable to incorporate and optimized 

these features continually. Consistent planning strategies across institutions are key to ensuring 

standardized outcomes and reducing patient morbidity. 

7.5.6 Limitations 

The main limitation of this work is that it is a retrospective comparison of simulated 

EpiNav™ automated trajectories to manually planned and implemented trajectories in the same 

patients. As such we do not have the actual parameters that would be achieved if the automated 

trajectories were implemented or the seizure freedom and neuropsychological outcomes 

associated with the automated trajectories. A retrospective analysis based purely on calculated 

trajectory parameters does, however, allow different trajectories to be modelled and compared 

in the same patient allowing for direct comparisons between trajectory metrics. In addition, we 

have previously shown that the estimated ablation volumes accurately reflect that which were 

achieved following ablation(Vakharia et al., 2018d), which relies on the assumption of a uniform 

5-15 mm diameter ablation cavity. A recent study of laser ablation dynamics has also 

corroborated this to be the case in both the axial and sagittal dimensions of the ablation cavity 

(see Figure 3 in (Jermakowicz et al., 2018)). We acknowledge that thermal ablation patterns are 

non-linear and vary significantly between patients, but we are currently unable to model this 

complexity at an individual patient basis. To prevent systematic bias, comparisons between the 

manual and automated trajectories were based on the same calculated ablation volumes.  

A further limitation is that the automated trajectory generation pipeline within EpiNav™ 

is based on the use of a whole brain parcellation algorithm. In this study, we used GIF(Cardoso 

et al., 2015a), but the pipeline can be used with other parcellation methods including Freesurfer 

(Dale et al., 1999). Given that the whole brain parcellations are developed and typically validated 

on brain MRI scans from healthy controls, it is likely that they may over-segment regions of 

atrophy such as the hippocampus in severe mesial temporal sclerosis. To mitigate this the whole 

brain parcellations were manually checked for accuracy in all cases and the same ROI 

segmentations were used for all ablation volume comparisons. 

Comparison of trajectory feasibility ratings and preference order between the external 

expert raters showed significant differences and only fair correlation, respectively. Given the 
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variety in surgical practices associated with LITT trajectory planning, we implemented a mixed 

effects logistic regression model and have shown that the differences in trajectory feasibility 

ratings between methods were still significant despite accounting for the differences between 

the expert raters.  

7.6 Conclusions 

Building on our previous work we provide a large multicentre validation study of 95 

patients across 3 neurosurgical centres. This is the largest validation of an automated trajectory 

planning system to date. We show that the algorithm is robust to different MRI acquisition 

parameters and all automated trajectories were consistently given higher preference ratings 

compared to the manual trajectory. These results justify a prospective validation study to 

determine if the automated trajectory metrics and estimated ablation parameters result in 

improved safety, seizure freedom rates and reduced neuropsychological morbidity compared to 

current manual planning. Future work should also aim to integrate diffusion-weighted imaging 

to consider critical white matter fibre tracts that are important for visual and neuropsychological 

function. Although not available currently, non-linear estimations of the expected ablation 

cavity would also enhance this work.  

We propose that there is now sufficient evidence to warrant a prospective study of 

optimized LITT trajectories, that maximises ablation of the amygdalo-hippocampal complex, 

whilst sparing the adjacent neocortex and white matter projections of the optic radiation and 

inferior fronto-occipital fasciculus. 
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8 Automated trajectory planning for anterior two-thirds laser Corpus Callosotomy: A 

feasibility study with probabilistic tractography validation. Based on (Vakharia et al., 

2020) 

8.1 Abstract 

8.1.1 Objective 

Anterior two-thirds corpus callosotomy is an effective palliative neurosurgical 

procedure for drug-refractory epilepsy that is most commonly used to treat drop-attacks. Laser 

interstitial thermal therapy is a novel stereotactic ablative technique that has been utilised as a 

minimally invasive alternative to resective and disconnective open neurosurgery. Case series 

have reported success in performing laser anterior two-thirds corpus callosotomy. Computer-

assisted planning algorithms may help to automate and optimise multi-trajectory planning for 

this procedure.  We aim to undertake a simulation-based feasibility study of computer-assisted 

corpus callosotomy planning in comparison with expert manual plans in the same patients. 

8.1.2 Methods 

Ten patients were selected from a prospectively maintained database. Patients had 

previously undergone diffusion-weighted imaging and digital subtraction angiography as part 

of routine SEEG care. Computer-assisted planning was performed using the EpiNav™ platform 

and compared to manually planned trajectories from two independent blinded experts. 

Estimated ablation cavities were used in conjunction with probabilistic tractography to 

simulate the expected extent of interhemispheric disconnection. 

8.1.3 Results 

Computer-assisted planning resulted in significantly improved trajectory safety metrics 

(risk score and minimum distance to vasculature) compared to blinded external expert manual 

plans. Probabilistic tractography revealed residual interhemispheric connectivity in 1/10 cases 

following computer-assisted planning compared to 4/10 and 2/10 cases with manual planning. 

8.1.4 Conclusion 

Computer-assisted planning successfully generates multi-trajectory plans capable of LITT 

anterior two-thirds corpus callosotomy. Computer-assisted planning may provide a means of 

standardising trajectory planning and serves as a potential new tool for optimising trajectories. 
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A prospective validation study is now required to determine if this translates into improved 

patient outcomes. 
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8.2 Introduction 

Open corpus callosotomy was first described by van Wagenen and Herren in 1940 to prevent 

“the disordered wave of nerve impulses… spreading widely to other parts of the neopallial 

portion of the brain”(VAN WAGENEN et al., 1940). In modern epilepsy surgery, corpus 

callosotomy is performed as a palliative procedure for drug-refractory focal epilepsy associated 

with tonic, atonic or tonic-clonic seizures where the seizure onset zone appears multifocal or 

generalized and resection or ablation is not possible(Vakharia et al., 2018a). Atonic ‘drop attacks’ 

are commonly associated with Lennox-Gestaut syndrome and similar epilepsy-related 

encephalopathies(Asadi-Pooya et al., 2008). A less invasive and reversible alternative to corpus 

callosotomy is vagal nerve stimulation (VNS). A meta-analysis comparing corpus callosotomy 

with VNS found corpus callosotomy to be significantly more effective that VNS in reducing atonic 

seizure frequency in patients with Lennox-Gestaut syndrome(Lancman et al., 2013), but due to 

the less invasive nature VNS is more commonly undertaken first(Englot et al., 2017). Less 

common indications for corpus callosotomy include treatment for refractory recurrent status 

epilepticus, refractory complex partial seizures with rapid secondary generalisation of presumed 

frontal lobe onset and no obvious focus, refractory generalized tonic-clonic and refractory 

absence seizures(Asadi-Pooya et al., 2008). 

Minimally invasive approaches to anterior two-thirds corpus callosotomy have been 

described utilising stereotactic radiosurgery(Pendl et al., 1999) and laser interstitial thermal 

therapy (LITT)(Ho et al., 2016; Lehner et al., 2018; Palma et al., 2018; Pruitt et al., 2017). We 

aimed to develop a computer-assisted planning algorithm to optimise the interhemispheric 

disconnection and associated safety metrics for LITT anterior two-thirds corpus callosotomy. As 

part of a feasibility study, we compare computer-assisted planning derived trajectories with 

blinded expert manual plans in the same patients and quantify the extent of disconnection using 

fibre tractography. This is carried out to establish the feasibility of the approach in epilepsy 

patients without gross structural abnormalities and not necessarily those who are candidates 

for corpus callosotomy. 

8.3 Methods 

8.3.1 Patient Inclusion 

LITT corpus callosotomy trajectory planning was performed on 10 patients (6 male) 

selected from a prospectively maintained database. Computer-assisted planning was 
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undertaken prior to manual planning by two external blinded experts (YB and JTW).Selection 

criteria included having undergone bilateral digital subtraction angiography (DSA), as part of 

their routine SEEG care, and pre-operative diffusion-weighted imaging.  All patients had 

previously undergone SEEG implantation at the National Hospital for Neurology and 

Neurosurgery between 2017 and 2019.  

8.3.2 Ethical Approval 

This study was approved by the Research Ethics Committee London, reference: 

12/LO/0377. Written consent was obtained from all patients prior to inclusion in the study. 

8.3.3 Image requirements 

The automated pipeline included a 1mm isotropic 3D-T1 magnetization-prepared rapid 

acquisition with gradient echo (MPRAGE) (TE/TR/TI 3.1/7.4/400 ms, field of view (FOV) 224 × 

256 × 256 mm, matrix 224 × 256 × 256), gadolinium-enhanced T1 SPGR (T1+Gad) and digital 

subtraction angiography (DSA) images. A whole brain parcellation and pseudoCT image were 

generated from the T1 MPRAGE sequence using GIF (Burgos et al., 2014; Cardoso et al., 2015b). 

Models of the cortex, lateral ventricles, non-dominant superior frontal gyrus, dominant superior 

frontal gyrus, dominant middle frontal gyrus non-dominant superior parietal lobule and non-

dominant angular gyrus were automatically segmented from the GIF parcellation (see Figure 

32). 
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Figure 32: Derivation of models from source imaging 
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Figure 32 Legend:  A) Scalp model generated from the T1 image through thresholding. B) 

Vascular segmentation and skull model (not shown) generated from raw digital subtraction 

angiography acquisition. C) Cortex, corpus callosum, ventricular system, anterior, middle and 

posterior target points and corresponding entry regions generated from GIF parcellation. 

 

8.3.4 Computer-assisted planning trajectories 

Computer-assisted planning was performed using the EpiNav™ platform as described in 

Chapters 2-7 (Sparks et al., 2016, 2017a; Vakharia et al., 2018e; Zombori et al., 2014) with 

trajectory entry and target points as well as default parameters determined from pilot data and 

expert consensus (see Table 25). The trajectory planning algorithm was set to undertake the 

ablation using 3 unique LITT trajectories. The trajectories consisted of (1) a non-dominant frontal 

trajectory targeting the rostrum of the corpus callosum, (2) a non-dominant parietal trajectory 

targeting the genu of the corpus callosum and (3) a dominant frontal lobe trajectory targeting 

the posterior body of the corpus callosum. As is conventional for anterior two-third corpus 

callosotomy the splenium was spared. Target points were generated in an automated fashion 

from the GIF parcellation through a series of morphometric dilations and Boolean operations. In 

brief, the corpus callosum and subcallosal, anterior, middle and posterior cingulate cortices 

were segmented from the GIF parcellation. The subcallosal gyrus, anterior, middle and posterior 

cingulate cortices were then dilated by 7 mm and regions of overlap were then selected to create 

3 regions of interest. The resulting regions were then constrained to their overlap with the 

corpus callosum to generate the anterior, middle and posterior target regions (see Figure 33). 

Due to patient-specific anatomical and vascular variability, restricting trajectories to a 

single gyral entry region could lead to the algorithm finding a local optima and not the global 

optima within the feasible search regions. To overcome this phenomenon 5 trajectories were 

initially planned and returned to the user as part of the automated algorithm in all patients. The 

user (in this case author VNV) then reviewed and selected the most feasible dominant frontal 

trajectory (between superior and middle frontal gyrus entry points) and non-dominant parietal 

trajectory (between superior parietal lobule and angular gyrus entry points) to be used in 

conjunction with the non-dominant frontal trajectory. 
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EpiNav™ optimises a number of different parameters that are considered by the 

neurosurgeon during trajectory planning. These include the intracerebral trajectory length, 

drilling angle to the skull, the proportion of the catheter within the corpus callosum, minimum 

distance from vasculature and size of the avascular corridor, expressed as a risk score. The risk 

score is a normalised score of the cumulative distance from vasculature for the trajectory at 128 

nodes equally placed along the trajectory. A score of <1 signifies that the trajectory is >3 mm 

from vasculature along its entire course.  

 

Table 25: LITT Callosotomy default parameters: 

Trajectory No. Entry ROI Target ROI Max Length* Max Angle 

1 Right Superior 

Frontal Gyrus 

Anterior 

Target 

60 15 

2 Right Superior 

Parietal Lobule 

Middle Target 110 35 

3 Right Angular 

Gyrus 

Middle Target 110 35 

4 Right Superior 

Frontal Gyrus 

Posterior 

Target 

90 35 

5 Right Middle 

frontal Gyrus 

Posterior 

Target 

90 35 

*Where length is measured from skull surface overlying entry ROI to target ROI. 
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Figure 33: Derivation of target points from GIF parcellation 

 

Figure 33 Legend: The patient-specific GIF parcellation was used to segment and dilate the 

subcallosal, anterior, middle and posterior cingulate gyri by 7 mm. The regions of overlap 

between the dilated models e.g. subcallosal gyrus and anterior cingulum overlap, were then 

overlapped with the corpus callosum resulting in 3 unique target points at the rostrum, genu 

and posterior body of the corpus callosum. 

 

8.3.5 Vascular segmentation 

Digital subtraction angiography was acquired as part of the routine care prior to 

performing SEEG at the study institution. This was performed through a femoral puncture in an 

interventional radiology suit equipped with biplane fluoroscopy. Bilateral internal carotid artery 

injections were performed in all patients and exported as bone-stripped and bone-retained 

images. The bone-retained images were used for rigid registration to the T1+Gad reference 

image whilst vessel segmentation was performed on the bone-stripped image utilising a vessel 

extraction algorithm and thresholding. The parameters of transformation obtained from the 
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registration of the bone-retained images were then applied to the 3D vascular models. 

Registrations were checked manually for accuracy.  

8.3.6 Manual planning  

Manual planning was performed by two blinded external neurosurgeon (YB and JTW) 

with expertise in LITT for corpus callosotomy on all ten of the T1+Gad images. Entry and target 

points were manually selected by the neurosurgeon based on their current clinical practice using 

EpiNav. The neurosurgeons were blinded to the pre-calculated computer-assisted plans. 

Feasibility of the trajectories was based on the individual neurosurgeon performing the manual 

planning, or reviewing the computer-assisted plans, and was defined as feasible if the 

neurosurgeon was willing to implement the trajectory based on their current clinical practice. 

8.3.7 Ablation volume generation 

Simulated laser ablation cavities for both the computer-assisted and manually 

generated trajectories were generated based on the number of expected pull-backs of the 

catheter assuming a conservative ablation diameter estimation of 5-15 mm. The number of pull-

backs was calculated by dividing the length of the laser catheter within the corpus callosum 

segmentation by 7 mm. The simulated ablation cavities relating to all three laser catheters were 

then saved as regions of interest and used as part of the tractography validation. 

8.3.8 Probabilistic Tractography  

Diffusion-weighted MRI data were acquired using a single-shot EPI readout with 2 mm 

isotropic resolution (TE/TR = 74.1/7600 ms) and a total of 115 volumes were scanned using a 

multi-shell approach (11, 8, 32, and 64 gradient directions at b-values: 0, 300, 700, and 2500 

s/mm2, respectively). A single b=0-image with reverse phase-encoding was also acquired for 

distortion correction. Diffusion data were corrected for scanner drift(Vos et al., 2017) and eddy 

current-induced distortions, subject movement and susceptibility-induced distortions using FSL 

v5.10 eddy and topup tools (Andersson et al., 2003, 2016). Fibre orientation distributions were 

estimated in each voxel using multi-tissue constrained spherical deconvolution in MRtrix3 

(Jeurissen et al., 2014; Smith et al., 2012). 

Tractography of right and left hemispheric connectivity was performed using MRtrix3 

employing constrained spherical deconvolution estimated fibre orientation distributions and 
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streamline propagation with the iFOD2 algorithm. Anatomically constrained tractography was 

applied to prevent biologically implausible streamline generation(Smith et al., 2012) using the 

tissue segmentation from the GIF parcellation. A seed region of interest was manually drawn on 

a paramedian sagittal plane at the depth of the cingulate sulcus on the registered T1 image. A 

corresponding symmetrical inclusion region of interest was drawn at the same location on the 

contralateral hemisphere. A total of 5000 streamlines were generated for each patient (See 

Figure 34). Calculated ablation cavities from both the computer-assisted and manually 

generated trajectories were added as exclusion zones to the tractography in each patient to 

simulate the change in right and left hemisphere connectivity following LITT corpus callosotomy. 

Residual hemispheric connectivity were defined as regions of the corpus callosum through which 

propagated streamlines remained after application of the exclusion masks derived from the 

simulated ablation cavities. These regions were binarised and converted to 3D meshes for 

volume measurement. 

 



263 
 

 

Figure 34: Derivation of interhemispheric connectivity using fibre tractography 

 

 

Figure 34 Legend:  A) FA image in sagittal place revealing corpus callosum.  B) Coronal T1 image registered to FA image with the seed (cyan) and inclusion (red) 

regions drawn manually on a paramedian sagittal plane at the level of the depth of the cingulate sulcus (arrow). C)  Anterior view of resulting tractography 

consisting of 5000 streamlines with corpus callosum fibres visible in red (arrow).  
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Figure 35 Trajectory planning, ablation volume generation and tractographic validation. 
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Figure 35 Legend:  Superior and lateral view of A) the right hemisphere (transparent white) with 

underlying corpus callosum (pink) and computer-assisted planning target points (yellow). B)  

Result of computer-assisted planning with three trajectories and vascular segmentation. C)  

Computer-assisted planning trajectories without vascular segmentation revealing the calculated 

number of ablations and pull-backs required for each trajectory.  D)  Tractography of right and 

left hemisphere connectivity.  E) Simulated ablations for the trajectories and the corresponding 

effect on the hemispheric connectivity. F)  The corresponding change in hemispheric connectivity 

shown without the simulated ablations revealing complete disconnection of streamlines passing 

through the corpus callosum. 

 

8.3.9 Statistical Analysis 

Comparison of trajectory metrics between computer-assisted and manually generated 

plans from two independent blinded expert neurosurgeons was performed by implementing an 

ANOVA model and appropriate post-hoc tests with Bonferroni correction. All statistical analyses 

were performed using SPSS25 (Armonk, NY: IBM Corp.). 

 

8.4 Results 

8.4.1 Safety metrics 

Computer-assisted planning was able to calculate feasible trajectories in all 10 

patients. Compared to both of the manually derived trajectory sets the computer-assisted plans 

returned a statistically significant reduction in the risk score (p<0.001) and minimum distance to 

vasculature (mm) (p<0.001) (see Table 26). There was no significant difference between the 

computer-assisted planning and the manually planned trajectories, or between the two sets of 

manually planned trajectories, for intracerebral length (p = 0.213) and drilling angle to the skull 

(p = 0.098). 
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Table 26: Comparison of manual and computer-assisted planning trajectory metrics 

 

8.4.2 Tractography validation 

Based on the simulated ablation cavities, 4 out of 10 patients following manual 

trajectory planning had residual hemispheric connectivity through the anterior two-thirds of the 

corpus callosum compared to 1 out of 10 following computer-assisted planning. In all cases, the 

residual interhemispheric connectivity was at the anterior-most aspect of the genu of the corpus 

callosum and related to cortical vasculature restricting the non-dominant frontal lobe trajectory 

from targeting the rostrum. The mean volume of the unablated anterior two-thirds corpus 

callosum was 0.69 cm3 compared to an intentionally unablated splenium volume of 3.5 cm3 and 

total corpus callosum volume of 15.4 cm3. 

 Manual 

Plan 1 

Mean±SD 

Manual 

Plan 2 

Mean±SD 

Computer-

assisted 

plan  

Mean±SD 

p-value 

Intracerebral 

length (mm) 

93.6 

±22.7 

100 

±26.6 

89.7 ±21.9 0.213 

 

Drilling 

angle to 

skull (deg) 

20.8 

±10.0 

23.9 

±14.1 

17.5 ±9.3 0.098 

Risk score 1.3 ±0.1 1.3 ±0.1 1.1 ±0.1 0.000* 

Minimum 

distance to 

vasculature 

(mm) 

0.9 ±1.0 0.8 ±0.8 1.9 ±1.2 

 

0.000* 
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Figure 36: Fibre tractography validation example of computer-assisted and manual planning ablation cavities: 

Baseline tractography of interhemispheric structural connectivity 
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Computer-assisted plan estimated ablation volumes 
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Computer-assisted plan simulated change in structural connectivity 
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Manual planning estimated ablation volumes 
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Manual plan simulated change in structural connectivity 
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Figure 36 Legend:  Example of residual interhemispheric connectivity identified from probabilistic 

tractography shown on median and paramedian sagittal planes. Streamline directionality 

encoded as red: right-left, blue: superior-inferior and green: anterior-posterior.  Baseline 

interhemispheric probabilistic tractography in a single subject (top panel). Corresponding 

computer-assisted (middle left panel) and manual (middle right panel) plan derived estimated 

ablation volumes with the non-dominant frontal trajectory to the rostrum of corpus callosum 

shown in yellow, the non-dominant parietal trajectory to the genu of corpus callosum shown in 

magenta and the dominant frontal trajectory to the posterior body of the corpus callosum shown 

in cyan. Simulated effect of computer-assisted (bottom left panel) and manual (bottom right 

panel) plan estimated ablation cavities on structural interhemispheric connectivity, revealing 

residual connectivity at the genu of the corpus callosum associated with the manual plan 

compared to the computer-assisted plan (shown as red streamlines at the genu of the corpus 

callosum in the bottom right panel). 
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8.5 Discussion 

8.5.1 Key Results: 

We show that computer-assisted planning was able to successfully plan feasible 

trajectories for LITT corpus callosotomy with a significantly improved risk score and minimum 

distance from vasculature. Employing probabilistic tractography of interhemispheric 

connectivity and simulated ablation cavities we demonstrate residual interhemispheric 

connectivity in 4/10 cases following expert 1 and 2/10 cases following expert 2 manual planning 

compared to 1/10 cases following computer-assisted planning. 

8.5.2 Open corpus callosotomy 

The corpus callosum is the principal site of interhemispheric connectivity consisting of 

both myelinated and unmyelinated fibres. Disconnection of interhemispheric connectivity 

through the anterior two-thirds of the corpus callosum is an effective palliative procedure that 

is most commonly undertaken for drop attacks and tonic, atonic or tonic-clonic seizure as part 

of Lennox-Gestaut syndrome(Asadi-Pooya et al., 2008). Pre-operative independent prognostic 

factors include younger age, drop attacks with associated epilepsy syndrome, MRI negative and 

IQ > 50. Anatomically the corpus callosum lies within the interhemispheric fissure and is 

intimately related to the lateral ventricles. It is subdivided into the rostrum, genu, body and 

splenium. The different anatomical regions of the corpus callosum have been shown to 

demonstrate a consistent topographic organisation(Fabri et al., 2014). The rostrum of the corpus 

callosum principally connects the orbitofrontal regions and the genu, also known as the forceps 

minor, connects the medial and lateral surfaces of the prefrontal cortex. The mid-body of the 

corpus callosum connects the pre-motor cortices whilst the posterior body connects the motor 

and sensory cortices. Posterior parietal, temporal and occipital connectivity pass through the 

anterior, middle and posterior aspects of the splenium respectively. Open anterior two-thirds 

corpus callosotomy is performed through a bicoronal incision and midline craniotomy to expose 

the superior sagittal sinus. Interhemispheric dissection is performed with the callosomarginal 

and pericallosal arteries being identified and preserved. Corpus callosotomy is then performed 

through microsuction and sharp dissection until the ependyma of the lateral ventricle is 

encountered(Smyth et al., 2017a). Some centres propose complete corpus callosotomy as an 

initial one-stage procedure(Smyth et al., 2017b) whilst others have advocated posterior corpus 

callosotomy alone(Paglioli et al., 2016). In most surgical practices, anterior two-thirds corpus 
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callosotomy is performed initially with a second stage complete corpus callosotomy being 

performed if this fails due to the risk of developing a disconnection syndrome(Graham et al., 

2016). For this reason, we have chosen to simulate anterior two-thirds callosotomy and not 

complete callosotomy. Other post-operative complications associated with corpus callosotomy 

are usually transient but may include language impairments, neuropsychological impairments, 

hemiparesis and urinary incontinence. The adverse effects associated with corpus callosotomy 

are usually less severe and better tolerated in children.  

Compared to VNS, open corpus callosotomy has been found to lead to significantly 

improved outcomes for atonic seizures associated with Lennox-Gestaut syndrome(Lancman et 

al., 2013), yet due to its invasive nature, it is reserved as second-line therapy. Descriptions of 

laser corpus callosotomy are limited to small case series, but initial results demonstrate that it 

is a feasible minimally invasive alternative to primary open anterior two-thirds corpus 

callosotomy or as a second stage completion callosotomy (see Table 27).  
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Table 27: Summary of case reports in the literature  

Authors Number 

of 

patients 

Number of 

Trajectories 

Objective Outcome Complications 

(Ho et al., 

2016) 

1 1 Second stage 

completion 

callosotomy following 

failed open anterior 

two-thirds corpus 

callosotomy  

>50% seizure 

frequency 

reduction 4 months 

after ablation 

Nil 

(Pruitt et 

al., 2017) 

3 3 Not reported Not reported One patient 

suffered from 

catheter 

malposition 

(Lehner et 

al., 2018) 

5 3 Anterior 2/3 corpus 

callosotomy 

>80% seizure 

frequency 

reduction in 4 

patients 

One patient 

suffered a 

misplaced device 

requiring a second 

surgery. Another 

patient suffered a 

cortical haematoma 

at the entry site. 

(Tao et al., 

2018) 

2 2 Anterior 2/3 corpus 

callosotomy 

Freedom from 

disabling seizures at 

18 months in one 

patient and >90% 

seizure frequency 

reduction at 7 

months 

Nil 

(Palma et 

al., 2018) 

3 Not reported Second stage 

completion 

callosotomy following 

failed open anterior 

Not reported Nil 
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two-thirds corpus 

callosotomy 

(Ball et al., 

2018) 

1 2 Anterior 2/3 corpus 

callosotomy 

Engel 2 outcome Nil 

(Karsy et 

al., 2018) 

1 3 Anterior 2/3 corpus 

callosotomy 

Not reported Not reported 

 

8.5.3 Computer-assisted planning and LITT corpus callosotomy 

Computer-assisted planning has previously been described for stereotactic trajectory 

planning associated with DBS(Essert et al., 2012), SEE(De Momi et al., 2014b; Sparks et al., 

2017a; Vakharia et al., 2018e), brain tumour biopsy(Marcus et al., 2019) and laser ablation of 

the mesial temporal lobe(Vakharia et al., 2018d) as a means of optimising and objectively 

standardizing clinical practice. This is the first description of an automated algorithm for 

optimising laser trajectories associated with anterior two-thirds corpus callosotomy. LITT is a 

novel minimally invasive method of creating thermal ablations within the brain that can be 

modulated in near real-time through MR thermography and application of the Arrhenius 

damage model(Lagman et al., 2017). A laser fibre and cooling catheter are stereotactically 

implanted into regions of the brain and ablations 5-20 mm in diameter are performed(Hoppe et 

al., 2017). The catheter can then be withdrawn and consecutive ablations performed to form a 

confluent ablation cavity. Based on a conservative estimate of a 15 mm ablation diameter we 

model 7 mm pull-backs for this purpose. The corpus callosum has a curved morphology whilst 

the laser catheters are currently restricted to linear trajectories. As a result, multiple trajectories 

are required to ensure that the corpus callosum is ablated to prevent residual connectivity and 

persistent seizure propagation(Karsy et al., 2018; Lehner et al., 2018). To attain this we aimed 

to automatically derive patient-specific target and entry points that would ensure 

interhemispheric disconnection through the corpus callosum whilst optimising the safety 

metrics considered by surgeons when planning stereotactic trajectories. There is currently no 

consensus within the literature regarding the use of 2 or 3 laser catheter trajectories. Two 

catheters may reduce the potential risk of implantation but could also result in incomplete 

disconnection. Based on expert experience we have therefore developed a 3 catheter algorithm 
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to mirror their current clinical practice. This was achieved through the use of patient-specific 

whole brain parcellations in which morphometric dilations and Boolean operations were 

performed (see Figure 33).  

An important consideration during trajectory planning is haemorrhage risk. In clinical 

practice, surgeons choose avascular corridors between the entry and target points to prevent 

conflict with intracerebral vessels.  We quantify the size of the avascular corridor using a risk 

score and also measure the minimum distance to vasculature(Sparks et al., 2017a). We make 

the pragmatic assumption that the greater the size of the avascular corridor the smaller the 

chance of haemorrhage. We accept that this has not been validated, as doing so would require 

a prohibitively large observational series, but we have incorporated this metric into the 

computer-assisted planning algorithm as it closely replicates clinical practice. Another important 

benefit for maximising distance from vasculature is the heat-sink effect associated with blood 

flow in close proximity to the intended ablation cavity(Jermakowicz et al., 2018). Other factors 

that are optimised include the intracerebral length of the trajectory in order to prevent 

unnecessary parenchymal transgression, orthogonal drilling angle to the skull to prevent skiving 

during drilling and consequent inaccurate bolt/catheter placement and proportion of the 

trajectory within the corpus callosum.  

Thermal injury to the adjacent fornix and cingulate gyri must also be avoided to prevent 

memory impairment and neuropsychological dysfunction, respectively. Given that the extent of 

the ablation cavity is modulated in near real time MR thermography we are unable to model 

this. Computer-assisted planning trajectories tended to have a more lateral and dorsal position 

within the corpus callosum compared to manually planned trajectories. The lateral positioning 

is due to the location of the pericallosal arteries lying on the dorsum of the corpus callosum in 

the midline. Injury to these could result in stroke or catastrophic haemorrhage. Additionally, the 

fornices lie closest to the posterior body of the corpus callosum in the midline. A potential 

consequence of a more lateral and dorsal trajectory, however, is increased cingulate cortex 

ablation. A prospective clinical trial would be required to compare the neuropsychological 

sequelae and safety of the trajectories. 

Post-operatively adequate disconnection following LITT corpus callosotomy has been 

described through a multimodal approach including contrast-enhanced MRI, diffusion-weighted 

imaging, functional MRI, cortico-cortical evoked potentials and resting EEG(Lehner et al., 2018). 
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In addition, diffusion-weighted imaging and tractography alone have been shown to be highly 

accurate methods of quantifying post-callosotomy disconnection following open 

surgery(Choudhri, A.F., Whitehead, M.T., McGregor, 2013). As we are comparing simulated 

ablation cavities between computer-assisted and manual trajectory plans in the same patients 

we implemented probabilistic tractography to validate the extent of interhemispheric 

disconnection through the corpus callosum between the two methods. The different anatomical 

regions of the corpus callosum have been shown to demonstrate a consistent topographic 

organisation. The rostrum of the corpus callosum principally connects the orbitofrontal regions 

and the genu, also known as the forceps minor, connects the medial and lateral surfaces of the 

prefrontal cortex. The mid-body of the corpus callosum connects the pre-motor cortices whilst 

the posterior body connects the motor and sensory cortices. Posterior parietal, temporal and 

occipital connectivity pass through the anterior, middle and posterior aspects of the splenium 

respectively. We show that the extent of callosal disconnection through the rostrum, genu and 

body was no worse with computer-assisted planning compared to manually planned 

trajectories. In cases where residual connectivity was present after the application of simulated 

ablation cavities, this was on average 0.69 cm3. Unfortunately, we are unable to comment on 

the clinical significance of this.  

8.5.4 Limitations: 

The principal limitation of this feasibility study is that the LITT ablations are simulated 

and have not been prospectively implemented in patients. The corresponding cavities are 

modelled based on a 5-15 mm cylindrical ablation diameter(Jermakowicz et al., 2018; Vakharia 

et al., 2018d). Subsequently, we are unable to compare the corresponding outcomes with 

regards to alterations in seizure frequency that would be obtained were the trajectories 

implemented as part of LITT disconnection procedures. We feel this feasibility study is a 

necessary first step to ensure the computer-assisted planning algorithm is able to satisfy the 

requirements of anterior two-thirds of the corpus callosum under simulated conditions prior to 

undertaking a prospective clinical validation study. The simulated ablation volumes and number 

of catheter pull-backs required to achieve the desired ablation volume are based on a cylindrical 

ablation diameter. The product literature suggests that ablation diameters of between 5-20 mm 

may be achieved, but due to asymmetrical heat sinks, we conservatively model the maximum 

ablation diameter as 15 mm with 7 mm pullbacks to generate confluent ablation cavities. Heat 

dissipation to the adjacent white matter and cingulate cortices may also cause the surgeon to 



279 
 

 

limit the ablation to prevent unintended damage to these structures. To date, no validated non-

linear method exists to estimate the effect of heatsinks on thermal ablation cavities on a patient-

specific basis, but this would improve the accuracy of the simulation. 

Secondly, for the calculation of the risk score, we utilised vascular segmentations 

derived from DSA. We acknowledge that DSA is not routinely acquired for LITT procedures. The 

patients were selected from a prospectively maintained database of SEEG procedures and 

subsequently, DSA was already acquired as part of their routine care. The algorithm would also 

work with MRV/A or CTA derived vascular segmentations. Given that the same segmentations 

were used for the calculation of the risk scores for both manual and computer-assisted plans 

this would not affect the comparison. 

Finally, the automated entry and target point generation are dependent on the whole 

brain GIF parcellation. We have not tested the algorithm on other common whole brain 

parcellations, such as FreeSurfer (Martinos Centre for Biomedical Imaging, Charlestown, MA). 

Inaccuracies in the whole brain parcellation due to poor initial image quality must be checked 

prior to performing automated trajectory planning as this may adversely affect the trajectory 

planning.   

8.6 Conclusion 

Computer-assisted LITT anterior two-thirds corpus callosotomy trajectory planning is 

feasible employing a three trajectory technique. Compared to expert manually planned 

trajectories in the same patients, the computer-assisted planning algorithm was able to 

significantly optimise a number of heuristic parameters that surgeons employ during manual 

stereotactic trajectory planning. In addition, simulated ablation cavities and subsequent 

tractography revealed residual interhemispheric connectivity in 1 of 10 cases following 

computer-assisted planning compared to 2 and 4 of 10 cases following expert manual planning. 

Computer-assisted planning, therefore, provides a systematic and objective method of 

trajectory planning that may lead to standardised care. This has especially important 

implications for novel techniques, where initial learning curves are present at introduction. 

Prospective validation studies are now needed so that therapeutic efficacy can be determined. 

Future work is now focused on determining whether fewer catheter trajectories can be 

employed on an individual basis from the anatomical and morphological characteristics of the 
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corpus callosum. More accurate modelling of heat dissipation in this region would also allow 

greater inferences regarding potential damage to nearby critical structures, such as the cingulate 

gyri and the fornix, as the algorithm is able to identify these as critical structures and minimise 

heat dissipation to them.   
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9 Accuracy of intracranial electrode placement for stereoelectroencephalography: A 

systematic review and meta-analysis.Based on (Vakharia et al., 2017b) 

 

9.1 Abstract 

9.1.1 Objective 

Stereoelectroencephalography (SEEG) is a procedure in which electrodes are inserted 

into the brain to help define the Epileptogenic Zone. This is performed prior to definitive 

epilepsy surgery in patients with drug-resistant focal epilepsy when non-invasive data are 

inconclusive.  The main risk of the procedure is haemorrhage occurring in 1-2% of patients. 

This may result from inaccurate electrode placement or a planned electrode damaging a blood 

vessel that was not detected on the pre-operative vascular imaging. Proposed techniques 

include the use of a stereotactic frame, frameless image guidance systems, robotic guidance 

systems and customized patient-specific fixtures.      

9.1.2 Methods 

Using the Preferred Reporting Items for Systematic Reviews and Meta-Analysis 

(PRISMA) guidelines a structured search of the PubMed, Embase and Cochrane databases 

identified studies that involve: 1) SEEG placement as part of the pre-surgical work up in 

patients with 2) drug-resistant focal epilepsy in which 3) accuracy data has been provided.  

9.1.3 Results 

326 publications were retrieved of which 293 were screened following removal of 

duplicate and non-English language studies. Following application of the inclusion and 

exclusion criteria, 15 studies were included in the qualitative and quantitative synthesis of the 

meta-analysis. Accuracies for SEEG electrode implantations have been combined using 

random-effects meta-analysis and stratified by technique. 
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9.1.4 Conclusion 

The published literature regarding the accuracy of SEEG implantation techniques is 

limited. No prospective case-controlled clinical trials compare different SEEG implantation 

techniques. Significant systematic heterogeneity exists between the identified studies 

preventing any meaningful comparison between techniques. The recent introduction of 

robotic trajectory guidance systems has been suggested to provide a more accurate method of 

implantation, but supporting evidence is limited to Class 3 only. New techniques must be 

compared to the previous ‘gold-standard’ through well designed and methodologically sound 

studies before they are introduced into widespread clinical practice. 
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9.2 Introduction 

Stereoelectroencephalography (SEEG) is a procedure that was developed by Talairach 

and Bancaud(Talairach et al., 1962) and is undertaken as part of the pre-surgical evaluation of 

patients in whom non-invasive investigations are unable to accurately define the Epileptogenic 

zone (EZ). The EZ can be defined as the “minimal area of the cortex that must be resected to 

produce seizure-freedom”(Lüders et al., 2006). As part of the investigations before epilepsy 

surgery patients undergo detailed non-invasive clinical, neurophysiological, neuropsychological, 

neuropsychiatric and multi-modal imaging investigations(National Institute for Health and 

Clinical Excellence et al., 2012). If these non-invasive investigations are concordant and the EZ 

can be accurately determined, such as in most cases of hippocampal sclerosis, then the patient 

can safely undergo surgery with good clinical outcomes(De Tisi et al., 2011). In cases where non-

invasive investigations are non-concordant, invasive intracranial recordings are required, which 

may take the form of a subdural grid, SEEG electrode insertion or both(Enatsu et al., 2016). A 

recent meta-analysis has highlighted that the main complications associated with SEEG include 

intracranial haemorrhage, infection, implant malfunction and malposition(Mullin et al., 2016a). 

Before SEEG electrode insertion trajectories are carefully planned with prior knowledge of the 

critical neurovascular structures(Cardinale et al., 2015; Zuluaga et al., 2015). Computer-aided 

planning has been employed in this regard to determine the safest trajectories that maximize 

grey matter sampling whilst ensuring a safe distance from vasculature(Nowell et al., 2016a, 

2016b). Understanding the accuracy of the implantation method is necessary to incorporate a 

safe threshold away from blood vessels during trajectory planning. Cardinale et al, following a 

prospective analysis of 500 patients in which 6496 electrodes were implanted, calculated a safe 

distance of 2.88 mm based on the mean entry point error (0.86 mm) with the addition of 3 

standard deviations (3 x 0.54 mm) and the probe radius (0.4 mm)(Cardinale et al., 2013). This, 

therefore, provides a 99% estimate of confidence that a safe trajectory can be implanted should 

any vessels be greater than this distance away. Accuracy of SEEG implantations is therefore 

paramount for electrode implantation as the corridors for implantation between cerebral 

vasculature are narrow, especially when multiple electrodes are implanted. Another potential 

consequence of inaccurate electrode placement is the inability to achieve electrophysiological 

recordings from the intended anatomical brain region. Target points for SEEG electrodes are 

chosen based on the hypothesis generated from the summation of information provided by the 

non-invasive investigations. The SEEG recordings help to define the epileptogenic zone and 

hence, the region for resection that will result in seizure freedom.  Electrode malposition, 
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therefore, exposes patients to the risks of SEEG unnecessarily, and of failure to achieve 

identification of the epileptogenic zone.  The published literature describes several different 

techniques including the use of a stereotactic frame, frameless image guidance, robotic 

trajectory guidance and custom patient-specific fixture systems. A recent review of the history 

of SEEG techniques and those used in high-volumes centres has recently been 

published(Cardinale et al., 2016b). We aimed to undertake a meta-analysis of all the published 

literature in which patients with refractory focal epilepsy that have undergone SEEG 

implantation to determine which provides the most accurate when compared to the 

preoperatively planned trajectories. This will guide surgeons as to which technique is safest and 

aid in determining a safe threshold when planning SEEG trajectories. 

 

9.3 Methods 

The meta-analysis was registered with the PROSPERO database and was assigned the 

registration number CRD42016047839 through which the review protocol can be reviewed.  

Using the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) 

guidelines(Liberati et al., 2009) a structured search of the PubMed, Embase and Cochrane 

databases was undertaken. The last date of the search was undertaken on the 16/09/16.  

Eligibility for inclusion in the meta-analysis included peer-reviewed publications in which full-

length English language manuscripts were available through electronic indexing comprising:  

i. Pre-clinical or clinical studies of patients with refractory focal Epilepsy 

ii. Undergoing SEEG implantation as part of pre-surgical evaluation 

iii. The technique for insertion has been described 

iv. Post-implantation imaging has been performed (CT or MRI) 

v. The method for measurement of deviation from the planned trajectory has been 

described 

vi. The accuracy of the implantation has been measured from the post-operative 

imaging 

Two independent researchers applied the search criteria using the search terms:  

 ((drug resist*) OR refractory) AND epilepsy 
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 (((Stereoelectroencephalography) OR stereo EEG) OR SEEG) OR depth electrode) 

In total 328 studies were identified. Following removal of duplicate and non-English 

language studies 296 manuscripts’ titles and abstracts were screened. After applying the 

eligibility criteria, there were 35 articles that were analysed. A comparison of the articles for 

inclusion between the two independent researchers was undertaken and revealed high 

concordance between the identified studies. Any discrepancy was resolved through mutual 

review and involvement of the senior author. The remaining 17 studies were included in the 

qualitative and 15 in the quantitative synthesis. (See Figure 37) 
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Figure 37: PRISMA 2009 Flow diagram 

 

Figure 37 Legend: Summary of search strategy (based on The PRISMA Statement, www.prisma-

statement.org)  
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Data extraction was performed using a table with a predefined set of criteria. The risk 

of bias and methodological quality of the included studies was calculated using the 

methodological index for non-randomized studies (MINORS) in which rating scores out of 16 and 

24 for non-comparative and comparative studies respectively are generated(Slim et al., 2003). 

Low scores suggest methodologically flawed studies. There was good internal consistency 

between the ratings from the two independent assessors as defined by a Cronbach’s alpha of 

0.86. Mean accuracy of implantation results for entry point or target point error were combined 

using an inverse variance method and stratified by technique. Studies were weighted from the 

random-effects analysis. Statistical analysis was performed using SPSS 24 and Stata (Version 14). 

9.4 Results 

9.4.1 Study quality 

From the 17 studies included in the qualitative synthesis, one study was preclinical, one 

study contained a combination of pre-clinical and clinical results and the remaining studies were 

all clinical. In the majority of studies (11/17), no comparison between different techniques of 

implantation was undertaken. From the remaining 6 studies, 5 compared outcome results to 

retrospective data sets (historical cohorts) and the single preclinical study compared two robotic 

trajectory guidance systems prospectively. One of the studies by Gonzalez-Martinez et al. 

(Gonzalez-Martinez et al., 2013) used previously published data as a historical comparison for a 

prospective study and therefore appeared twice (once for the stand-alone results and again for 

the comparison). Two studies were removed from the quantitative analysis because the method 

used to assess accuracy was deemed sufficiently different to prevent any meaningful results 

comparison. (see table 28) 
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Table 28: Summary of Data Synthesis 

Publication MIN
ORS 

Study type Frame / 
Frameless 

Technique Number 
of 
patients 

Total 
number of 
electrodes 

Error 
Measure  / 
Grading 
scale 

EP error 
(mm ) 
from plan 

TP error  
(mm) 
from 
plan 

 

Angle 
error 
(deg) 
from plan 

Complications Comments 

Dorfer et 
al. 
(2016)(24) 

(Level 3) 

15 Preclinical 
phantom 

 

Frameless iSYS1 vs 
Vertek arm 
(Medtronic) 

Prospective 

1 
phantom 

5 iSYS1 vs 

5 Vertek 
arm 

Lateral 
deviation 

  

iSYS1 = 
0.6 +/- 
0.4 
Vertek 
arm = 1.4 
+/ -0.5 
(mean 
+/- SD)  

 

iSYS1= 
0.8 +/- 
0.7 mm  

Vertek 
arm = 
1.4+/-0.7 
mm 

(mean 
+/- SD) 

Not 
specified 

N/A 
Reduction in time for 

alignment to trajectory with iSYS1 

Clinical Frameless iSYS1 
Prospective 

16 93 Lateral 
deviation 

iSYS1 = 
1.54 +/- 
0.8 

iSYS1 + K-
wire = 
1.18 +/-
05 

iSYS1 = 
1.82 +/- 
1.1 

iSYS1 + K-
wire = 
1.66 +/- 
1.12 

Not 
specified 

0 
1. Further improvement in iSYS1 

accuracy following 

modification of technique with 

K-wire (p = 0.021) 

2. Comparison to retrospective 

Vertek arm cohort using skin 
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(mean 
+/- SD) 

(mean 
+/- SD) 

fiducials where iSYS1 

insertions used bone fiducials 

3. Reduction in EP (60%) and TP 

(40%) error with iSYS1 

compared to Vertek probe 

technique in historical controls 

Vertek arm 
(Medtronic) 

Retrospective 

Not 
specified 

Not 
specified 

Lateral 
deviation 

Vertek 
arm = 3.5 
+/- 1.5 

(mean 
+/- SD) 

Vertek 
arm = 3.0 
+/- 1.9 

(mean 
+/- SD) 

Not 
specified 

Not specified 

Roessler et 
al. 2016 
(25) 

(Level 3) 

10 Clinical Frameless 
combined 
with 
intraoperati
ve MRI 

Brainlab 
navigation of 
reduction 
tube and 
immobilizatio
n with two 
fixation arms 
(Lyla 
retractors) 

Prospective 

6 58 Euclidean 
distance  

1.4 +/- 
1.2 

(mean 
+/- SD) 

3.2 +/- 
2.2 
(mean 
+/- SD) 

Not 
specified 

Nil 
1. Mean time for electrode 

implantation 12 mins (50% 

quicker than frame-based 

SEEG) 

2. Intraoperative MRI 

registration accuracy 1-2 mm. 

3. Frameless system 28% 

cheaper compared to frame-

based system 

4. Relatively short electrode 

lengths (mean = 37.3 mm) 

Narváez-
Martínez  
et al. 2016 
(17) 

9 Clinical Frameless 
combined 
with O-arm 

Vertek arm 
(Medtronic) 

Prospective 

10 69 Not 
specified 

Not 
specified 

1.39 
(mean) 

Not 
specified 

Nil 
1. Mean time for electrode 

implantation 34.7 mins 
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(Level 4) 

González-
Martínez 
et al. 
2016(22) 

(Level 3) 

12 Clinical Frameless 
(Leksell 
frame used 
as fixation 
device) 

ROSA Robotic 
assistant 
device 

Prospective 

100 1245 Euclidean 
distance 

1.2 
(interqua
rtile 
range 
0.78-
1.83) 

1.7 
(interqua
rtile 
range 
1.20-2. 
30) 

Not 
specified 

Total 
complication 
rate of 4% per 
patient 

(3% 
asymptomatic 
and 1% 
symptomatic 
haemorrhage) 

Risk of major 
haemorrhagic 
complication 
0.08% per 
electrode 

1. Mean time for electrode 

implantation 30 mins using 

the ROSA 

2. Registration accuracy <0.75 

mm 

3. EP and TP target errors 

measured in 500 consecutive 

electrode insertions using the 

ROSA 

4. ROSA implantations were a 

means of 222 minutes shorter 

than frame-based 

implantations (p<0.001) 

5. No significant difference 

between mean entry point 

error and complication rate 

between ROSA and historical 

frame-based control 

9 Frame-
based 

Leksell frame  

Retrospective 

100 1310 Euclidean 
distance 

1.1 

 

Not 
specified 

 

Not 
specified 

Total 
complication 
rate of 3% per 
patient 

(2% 
asymptomatic 
and 1% 
transient 
symptomatic 
haemorrhage) 

Risk of 
haemorrhagic 
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complication 
0.2% per 
electrode 

Verburg et 
al. 2015(26) 

(Level 4) 

8 Clinical Frameless VarioGuide 
(BrainLab) 

Retrospective 

7 89 Euclidean 
distance 

Not 
specified 

3.5 
Median 
(95% CI 
2.9-3.9)  

Not 
specified 

One patient 
required 
decompressive 
hemicraniecto
my following 
symptomatic 
haemorrhage 
(14%) 

Risk of 
haemorrhagic 
complication 
1.1% per 
electrode 

1. Laser surface registration 

accuracy not specified 

2. Poor fixation of single 

electrode resulted in 13.7 mm 

maximum error of electrode  

Hou et al. 
2014(23) 

(Level 3) 

16 Clinical Frameless Navigus tool 

Prospective 

36 173 Lateral 
deviation 

  

Not 
specified 

2.03+/-
0.98 
(mean 
+/- SD) 

Not 
specified 

Nil 
1. Mean time for electrode 

implantation of 19.4 mins in 

frameless compared to 34.5 

mins in frame-based group 

(p<0.05) 

2. Surface tracing registration 

accuracy not specified 

3. Electrode implantation 

accuracy worse in the 

temporal compared to frontal 

Frame-
based 

Leksell frame  

Retrospective 

28 62 Lateral 
deviation 

  

Not 
specified 

1.79+/-
0.82 
(mean 
+/- SD) 

Not 
specified 

Haematoma 
rate 3% in 
frame-based 
group (all 
asymptomatic) 
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lobe (p<0.05) 

 

Meng et al. 
2014(29) 

(Level N/A) 

18 Pre-
clinical
  

Frameless Robot arm 
with Polaris 

Prospective 

1 
phantom 

12 Euclidean 
distance 

Not 
specified 

1.16+/-
0.38 
(mean 
+/- SD) 

Not 
specified 

N/A 
1. Scalp fiducial marker based 

registration accuracy not 

specified 

2. Accuracy errors are for 

trajectory alignment not 

following electrode or bolt 

placement. Drilling and 

placement errors are not 

measured. 

3. Trajectory location time < 

6mins for 12 electrodes 

4. Robotic device not clinically 

available 

Frameless Robot arm 
with Optotrak 

Prospective 

1 
phantom 

12 Euclidean 
distance 

Not 
specified 

0.62 +/- 
0.23 

(mean 
+/- SD) 

Not 
specified 

N/A 

Nowell et 
al. 2014 
(10) 

(Level 4) 

12 Clinical Frameless Vertek arm 
(Medtronic) 

Prospective 

 

22 187 Lateral 
deviation 

Not 
specified 

3.66 +/- 
2.21 
(mean 
+/- SD) 

Not 
specified 

Haematoma 
rate of 4.5% 
(asymptomatic) 

1. Scalp fiducial marker based 

registration accuracy not 

specified 

2. Intraparenchymal electrode 

deviation reported 

3. Median time for implantation 

137 mins (range 80-167 mins) 

4. Eight electrodes failed to 
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reach their neurophysiological 

target 

Balanescu 
et al. 2014 
(16) 

(Level 4) 

10 Clinical Frameless Custom 
patient 
specific frame 

Prospective 

4 53 Lateral 
deviation 
for Entry 
point and 
Euclidean 
distance for 
target point 

0.68 
mean 
(interqua
rtile 
range 
0.30-
0.98) 

1.64 
mean 
(interqua
rtile 
range 
0.84-
2.50)  

Not 
specified 

Nil 
1. Low number of patients 

2. Only orthogonal and up to 2 

oblique trajectories possible 

3. No adjustable components 

4. Requires 2 stage procedure 

(one week apart) 

Cardinale 
et al. 
2013(11) 

(Level 3) 

16 Clinical  Frame-
based 

 

Talairach 
frame 

Retrospective 

37 517 Euclidean 
distance 

1.43 
median 
(interqua
rtile 
range 
0.91-
2.21) 

Error 
>2mm in 
29.5% 

>3mm in 
11.4% 

2.69 
median 
(interqua
rtile 
range 
1.89-
3.67) 

Not 
specified 

Overall major 
complication 
rate 2.4% per 
patient and 
0.03% per 
electrode. 4 
major 
haemorrhagic 
complications 
with frame-
based system 
and none with 
frameless 

 

1. Significant improvement in 

both EP and TP accuracy with 

Neuromate implantations over 

the traditional  Talaraich 

frame (p<2.2x1016) 

2. Likely that post-operative 

haemorrhage rate was 

underestimated as post-op 

MRI or fan-beam CT were not 

undertaken 

3. Higher risk of ble eding from 

EP error 

4. Angiographic data used for 

trajectory planning 

Frameless Neuromate 
robotic  
stereotactic 

81 1050 Euclidean 
distance 

0.78 
median 
(interqua
rtile 
range 

1.77 
median 
(interqua
rtile 
range 

Not 
specified 
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device 
(Renishaw) 

Prospective 

0.49-
1.08) 

EP error 
>2mm in 
3.7% 

>3mm in 
0.5% 

1.25-
2.51) 

Munyon et 
al. 2013 

(Level 4) 

8 Clinical Frame-
based 

With 
subdural grid 
placement  

Retrospective 

6 31 Euclidean 
distance 

Not 
specified 

1.0 +/- 
0.15 mm 
(mean 
+/- SD) 

Not 
specified 

Not specified 
1. Centre of planned craniotomy 

equidistant from fixation 

posts.  

2. No significant difference 

between accuracy of electrode 

placement when craniotomy 

for subdural grid was 

performed 

3. Intraoperative brain shift not 

accounted for 

Ortler et 
al. 
2011(20) 

(Level 3) 

11 Clinical Frameless Vogele-Bale-
Hohner 
(maxillary 
fixation) 
system 

Retrospective 

3 6 Lateral 
deviation 

2.17 +/- 
2.19 mm 
(mean 
+/- SD) 

2.43 +/- 
0.98 mm 
(mean 
+/- SD) 

Not 
specified 

Small 
subcortical 
haemorrhage 

1. Only intrahippocampal depth 

electrodes placed in the 

longitudinal axis of the 

hippocampus included 

2. Entry point error values taken 

at 4cm behind the tip of 
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 Frame-
based 

Fischer –
Leibinger 
Stereotactic 
frame 

Retrospective 

6 11 Lateral 
deviation 

1.37 +/- 
0.55 mm 
(mean 
+/- SD) 

1.80 +/- 
0.39 mm 
(mean 
+/- SD) 

Not 
specified 

Nil 
electrode for uniformity not at 

skull surface 

3. Aiming device calculated 

accuracy accepted when 

alignment to plan <0.5 mm 

and <1 deg 

Mascott et 
al. 2006 

(Level 4) 

8 Clinical Frameless SureTrak 
(Medtronic) 
with variety 
of systems 
incl. Leyla 
retractor arm 
(Aesculap) 
and Vertek 
arm 
(Medtronic) 

7 42 Euclidean 
distance 

Not 
specified 

3 +/- 1.5 
mm 
(mean 
+/- SD) 

 

2.4 +/- 1 
(mean 
+/- SD) 
following 
depth 
correctio
n 

Not 
specified 

Not specified 
1. No rigid (bolt) fixation of 

electrode to the skull resulting 

in depth inaccuracies 

2. Bone fiducials used to provide 

consistent  registration 

accuracy 

Mehta et 
al. 2005 
(28) 

(Level 4) 

12 Clinical Frameless Guide Frame-
DT 
(Medtronic) 

20 41 Lateral 
deviation 
and 
Anatomical 
Target 
Localisation 
grading 
system 

Not 
specified 

3.1 +/- 
0.5 mm 
(mean 
+/- SD) 
from 
planned 
trajector
y 

Not 
specified 

Nil 
1. Guidance based on MRI alone 

(not MRI and CT fusion) 

2. Skin fiducials used 

3. Electrode placement through 

craniotomy at the same time 

as grid placement (no rigid 
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0.4 +/- 
0.9 mm 
from the 
edge of 
the 
anatomic
al 
structure 

skull fixation) 

4. Occipitotemporal approach 

statistically more inaccurate (p 

< 0.05) 

Van Roost 
et al. 
1998(19) 

(Level 4) 

 

9 Clinical Frame-
based 

Fischer –
Leibinger 
Stereotactic 
frame 

164 212 Anatomical 
Target 
Localisation  

Not 
specified 

Target 
accuracy: 
Hippoca
mpal 
head 
97% 
(63% 
direct 
and 34% 
marginal) 

Hippoca
mpal 
body 
96% 
(58% 
direct 
and 38% 
marginal) 

Amygdal
a 75% 
(2% 

Electrode 
inclinatio
n to 
hippoca
mpus in 
AP 
orientati
on 93% 
correct, 
6% too 
steep 
and 1% 
too flat 

Subcortical 
haemorrhage 
2.12% 

Infection 2.12% 

 

Risk of 
permanent 
neurological 
deficit of 0.7% 

1. Only intrahippocampal depth 

electrodes placed in the 

longitudinal axis of the 

hippocampus included 

2. Anatomical target localization 

accuracy provided not a 

deviation from the plan 
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direct 
and 73% 
marginal) 

Davies et 
al. 
1996(18) 

(Level 4) 

7 Clinical  Frameless Freehand 
neuronavigati
on guided 
following 
craniotomy 
for grid 
placement 

12 15 Distance 
from 
hippocamp
us 

Not 
specified 

0.8 mm 
(range 0-
5 mm) 

Not 
specified 

Nil  
1. Only intrahippocampal depth 

electrodes placed 

orthogonally into the 

temporal lobe included 

2. Distance to the edge of the 

anatomical structure 

measured on post-operative 

MRI not compared to the pre-

operative plan 

3. SEEG electrode placement 

following craniotomy for grid 

placement 

4. No correction for brain shift  
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Calculated MINORS scores were a median 9/16 for non-comparative and 15.5/24 for the 

comparative studies suggesting that studies had significant methodological flaws. Included 

studies provided Level 3 evidence for individual case-control studies and Level 4 evidence for 

case-series. No randomized control trials in this area were identified. No studies included 

blinding or provided a prospective power calculation. Follow up periods were adequate for the 

purposes of accuracy determination in all cases as for inclusion eligibility, all accuracy data were 

derived from the post-operative imaging. From the comparative studies, control groups were 

rarely adequately balanced with regards to baseline characteristics. 

9.4.2 Accuracy measurement 

No consistent means of measuring accuracy within the published studies were 

identified. The error between the planned and implanted trajectories were measured using 

Euclidian distance in 8/17 studies and lateral deviation in 5/17. A single study (Balanescu et al., 

2014) combined both measures using lateral deviation for the entry point and Euclidian distance 

for the target point and one study did not specify how the errors were measured (Narvaez-

Martinez et al., 2016). 

9.4.3 Accuracy data 

From all the studies, accuracy data has been provided for 13 different implantation 

systems (5 frameless, 3 frame-based, 3 robotic trajectory guidance and one patient-specific 

custom frame system). Two studies were excluded from the quantitative analysis, as the method 

of accuracy was determined as the distance from the edge of an anatomical structure opposed 

to distance from the planned trajectory(Davies et al., 1996; Van Roost et al., 1998).  

The combined accuracy of the:  

a) Frameless systems were Entry Point (EP) Error mean 2.45 mm (0.39, 4.51 95% CI) 

and Target Point (TP) error mean 2.89 mm (2.34, 3.44 95% CI). 

b) Frame-based systems were EP error mean 1.43 mm (1.35, 1.51 95% CI) and TP error 

mean 1.93 mm (1.05, 2.81 95% CI). 

c) Robotic trajectory guidance systems were EP error 1.17 mm (0.80, 1.53 95% CI) and 

TP error 1.71 mm (1.66, 1.75 95% CI). 
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Figure 38: Forest Plot for a) Entry Point  
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b) Target Point 

 

Figure 38 Legend: Forest plot a) Entry point b) Target point accuracy based on operative 

implantation technique. Mean (solid diamond) and 95% confidence interval (solid line) provided 

with percentage weighting based on inverse variance method. Group (subtotal) and overall 

mean with 95% confidence interval for the mean (hollow diamond) provided with statistic (I-

squared) and p-value for heterogeneity showing significant heterogeneity between robotic and 

frameless studies preventing meaningful comparison.  
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9.5 Discussion 

9.5.1 Accuracy measures 

Entry point error is the difference in the actual from the planned position at which the 

electrode passes through the skull. This can be affected by misregistration of the 

neuronavigation system, inaccurate alignment and deflection during drilling. Target point error 

is the difference in the actual from the planned position of the electrode at the target site. Target 

point accuracy is affected by the angle at which the electrode passes through the skull (even 

when the entry point is accurate), deflection of the electrode at the dura or within the brain, 

rigidity of the electrode and depth to which the introducer is inserted. The choice of insertion 

technique has a greater effect on the entry point error, but the stability of the system will also 

affect the angle of entry, which in turn has a direct impact on the target point accuracy. The 

entry and target point accuracies are based on the segmentation of the electrode positions on 

the postoperative CT scan and have been measured in a variety of ways, although Euclidean 

distance and lateral deviation were most commonly used. Comparison of accuracies between 

the two methods can lead to inaccuracy as the Euclidean distance takes into account depth 

inaccuracies, whilst lateral deviation does not. Given that Euclidean distance was used in 8/17 

and lateral deviation in 5/17 studies, this introduces significant heterogeneity and prevents 

meaningful comparisons between studies using different accuracy measures. Given that none 

of the compared techniques for the implantation of SEEG electrodes directly affect depth error, 

as this is surgeon controlled, some authors advocate the use of lateral shift over Euclidean 

distance. We were unable to consider studies that used lateral deviation and Euclidean distance 

separately due to the small number in the literature and have therefore opted to amalgamate 

them whilst recognizing the imprecision that this introduces. A uniform rating scale is required 

to facilitate accurate comparisons between different studies. There is a large variation in the 

number of patients and electrodes in the published studies ranging from 6 electrodes in 3 

patients(Ortler et al., 2011) to 1050 electrodes in 81 patients(Cardinale et al., 2013). To account 

for this, the studies in the meta-analysis were weighted using an inverse variance method.  The 

overall incidence of haemorrhage from SEEG electrode implantation is estimated to be 0.18% 

per electrode(Mullin et al., 2016a). Given the relatively small numbers of studies and variable 

complication reporting in some studies, we are unable to correlate accuracy with haemorrhage 

rate.  
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9.5.2 Frame-based systems 

Five studies provided accuracy data for the Leksell, Fischer-Leibinger and Talairach 

frame-based systems. All studies were retrospective and data were provided as historical control 

groups for the comparison to frameless(Hou et al., 2014; Ortler et al., 2011) and robotic 

trajectory guidance systems, ROSA(Gonzalez-Martinez et al., 2013, 2016) and 

Neuromate(Cardinale et al., 2013), providing Level 3 evidence. Hou et al. (Hou et al., 2014) used 

a frameless system involving the Navigus tool in a prospective cohort of 36 patients in which 173 

electrodes were implanted compared to the historical use of the Leksell frame in 28 patients for 

the insertion of 62 electrodes. Surface tracing registration was used for the frameless system 

and did not reveal any significant difference in the overall electrode accuracy between the 

frameless and Leksell frame accuracies. The use of surface tracing is thought to be less accurate 

to bone fiducials and is likely to have reduced the accuracy of the frameless implantation 

technique.  There was a significant reduction in the time taken for electrode implantation from 

34.5 to 19.4 minutes using the frameless system, compared to frame-based.  This represents the 

only published study in which the baseline characteristics of the case and control groups have 

been matched. Ortler et al. (Ortler et al., 2011) compared the Fischer-Leibinger frame in 6 

patients with the frameless Vogele-Bale-Hohner maxillary fixation system in 3 patients for the 

purpose of bilateral longitudinal hippocampal electrode insertion.  There was no difference in 

accuracy found between the two systems with the Fischer-Leibinger and Vogele-Bale-Hohner 

systems providing EP errors of 2.17 mm+/-2.19 (Mean +/- SD) and 1.37 mm+/-0.55 (Mean +/- 

SD) respectively and TP errors of 2.43 mm+/-0.98 (Mean +/- SD) and 1.80 mm+/-0.39 (Mean +/- 

SD) respectively. The overall number of patients in the study was very small and there was a lack 

of a prospective power calculation. As such it likely the study was inadequately powered to 

detect a clinically significant difference.  

Cardinale et al. (Cardinale et al., 2013) compared a historical cohort of 37 patients that 

had undergone 517 electrode insertions using the Talaraich stereotactic frame with 81 patients 

undergoing 1050 electrodes using the Neuromate robotic trajectory guidance system. There was 

a significant improvement in both the entry and target point accuracy with the Neuromate 

robotic system over the historical cohort of patients implanted with the Talairach frame 

(p<2.2x1016). Entry point error reduced from a median of 1.43 mm (IQR 0.91-2.21) to 0.78 mm 

(IQR 0.49-1.08). In a similar study by Gonzalez-Martinez et al. (Gonzalez-Martinez et al., 2016) 

the implantation of 1245 electrodes in 100 patients using the ROSA robotic trajectory guidance 
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system was compared with a historical cohort of 100 patients implanted with 1310 electrodes 

using the Leksell frame. EP error was not significantly different between the two methods. No 

target point error was provided for the Leksell frame historical cohort. Historical comparison 

data in this study was provided as a means of reference and not for formal statistical 

comparison. The calculated heterogeneity statistic for EP accuracy between frame-based 

systems was 0%. Excluding the small study by Ortler et al. (Ortler et al., 2011), the remaining 

studies had very tight confidence intervals suggesting valid comparisons can be made between 

frame-based techniques.  

9.5.3 Frameless systems 

The frameless systems included in the analysis include the Vertek arm 

(Medtronic)(Dorfer et al., 2017; Narvaez-Martinez et al., 2016; Nowell et al., 2014), Varioguide 

(BrainLab)(Roessler et al., 2016; Verburg et al., 2016), Navigus tool (Medtronic)(Hou et al., 2014) 

and the Guide Frame-DT (Medtronic)(Mehta et al., 2005). A single study compared the use of 

the iSYS1 robotic trajectory guidance system for the insertion of 93 electrodes in 16 patients 

with a historical cohort using the Vertek arm frameless technique(Dorfer et al., 2017). The 

number of patients and baseline characteristics of the historical cohort was not specified. There 

was a 60% reduction in the EP error from 3.5 mm+/-1.5 (Mean +/- SD) with the Vertek arm to 1. 

4 mm+/-0.8 (Mean +/- SD) with the iSYS1 robotic trajectory guidance system. TP error was 

reduced by 30% from 1.82 mm+/-1.1 (Mean +/- SD) to 1.18 mm+/-0.6 (Mean +/- SD). Historical 

comparison data in this study were provided as a means of reference and not for formal 

statistical comparison. All other studies using frameless systems were case-series in which 

accuracy data were measured and therefore provides Level 4 evidence. The calculated 

heterogeneity statistic for frameless techniques included in the meta-analysis was 98.9% 

suggesting that significant heterogeneity exists between individual studies that prevents any 

meaningful comparisons between the different frameless techniques. Combined accuracy data 

is provided for different frameless techniques, but the significant heterogeneity between the 

studies prevents any meaningful conclusions from being drawn. 

9.5.4 Robotic guidance systems 

The robotic trajectory guidance systems include the ROSA(Gonzalez-Martinez et al., 

2016), Neuromate(Cardinale et al., 2013) and iSYS1(Dorfer et al., 2017). As stated comparisons 

between the robotic trajectory guidance systems previously have been with retrospective 
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frame-based and frameless systems. A single preclinical prospective comparison between a 

robotic arm using different guidance systems (Polaris and Optotrak) has been published(Meng 

et al., 2014). Twelve electrodes were inserted into a single phantom using each technique. This 

device, however, is not clinically available and therefore are no clinical publications of its use to 

date. There have been no prospective clinical comparisons of robotic trajectory guidance 

systems with other techniques or between robotic trajectory guidance systems. The calculated 

heterogeneity statistic for robotic techniques included in the meta-analysis was 99.4% 

suggesting that significant heterogeneity exists between individual studies that again prevents 

any meaningful comparisons between the different robotic techniques. Combined accuracy data 

is provided for different robotic techniques, but the significant heterogeneity between the 

studies prevents any meaningful conclusions from being drawn. 

 

9.6 Conclusion 

The accuracy of SEEG electrode implantation using a variety of techniques has been 

published. Studies to date are mostly single-centre case series providing Level 4 evidence. Some 

studies have provided comparisons between different implantation techniques, but all clinical 

comparisons have been of retrospective cohorts (Level 3), with variable study quality. Calculated 

heterogeneity statistics suggest meaningful comparisons between studies can only occur 

between different frame-based techniques and not between frameless or robotic techniques. 

The lack of a uniform measure of accuracy likely contributes to this heterogeneity and reduces 

the validity of the pooled data such that no meaningful conclusions can be drawn. There is some 

limited evidence suggesting that robotic trajectory guidance systems may provide greater levels 

of accuracy compared to both frameless and frame-based systems, but the studies are of low 

quality and provide low levels of evidence. There is, therefore, a need for high-quality 

prospective control trials between different SEEG implantation techniques to define which 

methods provide the highest levels of accuracy. 
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10 Improving Patient Safety During Introduction Of A Novel Robotic Trajectory Guidance 

System (iSYS-1) Through Cumulative Summation Analysis. Based on (Vakharia et al., 

2018b) 

 

10.1 Abstract 

10.1.1 Objective 

To implement cumulative summation analysis (CUSUM) as an early warning detection 

and quality assurance system for the pre-clinical testing of the iSYS1 novel robotic trajectory 

guidance system. 

10.1.2 Methods 

Anatomically accurate 3D printed skull phantoms were created for three patients that 

had previously undergone implantation of 21 stereoelectroencephalography (SEEG) electrodes 

using the current standard of care (frameless technique). Implantation schema were recreated 

using the iSYS1 system and paired accuracy measures were compared with the previous 

frameless implantations. Entry point, target point and implantation angle accuracy were 

measured from post-implantation CT scans. CUSUM analysis was undertaken prospectively. 

10.1.3 Results 

The iSYS1 trajectory guidance system significantly improved electrode entry point 

accuracies from 1.90+/-0.96 mm (Mean+/-SD) to 0.76+/-0.57 mm (Mean+/-SD) without 

increasing implantation risk. CUSUM analysis was successful as a continuous measure of 

surgical performance and acted as an early warning detection system. The surgical learning 

curve, although minimal, showed improvement after insertion of the 8th electrode.  

10.1.4 Conclusions 

The iSYS1 trajectory guidance system did not show any increased risk during phantom 

preclinical testing when performed by neurosurgeons who had no previous experience of its 

use. CUSUM analysis is a simple technique that can be applied to all stages of the IDEAL 

framework as an extra patient safety mechanism. Further clinical trials are required to prove 

the efficacy of the device. 
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10.2 Introduction 

Novel surgical procedures and devices have the potential to improve patient outcomes 

and safety through the translation of technological advancements to healthcare. The 

introduction of robotic devices to a number of surgical specialities over the last decade has seen 

them become applied to numerous procedures(Díaz et al., 2017). Novel medical devices or 

procedures are associated with a learning curve and patients are exposed to potential risks until 

efficacy can be proven and long-term outcome data are acquired(Collins et al., 2014),(Novara et 

al., 2015). Surgical device trials have the added complication of user-dependent outcomes and 

the learning curve/surgeon contribution to outcome is difficult to predict, especially when trying 

to assess the external validity of a particular device or procedure. The regulation with regards 

to approval of devices is varied in different countries and a recent cross-sectional study showed 

less than half of the devices in which clinical studies are undertaken go on to achieve regulatory 

U.S. Food and Drug Administration (FDA) approval(Marcus et al., 2016). Of the devices that are 

cleared for regulatory approval, 43% were found to have been cleared without the publication 

of a single clinical study under the 510(k) clearance, where only substantial equivalence to 

another approved device is necessary. Alarmingly, a study of medical devices for orthopaedic 

surgery revealed that those approved using the 510(k) clearance were 11.5 times more likely to 

be recalled than devices that underwent clinical studies prior to pre-market approval(Day et al., 

2016). The IDEAL framework is a collaborative approach between surgeons and trial 

methodologists to provide structured guidance, similar to that employed for drug trials, for the 

transition of medical devices from ideas (stage 1) to long term outcome studies (stage 

4)(McCulloch et al., 2013). The IDEAL framework, however, does not provide a continuous 

method for surgical vigilance towards the early detection of harm or the potentially negative 

effect of learning curves. Cumulative summation analysis (CUSUM) is a simple, early warning 

system that compares outcomes of a new intervention or procedure against an established risk 

or failure rate that can be used longitudinally to monitor the outcome and surgical 

performance(Kim et al., 2015; Sivaraman et al., 2017; Sood et al., 2014). CUSUM analysis has 

been used in prospective robot-assisted randomised control trials(Kim et al., 2015) and case-

control studies in which historical outcome data is used to provide a baseline for comparison. 

The latter use has been successfully applied to assess learning curves of particular 

surgical(Guend et al., 2016; Wang et al., 2016; Watson et al., 2015) and non-surgical 

interventions(Balsyte et al., 2010; Young et al., 2005). CUSUM analysis acts as an early warning 
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mechanism to inform investigators if an intervention is exposing patients to a higher than 

expected risk of adverse events, but does not replace conventional statistical methods.  

Stereoelectroencephalography (SEEG) is a neurosurgical procedure in which multiple 

electrodes (usually 8-14) are placed within the brain to identify the seizure onset zone in patients 

with drug-refractory focal epilepsy, to determine if a resection would be feasible. To date four 

techniques have been described to implant multiple intracerebral electrodes, including 

stereotactic frame-based(Serletis et al., 2014), frameless(Nowell et al., 2014), robotic(Cardinale 

et al., 2013; Minchev et al., 2017; Mullin et al., 2016b) and custom 3D printed fixture 

methods(Balanescu et al., 2014). Electrode trajectories are pre-planned to ensure that 

electrodes are a safe distance from intracranial arteries and veins(Rodionov et al., 2013; Sparks 

et al., 2016; Zuluaga et al., 2015), as damage to these vessels could result in a life-threating 

haemorrhage that caused mortality or significant morbidity(Mullin et al., 2016a). The accuracy 

with which the electrode conforms to the pre-planned trajectory is therefore dependent on the 

implantation method. We have previously carried out a meta-analysis of accuracy related to the 

surgical implantation methodology and found a paucity of evidence within the literature 

comparing implantation techniques(Vakharia et al., 2017b). Studies to date have been of poor 

quality amounting to Level 3 evidence. There have been no prospective comparisons of different 

implantation techniques. Here we provide an example in which CUSUM analysis has been used 

as an early warning tool to compare a novel robotic device for the insertion of intracerebral 

Stereoelectroencephalography (SEEG) electrodes with the currently used frameless 

technique(Nowell et al., 2014). 

10.3 Methods 

10.3.1 Stereoelectroencephalography technique 

The frameless implantation technique used as the standard of care at the study institution 

has been described previously(Nowell et al., 2014). In brief, the technique involves the use of a 

mechanical arm in combination with a precision aiming device and Stealth S7 neuronavigation 

system (Medtronic Inc). After registration of the patient to the neuronavigation system, using 

bone fiducials as registration points, pre-planned trajectories on the Stealth station are used to 

align the mechanical arm and precision aiming device. Using a series of reduction tubes, the 

trajectory is then drilled through the skull and the electrode bolt is screwed into the skull. A 

stylet is then passed through the bolt and following this, the electrode is inserted to the target 
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point. In a similar fashion, the novel iSYS1 trajectory guidance system (Medizintechnik Gmbh) is 

a small device that interfaces with the S7 Stealth neuronavigation system and through a series 

of iterative steps aligns to the pre-planned trajectory. Similar to the precision aiming device, the 

iSYS1 has a working channel through which reduction tubes are placed to allow drilling and 

insertion of the skull bolt followed by the electrode. Both procedures are performed with the 

same two neurosurgeons working together. 

10.3.2 Phantom generation 

Three patients who previously had a total of 21 electrode implantations using the 

conventional frameless method were selected on the basis of a power calculation, 

representative range of anatomical targets and drilling angles to the skull. The skull models for 

each of the patients were 3D printed (3D Systems Inc., High Wycombe, UK) with bone fiducials 

in-situ using a commercially available realistic bone-like substitute (Duraform PA) and covered 

with a synthetic skin substitute. The two neurosurgeons who had previously undertaken the 

implantation on the patients then repeated the implantation procedure on these phantoms, 

using the iSYS1 robotic trajectory guidance system. All equipment, including the drill, and 

electrode bolts were kept consistent for both implantation techniques. The two neurosurgeons 

had previously seen a demonstration of the iSYS1 system and were aware of the instructions for 

use but had not received any previous practical training. 

Following implantation, the 3D printed skulls underwent a CT scan and the planned and 

actual (implanted) bolt trajectories were compared using a lateral deviation method (see Figure 

40) for both the entry point, projected target point and angle error(Nowell et al., 2014). The 

results were compared to the actual post-operative patient implantation for the same planned 

trajectories using EpiNavTM (Nowell et al., 2016b). 
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Figure 39: Phantom implantation 

 

 

Figure 39 Legend: Top panel: Robotic positioning unitImplantation. Bottom panel: Using the 

iSYS1 robotic trajectory guidance system on a phantom head recreated to replicate the SEEG 

implantation in a patient. 
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Figure 40: Calculation of lateral deviation error 

 

Figure 40: Schematic of implantation accuracy metrics include entry point, projected target 

point and angle error to the skull. The solid line (diamond) indicates planned electrode and 

dashed line (circle) indicates the bolt axis trajectory.  Entry point (a) and projected target point 

(b) error measured as the lateral deviation from the plan. 

 

10.3.3 Cumulative summation analysis 

Cumulative summation analysis is calculated using the following equation: 

Equation 5: Cumulative Summation Analysis 

  σn = (σn-1 + Xin) – Xon 

where σn is the cumulative summation after n attempts, Xin is the result of the intervention 

following the nth attempt and Xo is the established risk or failure rate of the control to which 

the on-going attempts are compared. Xo can be calculated either on a case by case basis (Xon) 

as with paired control trials in this case, or as an overall frequency if this is known. When σn is 

plotted for subsequent attempts, the gradient of the graph provides information regarding 

whether the intervention is performing better (negative gradient) or worse (positive gradient) 

than the control intervention. A change in the gradient from negative to positive following the 

introduction of a new intervention, therefore, serves as an early warning that outcomes are 

worse than in the control group, even though this may not yet have reached statistical 

significance. Each of the electrode bolt insertion accuracies using the iSYS1 on the phantom (Xin) 
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were compared with the patient insertions using the frameless technique (Xon). The analysis was 

also undertaken using a 3 mm accuracy safety margin based on the accuracy data provided by 

Cardinale et al. (Cardinale et al., 2013). 

10.3.4 Statistical analysis 

The power calculation assumed a significance level of α = 0.05, power of 1-β = 0.95 to 

detect a 0.8 mm improvement in entry point accuracy with an estimated standard deviation of 

0.7 mm based on previously published data(Dorfer et al., 2017).  Based on this, paired results 

from 20 electrodes would, therefore, be required. Following implantation paired electrode bolt 

insertion accuracies for the entry point, projected target point and angle error were tested using 

both the Kolmogorov-Smirnov and Shapiro-Wilk tests to confirm a Gaussian distribution. A 

student’s paired t-test (2-tailed) was then performed using SPSS 24. 

10.4 Results: 

10.4.1 Phantom testing accuracy 

 

Figure 41: Pre-clinical Comparative Implantation Accuracy data 

a) Comparison of frameless manual versus iSYS1 implantation error 
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b) Comparison of the grade of electrode insertion 

 

 

Figure 41 legend: a) Comparison of the entry point, target point and entry angle deviation from 

the plan with manual patient and iSYS phantom implantations. b) A suggested grading system 

for the clinical relevance of implantation error and proportion of manual patient and iSYS 

phantom electrodes within error tolerances. 

10.4.2 Cumulative summation analysis results 

Figure 42: CUSUM plots 

a) Entry Point CUSUM 

 



313 
 

 

b) Angle Error CUSUM 

  

c) Target Point CUSUM 

  

Figure 42: a) CUSUM for entry point error b) target point error and c) angle error. A negative 

gradient implies that the intervention (iSYS1) is more beneficial than the control (frameless) 

implantation. Any change to a positive gradient should alert the investigators to an increase in 

the potential risk of the implantation (as can be seen between electrodes 6-8 in c). b). The end 

of the learning curve is taken as the point where the positive gradient becomes negative or 

where the gradient is most negative. In figure 42a, the learning curve for entry point error 

becomes most negative after electrode 8. In figure 42b, the target point error becomes 

negative after electrode 8. In figure 42c, the angle error learning curve becomes negative after 

electrode 10, but there is a poor correlation between intervention and angle error. 
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Comparison of the frameless insertion of the SEEG electrodes in the patients with the 

iSYS1 system on the 3D phantoms resulted in a statistically significant (p<0.01) improvement in 

the entry point accuracy from 1.90+/-0.96 mm (Mean+/-SD) to 0.76+/-0.57 mm (Mean+/-SD) 

respectively. Projected target point accuracy improved from 1.72+/-0.98 mm (Mean+/-SD) to 

1.34+/-0.86 mm (Mean+/-SD) but was not statistically significant (p=0.17). Angle error from the 

plan non-significantly improved from 0.95+/-0.39 degrees (Mean+/-SD) to 0.88+/-0.55 degrees 

(Mean+/-SD) (p=0.59). 

The CUSUM analyses for the Entry point, Target point and Angle error are shown in 

Figure 42. The Entry point and Target point plots reveal a negative trend line with high 

correlation (R2 = 0.98 and 0.69 respectively) indicating that the iSYS1 implantation technique is 

beneficial and does not increase risk. The angle error CUSUM, however, shows a wide variation 

with poor correlation (R2 = 0.15) suggesting that the implantation method had LITTle or no effect 

on this.  

10.4.3 Learning curve assessment 

The end of the learning process is where the positive gradient of the curve becomes 

negative or the region in which the gradient becomes most negative. The CUSUM analysis curves 

(Figure 42), suggest that the overall learning effect was minimal and the maximal improvement 

with iSYS1 as compared to the frameless technique occurred after the 8th electrode. 

10.5 Discussion 

The transition of medical devices to the clinical setting through use by early adopters of 

technology has the potential to cause patient harm before the long term risks and benefits can 

be determined through methodologically sound clinical trials. In contrast to drug trials, where 

Phase 1 and 2 trials are performed on small numbers of patients to prevent harm, only 60% of 

devices were found to have published clinical trials prior to attaining regulatory approval. The 

IDEAL collaboration is an attempt to provide a framework for device trials analogous to that of 

a drug trial, in which small scale studies are performed using few patients to determine the 

device safety and efficacy prior to larger comparative studies in which long-term data can be 

gathered. During this period, robust early warning mechanisms are required that will detect any 

potentially deleterious effects of the device and thereby prevent patient harm. Here we have 

utilised a CUSUM Analysis to compare paired electrode insertions in an anatomically accurate 
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phantom using the iSYS1 robotic trajectory guidance system with previous frameless 

implantation in patients. 

10.5.1 Comparison with other studies 

CUSUM analysis has been used in a number of surgical and non-surgical fields to assess 

the learning curve of operators and as a continuous quality assurance indicator. Through the 

collection of prospective outcomes, real-time comparisons can be undertaken between 

prospective control groups, retrospective cohorts or previously established risk/failure rates. 

The main use of CUSUM analysis currently is to assess surgeon learning curves and training for 

new techniques, but it also has the potential to be applied as a quality assurance indicator, to 

surgeon revalidation and as an early warning detector in clinical trials.  

To date, there have been no prospective control trials comparing SEEG insertion 

techniques. This is likely due to the requirement for a single unit to have a surgeon or group of 

surgeons who are capable of performing more than one implantation technique. There is some 

evidence from studies in which one technique has replaced another. Cardinale et al. (Cardinale 

et al., 2013), compared historical SEEG electrode implantation accuracy using the Talaraich 

frame with the Neuromate (Renishaw) robot. No prospective controlled trial data are available 

to suggest the superiority of one over the other. Given that the Neuromate (Renishaw) robot is 

now the standard of care in that unit, it would be ethically challenging to perform a prospective 

trial comparing it to the previous technique. The scenario of a single neurosurgical unit not 

having the surgical expertise to use more than one technique could be overcome through multi-

centre trials, but individual surgeon specific performance is difficult to account for 

methodologically. Furthermore, comparison of techniques between different units may 

introduce a systematic bias. Another important consideration is how the learning effect will be 

overcome when comparing a new technique with less surgeon familiarity with a previously 

established one. CUSUM analysis may overcome this. Using paired electrode data, we showed 

that the performance of a novel device could be continuously monitored and any change in 

safety performance over time detected. By recreating an anatomically accurate phantom replica 

of a patient’s skull using 3D printing technology, the same electrode trajectories could be 

implemented by the same surgeons to control for any systemic bias.  During clinical trials, data 

monitoring committees are established to preside over serious adverse events and have the 

power to close trials prematurely when one arm of the trial shows significant benefit over 
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another. For an adverse event to reach statistical significance, a significant number of patients 

are exposed to risk. Our prospective power calculation revealed that 20 electrodes would be 

needed to statistically detect a 0.8 mm improvement in entry point accuracy. CUSUM analysis 

cannot replace statistical tests but does allow trends in beneficial or adverse events to be 

monitoring closely and could potentially alert investigators to deleterious outcomes before they 

become statistically significant. We found that using the iSYS1 trajectory guidance system 

implantation entry point accuracies were significantly improved (p<0.01) from 1.90+/-0.96 mm 

(Mean+/-SD) to 0.76+/-0.57 mm (Mean+/-SD).  These results are consistent with a study by 

Dorfer et al. (Dorfer et al., 2017),  in which preclinical testing of the iSYS1 device improved entry 

point accuracy to 0.6+/-0.4 mm (Mean+/-SD) from 1.4+/-0.5 mm (Mean+/-SD) with the 

frameless technique. The same group also reported entry point accuracy of 1.18 +/-0.5 mm 

(Mean+/-SD) in 93 electrodes in 16 patients, after slight modification of the technique. Cardinale 

et al. (Cardinale et al., 2013) have found a mean entry point accuracy of 0.78 mm using the 

Neuromate (Renishaw) for SEEG, and Mullin et al. (Mullin et al., 2016b) found a mean entry 

point accuracy of 1.2 mm using the ROSA system.  

Based on these accuracy data Cardinale et al. recommended the institution of a safety margin 

of 3mm based on the following (see Equation 1: Planning Safety Margin Chapter 2.1.3) Overall, 

1% of electrodes would deviate outside a 3 S.D. safety margin, which was deemed acceptable. 

When the CUSUM analysis is repeated on the basis of a 3 mm entry point safety margin and an 

accepted 1% violation rate, the iSYS1 device performed within this threshold for all implanted 

electrodes. 

10.5.2 Study Limitations 

Limitations of our study include the small study size (21 electrodes) and differences in 

the use of a 3D printed phantom compared to a patient. We tried to use a material that had 

similar properties to real bone, but the bone substitute was slightly harder. 

The control group was derived from in vivo frameless implantations and we accept it 

may have been methodologically better if the frameless implantation method was also used on 

the phantoms.   We compared the same surgeons to prevent inter-surgeon variability, but they 

have more experience with the frameless technique than with the iSYS1 robotic device. We 

found there was a very minimal learning curve associated with first-time use of the iSYS1 device 

and at all times, entry point accuracy was found to be more accurate than the frameless 
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technique. We do not feel that previous experience through implantation of electrodes in the 

patient using the frameless method would have resulted in an increase in the accuracy of the 

iSYS1 phantom implantation because the robotic implantations were performed on 

retrospectively implanted patients many months after the patient implantations. Furthermore, 

given that the iSYS1 trajectory guidance system performs the alignment automatically, we 

cannot envisage how prior experience with the skulls can improve the accuracy of the 

implantation. 

We focussed on entry point accuracy over target point accuracy. The reason for this is that 

entry point accuracy and angle are the main factors that can be controlled by the surgeon. Given 

that the electrodes are flexible and inserted in a blind fashion, there is a potential for them to 

deviate within the brain. Our phantoms did not have a brain material within them and as such, 

we could not accurately compare actual target points. To account for this, we calculated 

projected target points based on the bolt tip and extrapolated this to a uniform distance for both 

manual and iSYS1 implantations. The majority of intracranial haemorrhages following SEEG 

implantation are extra-axial, most likely as a result of damage to cortical veins. Although there 

does remain a risk of haemorrhage along the entire intracranial length of the electrode small 

inaccuracies at the target are unlikely to prevent measurement of the inter-ictal and ictal 

electrophysiology from the target structure of interest. 

10.6 Conclusion 

The introduction of novel medical devices to clinical practice is associated with an 

inherent risk. A large proportion of devices are approved without rigorous clinical trial data, or 

long term follow up. Here we have shown that CUSUM analysis is an effective tool in the 

assessment of a novel robotic device for SEEG electrode insertion. As part of the preclinical 

testing, we recreated implantation schemes and implemented these using an anatomically 

accurate skull phantom. Entry point accuracy was statistically improved using the iSYS1 robotic 

trajectory guidance system. CUSUM analysis can be used as an early warning tool in conjunction 

with all stages of the IDEAL framework to enhance patient safety.  A thorough independent 

appraisal of both the clinical and economic factors is required before medical devices can be 

widely adopted. Even with the use of methodologically sound clinical trials, patients are exposed 

to potential risks and it is an ethical obligation incumbent on all trial investigators to mitigate 

this risk as far as possible through early complication detection. 
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11 Comparison of robotic and manual implantation of intracerebral electrodes: a single-

centre, single-blinded, randomised controlled trial. 

 

11.1 Abstract 

11.1.1 Introduction 

We report a single-centre, single-blinded randomised control parallel-group trial of 

stereoelectroencephalography (SEEG) electrode placement in patients with refractory focal 

epilepsy. 

11.1.2 Methods 

Thirty-two patients consented for the study comparing conventional frameless SEEG 

electrode insertion utilising the precision-aiming device (PAD) versus the iSYS1 robotic 

trajectory guidance system. Electrodes were inserted to define the epileptic focus in the brain.  

The primary outcome measure was operative time (minutes) for insertion of the cranial bolts. 

Secondary outcomes were accuracy of implantation (entry point, angle and target point), total 

operative time, postoperative haemorrhage rate, infection rate and postoperative neurological 

deficit rate.  

11.1.3 Results 

Thirty-two patients were recruited, completed the trial and analysed. The iSYS1 robotic 

guidance system gave a significantly shorter mean operative time for intracranial bolt 

insertion, 6.36 min (95%CI 5.72-7.07) versus 9.06 min (95%CI 8.16- 10.06), ratio of median 

estimate (iSYS1/PAD) 0.70 (95%CI 0.61-0.81), p=0.0001. The PAD group had a better median 

target point accuracy 1.58 mm (95%CI 1.38- 1.82) versus 1.16 mm (95%CI 1.01- 1.33)), 

p=0.004.  The mean electrode implantation angle error was 2.13o for the iSYS1 group and 1.71o 

for the PAD groups (p=0.023).. There was no statistically significant difference for any other 

outcome. Three patients (2 PAD) had small asymptomatic haemorrhages noted on post-

operative imaging that did not require intervention. 
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11.1.4 Conclusion 

Operative time for individual SEEG bolt insertion was significantly shorter with the 

iSYS1 robotic trajectory guidance system than the PAD. Target point accuracy was significantly 

greater with the PAD, this margin was not of clinical relevance for cerebral cortical SEEG.  

11.1.5 Trial registration 

ISRCTN17209025 (https://doi.org/10.1186/ISRCTN17209025) 

11.1.6 Funding 

Wellcome Trust (WT106882) and Medtronic Inc. provided equipment support through 

an external research program application (ERP ref: 221) 
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11.2 Introduction 

11.2.1 Scientific background and rationale 

Robotic surgical systems have seen exponential growth, both in the number of 

installations and breadth of procedures performed, over the last decade. The main applications 

have been in laparoscopic and thoracoscopic procedures (Childers et al., 2018). Randomised 

control trials for some indications have not shown a benefit for robotic-assistance over 

conventional laparoscopic surgery(Jayne et al., 2017). The economic cost of robotic surgery 

includes the purchase or lease of devices, associated instruments, consumables and service 

contracts, and increased utilisation of hospital resources, including increased operating room 

time and staff training. Within the United Kingdom, the period 2011-2012 marked an inflexion 

point when the number of robotic prostatectomies exceeded both laparoscopic and open 

procedures for the first time(Marcus et al., 2017). 

Comparatively, uptake of robotic systems for cranial neurosurgical procedures has been 

slow, despite early technological innovation and adoption(Wang et al., 2017). The first robot-

assisted stereotactic brain biopsy utilising a modified PUMA industrial robot was performed in 

1985 with improved procedure time and intra-operative accuracy(Kwoh et al., 1988). Global 

installations of stereotactic trajectory guidance systems increased in the last decade, with 

common cranial indications including brain biopsy(Marcus et al., 2018), deep brain 

stimulation(Neudorfer et al., 2018), stereoelectroencephalography (SEEG)(Cardinale et al., 

2013; Vakharia et al., 2017b) and therapeutic drug delivery(Barua et al., 2013).  

 

SEEG is a procedure in which 7-16 electrodes are stereotactically implanted within 

predefined regions of the brain, to localize the source of drug-resistant focal epilepsy, in order 

to guide definitive resections to cure epilepsy (Vakharia et al., 2018a). Recent years have seen a 

shift away from subdural grid placement towards SEEG due to the more favourable side effect 

profile(Abou-Al-Shaar et al., 2018). Initially, SEEG electrodes were implanted using a stereotactic 

frame(Reif et al., 2016; Talairach et al., 1962). The restrictive, repetitive and time-consuming 

nature of frame-based approaches led to the development of frameless systems, which may 

give worse implantation accuracies(Vakharia et al., 2017b). Due to the number of electrodes 

implanted within individual patients and the requirement for precise implantation, SEEG has 

been suggested as being suitable for stereotactic robotic assistance. Despite the growth in the 

number and applications of robotic trajectory guidance systems, meta-analysis reveals that high-
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quality evidence supporting their use is limited(Vakharia et al., 2017b). To date, there are no 

reported prospective studies comparing robotic devices with manual frame-based or frameless 

systems.  

 

This suggests novel robotic devices were introduced, without parallel-group 

comparisons to the conventional methods. This may expose patients to increased harm until the 

associated learning curve is overcome, and outcome accuracy related to the device can be 

compared.  We, therefore, undertook a randomised control trial of a novel robotic trajectory 

guidance device, the iSYS1 (Medizintechnik GmbH), to assess the real-world consequences of 

implementing this technology based on Stage 3 of the IDEAL framework for surgical 

innovation(Ergina et al., 2013; McCulloch et al., 2013). 

11.2.2 Specific objectives and hypotheses 

The primary aim of this trial was to determine whether the iSYS1 robotic trajectory 

guidance system required less operative time for SEEG bolt insertion than the conventional 

frameless method utilising the precision-aiming device (PAD). Secondary aims were to identify 

effects on implantation accuracy, infection and intracranial haemorrhage rates. 

 

11.3 Methods 

The study was approved by the Health Research Authority on 20/02/2017, REC reference: 

17/EE/0016 and the Medicines & Healthcare products Regulatory Agency, MHRA Reference: 

CI/2017/0026. The trial protocol was prospectively registered available online and presented to 

key opinion leaders prior to recruitment(Vakharia et al., 2016a, 2017a). No changes to the 

methods or design were made after the trial started. The manuscript was prepared following 

CONSORT guidelines(Lancet, 2010). 

11.3.1 Trial design 

A single centre,  single-blinded randomised controlled trial of SEEG electrode 

implantation methods in patients with drug-refractory focal epilepsy. 

11.3.2 Participants 

We included patients with drug-refractory focal epilepsy, due to undergo SEEG 

implantation as part of their pre-surgical evaluation, aged between 18-80 years and able to 

provide informed consent.  
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Exclusion criteria included pregnancy, uncorrectable coagulopathy, lack of capacity to consent 

and patients deemed unfit for general anaesthesia. Following a multi-disciplinary team 

discussion, all patients were given a  patient information sheet before providing written 

informed consent. Written informed consent was taken by a delegated member of the research 

team and combined with a pre-operative hospital visit for digital subtraction angiography, 2-6 

weeks prior to implantation. Patients were considered enrolled in the trial once randomised 

using Sealed EnvelopeTM. 

11.3.3 Interventions 

Electrode trajectory planning was undertaken using the EpiNav™ platform (Sparks et al., 

2017a; Vakharia et al., 2018e) prior to randomization to implantation method to prevent 

allocation bias.  In brief, EpiNav™ is a complex clinical decision support software for SEEG 

trajectory planning, employing a semi-automated method based on user-defined parameters. 

Target and entry regions of interest are determined by a multi-disciplinary team of neurologists, 

neurophysiologists, neurosurgeons, neuropsychologists and neuropsychiatrists based on the 

non-invasive pre-surgical structural and functional MRI, PET, scalp video EEG, 

neuropsychological and psychiatric evaluations.  EpiNav™ returns trajectories that minimise 

intracerebral length, drilling angle to the skull and maximises both absolute and cumulative 

distance from blood vessels (risk score) and grey-matter sampling. The algorithm ensures 

trajectories are >10 mm from each other to prevent an intracranial collision. All plans were 

checked by a neurophysiologist and amended as appropriate by a neurosurgeon before 

implementation.  

Patients were randomised to SEEG insertion using either the PAD or the iSYS1 trajectory 

guidance system. All patients underwent insertion of bone fiducials under local anaesthesia for 

registration to the Medtronic S7 neuronavigation system. To minimise any confounding factors, 

the only difference in methodology between the two intervention arms was the device used for 

alignment of the drill guide to the pre-operatively planned trajectories.  

 

Table 29 and Figure 43 show the individual steps involved in each of these procedures: 
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Table 29: Operative steps associated with each implantation method 

Precision-aiming device: iSYS1 trajectory guidance system: 

1. Insertion of 6 bone fiducials under local anaesthesia 

2. CT scan 

3. General anaesthesia 

4. Placement of Mayfield Clamp 

5. Routine prep and drape 

6. Registration to S7 neuronavigation system with registration accuracy <0.6 

mm 

7. Freehand marking of entry points 

8. (A) Alignment of the 

precision-aiming device to 

first electrode trajectory 

(A) Rough alignment of iSYS1 
trajectory guidance system to a 

satisfactory position 

(B)  Achievement of trajectory 
with a target point accuracy of 
<0.7mm (current clinically 
accepted threshold) 

(B) Precise alignment of iSYS1 
trajectory guidance system to the 

final position with an accuracy <0.1 
mm (device threshold). 

9. Skin incision at the defined entry point 

10. Steinmann pin used to define entry point prior to the drilling of trajectory 

11. Accuracy of trajectory checked with Vertek probe 

12. Insertion of the intracranial bolt 

13. Accuracy of trajectory checked with Vertek probe and new entry point set 

14. Removal of mechanical arm 

15. Measurement of electrode trajectory length (from top of the intracranial 

bolt to target point) 
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16. Repeat steps 2-10 for each electrode to be inserted 

17. Insertion of the stylet to the predefined length derived from step 10 

18. Insertion of the electrode to the predefined length derived from step 10 

19. Repeat steps 12-13 for each electrode to be inserted 

20. Removal of bone fiducials 

21. Placement of sutures to close the incision 
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Figure 43: iSYS1 robotic trajectory guidance implantation method 
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Figure 43 Legend: Steps for iSYS1 insertion of SEEG electrode. A) The Vertek probe is inserted into 

the working channel of the iSYS1 device and the surgeon locks the device in rough alignment with 

the predefined trajectory.  B) The iSYS1 automatically aligns the working channel to the trajectory 

achieving an alignment accuracy of ≤0.1 mm to the target and 0 degrees to the plan. C) The 

Vertek is removed from the working channel and replaced by a reduction tube. An incision is 

made in the skin to allow the reduction tube to contact the underlying skull. D) A Steinmann pin 

is then inserted through the reduction tube and with gentle tapping, a divot in the skull surface 

is made to define the entry point. E) Drilling of the skull is performed through the reduction tube. 

F) The skull anchor bolt is then fixed to the screwdriver and screwed into the skull through the 

reduction tube. G) The reduction tube is removed from the working channel of the iSYS1 device 

to reveal the implanted bolt. H) The iSYS1 device is then moved for insertion of the remainder of 

the bolts. After placement of all of the bolts, a stylet is placed through the bolt to the target point 

and then removed. G) The electrodes are then placed through the bolts to the predefined depth. 

11.3.4 Outcomes 

The primary outcome was the operative time (minutes) for individual SEEG bolt 

insertion defined as the time taken from the start of alignment to removal of the Vertek arm 

after bolt insertion. These steps were common to both techniques (see steps 8-14 in Table 29) 

providing systematic and objective time points.  Secondary outcomes included accuracy of SEEG 

electrode placement, the incidence of clinically and non-clinically significant haemorrhages, 

infection rate and new postoperative neurological deficit rate. 

SEEG electrode placement accuracy measures were undertaken for the entry and target 

points using lateral deviation between the implemented and planned trajectory in an automated 

fashion. The algorithm automatically segmented and reconstructed the individual electrodes 

based on the contacts identified from the post-operative CT as described in (Granados et al., 

2018a). All segmentations were manually checked to ensure the correct contacts were assigned 

to the relevant electrodes. Entry point accuracies were back-projected and measured at the 

scalp surface. Due to the potential for the bolt to be displaced or bent following insertion, 

particularly in the temporal region, where the bone may be thin, or in patients with violent 

hypermotor seizures, we opted not to use the bolt axis to define the implemented trajectory. 

Instead, the most superficial contacts within the first 20 mm of the electrode were identified 

and a line of best fit was back-projected to the scalp surface to mark the implemented entry 
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point of the electrode. The error in the angle of insertion was also determined based on the line 

of best fit.  

Clinically and non-clinically significant haemorrhages were detected on postoperative 

neurological examination and post-operative imaging, respectively. All patients underwent a CT 

scan of the head immediately post-implantation and an MRI scan of the brain within 48 hours. 

Radiological images were reported by a neuroradiologist blinded to the treatment arm 

allocation. Clinically significant haemorrhages were defined as those in which the patient had a 

postoperative complaint or neurological deficit and with a corresponding haemorrhage on the 

postoperative imaging. Non-clinically significant haemorrhages were defined as haemorrhages 

without any neurological consequence or clinical sequelae.  

Clinical examination for neurological deficits was performed immediately postoperatively 

and at subsequent clinical interactions at 24 and 48 hours. The electrode insertion sites were 

checked by the clinical teams, who were blinded to the implantation method, and any infection 

reported. All patients received prophylactic antibiotics for the duration of the SEEG implantation 

as part of institutional microbiology policy.  

11.3.5 Randomisation 

We randomly assigned patients to the PAD or ISYS1 trajectory guidance implantation systems 

(using a 1:1 ratio), employing a computer-generated random sequence and random permuted 

blocks.  An independent statistician created and tested the randomisation list which was then 

uploaded onto a computerised system provided by SealedEnvelope. A designated member of 

the surgical team randomised patients by logging into the online system after a patient had given 

informed consent 2 to 7 days prior to the scheduled surgery date. No members of the trial team 

were aware of block sizes to ensure that allocation was concealed.   

11.3.6 Blinding 

The patients, trial statistician and reporting radiologists were blinded to the intervention 

arm. For practical and logistical reasons, it was not possible to blind the surgical and research 

team members.  

11.3.7 Sample size  

The sample size was based on a difference of 20% in the median time for SEEG bolt 

insertion between the robotic and conventional frameless insertion groups, which indicated that 

each group should contain 90 electrodes for a two-sample t-test with a 5% significance level and 

90% power. This assumed that electrode insertion times have a log-normal distribution and 
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accounted for the clustering of electrodes within patients, with an estimated intraclass 

correlation coefficient of 0.2 and an average cluster size of 10 electrodes per patient. This would 

imply that nine patients per group needed to be recruited; we increased this to a sample size of 

16 patients per group to account for the possibility of patient drop-out and variable cluster 

size(O’Keeffe et al., 2017).      

11.3.8 Statistical methods:  

All analyses used intention-to-treat principles (with patient data analysed by the group to 

which the patient was randomised). We analysed the electrode insertion time (minutes) using 

random-effects linear modelling, to account for electrode clustering within patients with log-

transformed times owing to right skewness in the insertion time distribution.  We analysed 

electrode-level continuous secondary outcomes (skull entry point accuracy, target point 

accuracy and error of angle of implantation) using similar random effects linear models (with a 

log-transformation). Categorical secondary outcomes (numbers of haemorrhages, infections 

and neurological deficits) were summarised in tables by the randomised group. We performed 

all analyses using R (version 3.5.1). 

11.3.9 Role of the funding source 

The sponsor of the study had no role in the study design, data collection or analysis and 

writing of the manuscript. External audit of trial data and procedures were performed at four 

stages during the trial, including a closeout visit. In addition to the trial management group, trial 

steering and independent data monitoring committees were established for trial oversight. The 

corresponding author had full access to the data and has final responsibility for the decision to 

submit for publication. 

11.4 Results 

11.4.1 Recruitment 

We recruited thirty-two patients from 21/10/2017 to 19/03/2019. All patients 

completed follow-up and were included in the quantitative analysis, with no switching between 

treatment groups.  We randomly assigned 16 patients to the iSYS1 intervention (with 160 

electrodes implanted) and 16 patients to the PAD group (with 168 electrodes implanted).  
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11.4.2 Baseline data 

Baseline characteristics were evenly balanced between the two groups, although more 

males were assigned to the iSYS1 group (Table 30). 

Table 30: Demographic variables, stratified by randomised group.  

Variable  Randomised group 

  iSYS1 PAD 

Sex 

Male 12 6 

Female 4 10 

Side of implantation 

Left 8 8 

Right 8 8 

 

Variable 
Randomised 

group 

No. of 

patients 

Mean 

(SD) 
Median Minimum Maximum 

Age (years) 

iSYS1 16 35.9 (8.2) 37.3 21.2 47.5 

PAD 16 32.5 (6.1) 33.4 22.0 42.0 

Number of 

electrodes 

implanted 

iSYS1 16 10.0 (1.6) 10.0 7 13 

PAD 16 10.5 (1.9) 10.5 7 14 
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11.4.3 Numbers analysed   

Figure 44: Consort diagram showing recruitment and follow-up of patients 

 

 

11.4.4 Outcomes and estimation 

The primary outcome of individual bolt insertion implantation time for each electrode 

was significantly less for the iSYS group (median of 6.36 minutes (95% CI 5.72 to 7.07) than for 

the PAD group (median of 9.06 minutes (95% CI 8.16 to 10.06) P=0.0001). We estimated the 

ratio of median insertion times (per electrode) for iSYS1 group/PAD group as 0.70 with 95% CI 
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(0.61 to 0.81). This suggests an estimated reduction of insertion time per electrode of 30%, on 

average, for the iSYS1 group compared to the PAD group.  

Regarding secondary outcomes, electrode target point accuracy differed significantly 

between groups (median TPA estimates (95% CI) were 1.58mm (1.38 to 1.82) and 1.16mm (1.01 

to 1.33) for the iSYS1 and PAD groups, respectively, P = 0.004). Electrode angle of implantation 

error differed significantly between groups (median angle error estimates (95% CI) were 2.13 

degrees (1.87 to 2.41) and 1.71 degrees (1.51 to 1.94) for the iSYS1 and PAD groups, respectively, 

P = 0.023). Other secondary clinical outcomes did not differ significantly between groups (Table 

31). Mean total operative time was 211.1±71.4 minutes (mean±SD) with the PAD and 

181.9±45.8 minutes (mean±SD) with the iSYS1 (p = 0.29, t-test 30 D.O.F.). The entry point 

implantation accuracy of the PAD was 1.4±0.7 mm (mean±SD) compared with 1.2±0.6 mm 

(mean±SD) with the iSYS1 (p = 0.33, t-test on 30 D.O.F.).  
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Table 31: Summary of post-operative outcomes by treatment group.  

 iSYS1 group 

 

PAD group 

 

Ratio of median 

estimate 

(iSYS1/PAD 

groups) (95% CI) 

P-value 

Electrode 

insertion time 

(mins)  

Median (95% CI) 

6.36  

(5.72 to 7.07) 

9.06 

(8.16 to 10.06) 

0.70 (0.61 to 

0.81) 

0.0001 

Total operative 

time (min)* 

(Mean±SD) 

181.9±45.8 211.1±71.4 0.92 (0.78, 1.08) 0.293 

Entry point 

accuracy (mm)* 

Median (95% CI) 

1.09 

(0.99 to 1.20) 

1.17 

(1.06 to 1.29) 

0.93 (0.81 to 

1.07) 

0.334 

Target point 

accuracy (mm)* 

Median (95% CI) 

1.58 

(1.38 to 1.82) 

1.16 

(1.01 to 1.33) 

1.37 (1.12 to 

1.67) 

0.004 

Error of angle of 

implantation 

(degrees)* 

Median (95% CI) 

2.13  

(1.87 to 2.41) 

1.71  

(1.51 to 1.94) 

1.24 (1.04 to 

1.48) 

0.023 

Post-operative 

haemorrhage 

1/16 (6.25%) 2/16 (12.5%)   

Post-operative 

infection 

0/16 (0%) 0/16 (0%)   

Post-operative 

neurological 

deficit 

0/16 (0%) 0/16 (0%)   
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  *Difference estimate adjusted by the number of electrodes inserted. For electrode-level data, 

n = 160 for the iSYS1 group and n = 168 for the PAD group (with the exception of entry point 

accuracy, target point accuracy and angle error in the iSYS1 group where n = 159). 

 

As an early warning system to detect potential harm following the introduction of the 

novel medical device, we prospectively implemented a cumulative summation analysis. 

Subgroup analysis of the outcomes within chronological recruitment quartiles did not reveal any 

significant differences, suggesting that there was no detectable learning curve for the novel 

device(Vakharia et al., 2018b).  

 

11.4.5 Harms 

Adverse events related to SEEG insertion were noted in three patients, two of whom were in the 

PAD group. These were asymptomatic small volume haemorrhages detected on the immediate 

postoperative CT without clinical sequelae. The haemorrhages were located in subarachnoid 

space of the sylvian fissure following insular implantation, the subdural space and within the 

parenchyma at the cortical insertion site of an electrode. The haemorrhages were not related 

to electrode misplacement or inaccuracy and review of the pre-operative angiography did not 

reveal a vessel conflict when registered and fused to the post-implantation CT. As a result, these 

were not considered adverse device effects. There were no serious adverse events in either 

intervention arm of the trial. 

 

11.5 Discussion 

The use of the iSYS1 robotic stereotactic trajectory alignment device significantly reduced 

SEEG bolt insertion time by 30%. Based on an average number of implanted electrodes of 10, 

this equated to a mean reduction in total operative time of around 30 minutes, but this 

difference was not statistically significant, in the comparison of the overall operative times. The 

target point and angle of insertion accuracy of the iSYS1, however, was significantly worse by an 

average 0.5 mm and 0.4 degrees, respectively. For cerebral SEEG implantations, these 

differences were not clinically relevant as this falls within the 3mm safety margin applied during 

trajectory planning. There was no difference in entry point accuracy between the two groups.   
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11.5.1 Strengths and limitations 

Strengths of this study include a comparison of a novel robotic device (iSYS1) that closely 

aligns with the current operative workflow and assigning the same surgeons to both 

intervention arms to mitigate bias. We employed a pragmatic study design in which we 

compared the conventional method of SEEG insertion which is established at the study 

institution with a novel robotic device that the surgeons had less experience of, reflecting the 

real-world adoption of intraoperative robotic technologies. The main limitation of our study is 

that it is in a single centre. Due to the highly specialised nature of SEEG implantations, these 

procedures are concentrated at high volume epilepsy centres. We have previously ascertained 

that when a novel technique is introduced, this often supersedes the previous method without 

prospective parallel-group comparisons(Vakharia et al., 2017b). A multi-centre study would 

improve the generalisability and robustness of the results but could also potentially introduce 

bias as a result of different practices between surgeons and institutions.  

Another potential limitation is the choice of robotic device. There are a number of 

different robotic devices available. We opted to compare the iSYS1 for a number of reasons. 

Firstly,  the surgical workflow with the iSYS1 closely follows that of the frameless manual method 

that is currently used at our institution (see  

 

 

 

Table 29). Only the alignment portion (step 8) of the 21 steps outlined, differs. This 

allows a direct comparison of the contribution of the iSYS1 to the manual alignment arm, 

therefore, minimising confounding factors. Further, the iSYS1 system is compact and portable, 

with a small footprint, and established familiar interface through the Stealth station, relative 

cost and likely applicability of the findings to the stereotactic neurosurgical fraternity. Other 

robotic devices such as the NeuroMate and ROSA have not previously been shown to be more 

accurate or quicker than conventional stereotactic methods in a head to head prospective 

comparison. Typically, each surgical epilepsy centre has expertise with only a single robotic 

device, so we chose not to undertake a head to head comparison between robotic devices in 

the first instance. 



335 
 

 

11.5.2 Generalisability 

We compared the robotic device to the PAD frameless implantation system and not to 

a frame-based system as this reflects the standard of care at the study institution and has been 

performed since July 2012. To optimize accurate trajectory alignment and safety of the PAD 

procedure, a number of modifications and improvements have been applied, which have 

recently been reported(Rodionov et al., 2019).  These include the application of bone fiducials 

for registration to the neuronavigation system and use of ‘trajectory guidance’ during alignment 

(StealthStation S7 Cranial version 2.2.6 or later, Medtronic Inc.). To ensure implantation quality 

assurance, thresholds were set for image registration and electrode-trajectory alignment. Image 

registration utilising bone fiducials was applied to both arms of the study and only optical 

registration accuracies of <0.6 mm were accepted. Image registration was repeated after 

draping of the patient and bone fiducials were left exposed during the procedure to allow 

registration to be checked and redone as necessary. ‘Trajectory guidance’ allows the alignment 

device, in this case, the Vertek probe, to align to both the entry and target points of the 

trajectory. This is in contrast to ‘target guidance’, which reports the alignment accuracy at the 

target point regardless of the cortical entry.  The iSYS1 and the PAD were aligned according to 

the pre-operatively planned trajectories provided by the S7 neuronavigation system via the 

Vertek probe. Any systematic inaccuracy as a result of the optical registration or guidance would, 

therefore, be equally applied to both intervention arms. The accuracy of alignment to the pre-

planned trajectory on the neuronavigation system for each electrode, regardless of the 

implantation method, had to achieve <0.7 mm prior to commencement of drilling and bolt 

insertion. Due to the predefined accuracy threshold, implantation time was taken as the primary 

outcome measure between the two methods. An important distinction between the two 

intervention arms is platform stability. Both the PAD and the iSYS1 are fixed to the vertek 

mechanical arm. During drilling, any inadvertent lateral forces applied by the surgeon may result 

in a slight displacement of the mechanical arm and inaccurate angle of insertion with a 

consequent target point error. The PAD technique allows the trajectory alignment accuracy to 

be monitored continuously through the use of the SureTrak system. Deterioration in accuracy 

during the PAD technique would prompt the surgeon to realign before continuing with drilling. 

The iSYS1 did not have the same ability to detect this as continuous trajectory alignment 

accuracy measures were not possible during drilling and may be exacerbated by the moment 

introduced by the weight of the device (1.2kg). This may be one potential reason for the greater 

target point and insertion angle errors despite similar entry point accuracies. 
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11.5.3 Interpretation 

Before commencing the randomised control trial, we undertook a PRISMA systematic 

review and mixed-effects meta-analysis of published SEEG methods and their corresponding 

accuracies(Vakharia et al., 2017b). The meta-analysis was registered on the PROSPERO database 

(registration number CRD42016047839), through which the review protocol can be 

accessed(Vakharia et al., 2016b).  

Using the Preferred Reporting Items for Systematic Reviews and Meta-Analysis 

(PRISMA) guidelines(Liberati et al., 2009), we undertook a structured search of the PubMed, 

Embase and Cochrane databases. The last date of the search was undertaken on the 16/09/16.  

After applying eligibility criteria, 35 articles were subject to full manuscript review. A comparison 

of the articles for inclusion between the two independent researchers was undertaken and 

revealed high concordance between the identified studies. In total, 17 studies were included in 

the qualitative and 15 in the quantitative synthesis (see Figure 45). 

Following the completion of the trial, we repeated the search with the same systematic 

review methodology and updated the qualitative and quantitative analysis with subsequent 

manuscripts published after 16/09/16. The last date for the updated search was 30/04/2019. A 

total of 524 publications were returned, indicating an additional 196 additional publications 

during the trial period. After removal of non-English language and duplicate manuscripts, an 

additional 163 study title and abstracts were screened. Twenty-six manuscripts underwent full-

text assessment, and a further 3 studies were included in the quantitative synthesis. The 

remaining studies could not be included as they failed to reach the eligibility criteria or effects 

size and standard deviations were not provided (see Figure 46). 
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Figure 45: Updated PRISMA 2009 Flow Diagram 

 

 

  



338 
 

 

Figure 46: Updated Forest plot: 

 A) Entry Point Accuracies (mm) 
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B) Target Point Accuracies (mm) 

 

Legend Figure 46: Representation of the PAD and iSYS1 entry (A) and target (B) errors as part of 

a random-effects meta-analysis of the published literature to date (last search 30/04/19). This 

suggests that both the PAD and iSYS1 arms used in this study provided accuracies similar to 

that of other robotic devices in the published literature. There was no overlap in the 95% 

confidence intervals of the PAD arm with any other studies in the frameless subgroup, 

suggesting that in the current study the PAD target point accuracy achieved was greater than 

other studies in the reported literature. We hypothesise that this is due to the stringent 

alignment accuracy criteria set during the alignment step and the continuous accuracy tracking 

during the drilling stage.  
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11.6 Conclusion 

This study shows that the iSYS1 robotic trajectory device reduces SEEG implantation 

time compared to the frameless PAD device. The overall operation time, however, including 

positioning, draping, neuronavigation setup and placing electrodes was not significantly less 

with the iSYS1. For SEEG, the iSYS1 robotic guidance system offers a consistent and effective 

solution.  

  The entry and target point accuracies of both devices were similar to the reported 

results of other robotic devices such as the Neuromate (Renishaw, Gloucestershire, UK) and 

ROSA (Medtech, Montpellier, France) and were satisfactory for the placement of cerebral SEEG. 

They would also be suitable for placement of shunts and cerebral biopsies. Further research 

should focus on cost-benefit analyses of introducing robotic devices into clinical services and 

prospective head-to-head comparisons between different robotic devices in these and other 

indications such as DBS, where the accuracy differences may be more clinically relevant.  
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12 Future work and concluding remarks 

12.1 Machine learning of planning preferences and global networking 

A significant limitation of computer-assisted planning algorithms is that they are 

dependent on the quality of the imaging provided, user-defined planning parameters and reflect 

the planning practices at the institution from which they were developed. This subsequently 

limits the generalizability of the software and its applicability to other SEEG programs. One 

potential method to overcome this is the use of machine learning to modify the planning 

parameters and practices to that of the individual user. One such method is the use of spatial 

priors. The current computer-assisted planning systems are all, to some extent, restricted by the 

whole brain parcellation and the sub-segmentation of individual structures. If the hippocampus, 

for example, is not subdivided into head, body and tail and the user, therefore, cannot choose 

from these options when specifying the trajectory targets. It is common practice to place SEEG 

electrodes within both the hippocampal head and body during an investigation of a patient with 

presumed temporal lobe onset seizures. Furthermore, it is prefered to place the targets within 

the medial aspect of the structures to ensure as many contacts are within the target structure 

when approaching from a lateral neocortical entry zone. The experience gained from previous 

manual implantations can, therefore, be used to inform the preferred entry and target regions 

of common trajectories and be used prospectively to guide future implantations. It has been 

proposed, therefore that the whole brain parcellation initially acts as the default and machine 

learning algorithms are then able to modify the regions based on the surgeons planning 

preferences. The other major advantage of a priors based system is that once it is developed 

specifically for that institution, there is no longer a dependency on the whole-brain parcellation 

which itself is limited by the parcellation algorithm and the image acquisition quality. This would 

also allow imaging with artefacts, such as those due to patient movement that ordinarily would 

fail the parcellation algorithm to be used. The generation time of the whole-brain parcellation 

can take between 2 and 24 hours depending on the algorithm and computing power available. 

A movement towards a priors based planning system could also result in real-time computer-

assisted planning without the need for significant preprocessing time.  

The generation of multicenter priors is also an attractive proposition which would allow 

external sites to emulate the practices of other more established institutions. Given a large 

enough database of trajectories, it may also be possible to develop a palette of common 

trajectories that provide the ‘standard’ set of entry and target point combinations for particular 
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seizure types. In ‘temporal plus’ epilepsy, for example, an anterior temporal resection is 

estimated to convey only 15% seizure freedom rates compared to 75% in unilateral temporal 

lobe epilepsy because a proportion of the epileptogenic zone extends beyond the lateral 

neocortex and mesial temporal components(Barba et al., 2016). In such cases, an SEEG is 

commonly performed with targets placed in the amygdala, anterior hippocampus, posterior 

hippocampus, temporo-occipital junction, orbitofrontal cortices, cingulate cortices, parietal 

cortex and the insula. Libraries of common implantation schema may, therefore, allow the 

clinical team to choose the combination of electrode trajectories that best fits the hypothesis 

derived from the presurgical evaluation and add or remove additional electrodes as required.  

Recent preliminary data has also suggested that it may be possible to cluster implantation 

schema into a discrete number of strategy subtypes(Scorza et al., 2018). Following a 

retrospective review of implantation strategies at a national epilepsy referral centre in Milan, 

the group applied a K-NN clustering algorithm to identify that all of their implantations could be 

divided into one of eight types based on the trajectory entry and target structures. For these 

authors, a library of eight implantation schema combined with entry and target point priors 

would provide an attractive solution for computer-assisted planning. Another possible extension 

of machine learning for this purpose would be in the form of a ‘recommender’ system. These 

are also a form of clustering algorithm that calculate the association strengths between 

individual and combinations of items within data structures. Commonly used in shopping 

websites theses systems analyse combinations of chosen items and return other items that may 

be linked i.e. “other shoppers also bought …”. Within CAP algorithms, it may be possible to 

develop libraries of common implantation schema that may be returned to the surgeon with 

suggestions for further trajectories based on the combination of prior selected electrodes and 

the implantation practices of other institutions.  

The implication is that the computer-assisted algorithms may also be able to aid in the 

refinement of implantation strategies.  Both of these factors are likely to improve the feasibility 

and external validity of the planning algorithms in the future and will facilitate the comparison 

of data between sites. 

The ‘internet of things’ (IoT) is a concept that has been coined to describe devices that 

are interconnected via the internet to integrate and share information. In commercial settings, 

this has been used to develop smart fridges, for example, that can monitor their contents and 



343 
 

 

order replenishments when stocks are low. Extensions of this technology can also use the list of 

fridge contents to cross-reference recipes on the internet and return meal suggestions as well 

as providing dietary advice. The ‘use-by dates’ can also be stratified to ensure the food is 

consumed in a timely fashion thereby reducing waste and prevent ingestion of potentially 

contaminated expired food substances. Other examples include the use of ‘smart’ devices such 

as telephones and watches to control domestic appliances including lights, heaters, cookers, 

CCTV and baths remotely. Although this may seem abstract to epilepsy surgery the IoT, in 

combination with machine learning, has the potential to revolutionise and systematise surgical 

practices on a global scale. A surgeon in one country, for example, may plan an SEEG procedure 

using a CAP or neuronavigation system. If these devices were connected to the IoT with a global 

central repository of SEEG procedures connected to real-time complication reporting the 

machine learning aspect may be able to detect and highlight potentially dangerous trajectories 

before the implantation based on the trajectory metrics. With sufficient data, that could only be 

achieved through a global collaboration, the concept of an electrode risk score as a surrogate 

for implantation safety would be redundant and replaced with an actual probability of 

haemorrhage. Furthermore, with knowledge of the implantation strategy and the clinical 

semiology, it may be possible to provide anatomical electrode targets based on the experience 

from previous SEEG implantations.  

12.2 Connectivity driven SEEG 

Epilepsy is now widely accepted as a network disorder and the fundamental principles of 

SEEG are to identify the seizure onset zone and spread through the ictal network. Rapid spread 

to adjacent anatomical structures occurs through a combination of both long and short 

association fibres whilst in vitro animal models have shown that cortical propagation occurs 

over a longer time-course in a heterogenous manner based on the variability in GABAergic 

inhibition(Wenzel et al., 2017). SEEG is limited by the number of electrodes that can be 

implanted and is, therefore, susceptible to a sampling bias. In pseudo-temporal lobe epilepsy, 

where the ictal onset is outside of the temporal lobe there is a  rapid propagation to the 

temporal lobe which consequently mimics temporal lobe epilepsy clinically and 

electrophysiologically. Previous studies have also shown that resection of the seizure onset 

zone and any regions that demonstrate ictal activity within 10 seconds of the seizure onset 

confer a greater seizure-free post-operative outcome. It stands to reason that if an anatomical 

structure is considered to be part of the ictal network and SEEG sampling of the structure is 
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required, then the regions with the greatest structural connectivity to the regions of interest 

should be sampled. Whole-brain connectomes derived from diffusion fibre tractography 

provide a unique opportunity to study the underlying structural connectivity in vivo. On an 

individual basis, this could be used to guide SEEG trajectory planning by identifying subregions 

of anatomical structures that are most likely to be connected and therefore part of the ictal 

network. 

Figure 47: Structural connectivity of the insula cortex in suspected pseudo-temporal or 

temporal plus epilepsy 

Left MTLE: Right MTE: 

  

Figure 47 Legend: Preliminary work undertaken as part of the thesis in patients with suspected 

pseudo-temporal or temporal plus epilepsy that underwent invasive evaluation with SEEG 

revealed differential structural connectivity of the ipsilateral amygdalohippocampal complex. 

Left MTLE patients showed preferential structural connectivity to the transverse insula gyrus, 

the posterior long insula gyrus and the apex of the insula. Conversely, in right MTLE, the 

transverse temporal gyrus showed relatively greater connectivity. Mean connectivity values for 

10 patients (5 right) are shown. 

Preliminary work on patients with suspected pseudo-temporal and temporal plus 

epilepsy has identified differential connectivity within anatomical structures that are likely to 

be part of the ictal network, such as the insula, cingulate, orbitofrontal, parieto-occipital and 

temporo-occipital cortices (see Figure 47 for connectivity to the insula). In combination with 
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CAP, weightings can be attributed based on the structural connectivity within the anatomical 

regions of choice and the combination of the region with the greatest connectivity and the 

lowest risk score may provide the optimal region for sampling. Prospective validation of this 

method is required and if successful would represent a paradigm shift in modern SEEG 

planning.  

Figure 48: Lowest risk scores for CAP trajectories calculated for each of the subregions of the 

insula 

 

Figure 48 Legend: Boxplot of median risk scores with 95% CI for CAP generated trajectories 

targeting each of the insula subregions (left) and surface representation of the risk shown as a 

heat map with the corresponding key for colour coding (right). Ant DIN = Transverse insula 

gyrus, Ant SIN = Anterior short insula gyrus, Mid SIN = Middle short insula gyrus, Post SIN = 

Posterior short insula gyrus, Ant CIN = Apex of the insula, Ant PIN = Anterior long insula gyrus 

and Post PIN = Posterior short insula gyrus. 

12.3 Incorporation of seizure semiology, scalp and intracranial electrophysiology into 

computer-assisted planning algorithms 

Clinical history, seizure semiology and electrophysiological information from scalp EEG 

recordings are critical constituents of the presurgical evaluation of epilepsy and if discordant, 

would necessitate invasive EEG evaluation before definitive surgical intervention. Currently, this 

information is perceived by the clinician and the formulation of the symptomatogenic and 

irritative zones is based on their prior experience and biases. Seminal work on ictal semiology 

has revealed that seizure activity in particular regions of the brain is attributable to anatomical 

structures in a highly stereotyped manner, but this may vary between patients and between 
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seizures in the same patients. Some semiological features may be lateralising but not localising 

and their absence in some seizures does not necessarily indicate the lack of ictal activity in that 

structure. 

Figure 49: Cortical representations of different seizure semiologies: 

 

Figure 49 Legend: Left panel demonstrating the cortical representations of complex visual auras 

(red) and complex auditory auras (yellow). Right panel demonstrating the cortical 

representations of automotor seizures (orange), dialeptic (loss of consciousness) phase (green) 

and autonomic features (cyan). 

 

Figure 50: Cortical representation of scalp EEG activity and PET hypometabolism: 
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Figure 50 Legend: Left panel demonstrates the location of scalp EEG contacts based on the EEG 

10-20 system in which epileptic spikes are recorded between seizures and their relative 

amplitudes measured from a referential montage depicted by colour (red indicates the larger 

amplitude of spikes compared to orange). Right panel demonstrates the region of the brain 

within a 6 cm diameter sphere of the active contact and the region of PET hypometabolism 

(blue).  

The cortical regions attributable to the seizure semiology and the scalp inter-ictal EEG 

with the region of PET hypometabolism can be incorporated into SEEG planning and linked to 

the corresponding SEEG data. 

 

Figure 51: Illustrative example of where cortical representations of seizure semiology, scalp 

EEG and PET hypometabolism were used to place SEEG trajectories. 

A) 

 



348 
 

 

B) 

  

Figure 51 Legend: A) SEEG trajectories planned using CAP to include the cortical regions from 

the semiology, scalp EEG and PET hypometabolism allowing one electrode to transgress a 

number of the different anatomical regions of interest to maximise exploration efficiency. B) 

SEEG electrophysiological recording in the same patient revealing ictal onset (white trace) in 

contact 4 of the anterior hippocampal electrode with location shown on the probe’s eye view 

image. Note this seizure onset corresponded with the centre of the PET hypometabolism 

shown by the blue outline.   

Data from patients that have undergone SEEG evaluation following by surgical resection 

in which the seizure-free outcome in known would also lend itself to machine learning 

techniques that would ultimately improve resection planning and prediction of the 

postoperative outcomes. The region of ictal activity during the SEEG recording that coincides 

with the seizure semiology identified during the video-telemetry would allow an atlas of 

semiology and cortical regions to be developed. A major limitation of this methodology would 

be due to the limited spatial resolution of SEEG implantations, which would ultimately result in 

sampling bias. This could mislead investigators into assigning a semiological feature to ictal 
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activity in a particular cortical region simply because an electrode contact is in that region, 

whereas it may be attributable to a cortical region that is not being sampled that has 

synchronous activity. One method of mitigating a sampling bias would be to utilise the 

additional information gained from surgical resections and seizure-free outcome. A potential 

study would be to assign pre-operative seizure semiologies to post-operative ablation cavities 

and normalise these to an atlas space. In doing so, one can generate a map of resection 

cavities and then assign weights based on whether the patients achieved seizure freedom 

post-operatively. Semiologies present in patients that achieved seizure-freedom would accrue 

a positive weighting and those that did not achieve a seizure-free outcome would be assigned 

a negative weighting. Combinations and presence of particular semiologies and scalp EEG 

activity could then ultimately be used to plan idealised surgical resections and better inform 

predictions of seizure-free outcomes for pre-operative patient counselling.  

12.4 Electrode bending and curved intracranial trajectories 

Given sufficient data, it has also been shown that machine learning techniques can be 

applied to electrode implantations and accurately predict the degree of electrode bending 

within the brain. Given that current automated planning systems are based on linear 

trajectories, knowledge of the potential bending may allow for compensatory corrections to be 

incorporated at the planning stage. Robotic devices are in development to allow real-time 

steering within the brain and hence implantation of curved trajectories, which may be useful to 

sample from sites are difficult to access with straight-line trajectories, such as the temporal pole 

and fusiform gyrus, and for planning curved LITT trajectories, for example, to ablate the corpus 

callosum with only one entry point. Challenges for the future would be to reduce the current 

size of these devices so that they can pass through the brain without creating significant injury.  

12.5 Conclusion 

Computer-assisted SEEG trajectory planning has significantly advanced in the last decade 

due to increased computing power and collaboration between clinicians and engineers. The rise 

in the number of commercially available robotic trajectory guidance systems will aid in the 

translation and implementation of computer-assisted planning. Together with robotic devices, 

computer-assisted planning can be integrated into clinical workflows as part of a pipeline to 

standardize SEEG trajectories, overcome early learning curves associated with this technique 

and aid both resective and ablative therapies. The imaging and computer-assisted planning 
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principles outlined within this thesis can equally be applied to neuro-oncology for planning 

stereotactic brain biopsies and maximal safe resection of intrinsic brain tumours, potentially 

utilising port-based systems to minimise white matter injury. Furthermore, the techniques for 

accurately accessing regions of the brain safely are not limited to lesioning and the placement 

of electrodes but is also well-posed to deliver focal therapies in the brain including focal drug 

delivery and implantation of viral vectors that enable genetic modification in specific areas of 

the brain. I look forward to applying and developing these applications further in the future. 
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