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The purpose of this review is to provide a discussion of the history and utility of robotics in invasive monitoring for epilepsy surgery using stereoelectroencephalography (sEEG). The authors conducted a literature review of available sources to describe how the advent of surgical robotics has improved the efficacy and ease of performing sEEG surgery. The sEEG method integrates anatomic, electrographic, and clinical information to test hypotheses regarding the localization of the epileptogenic zone (EZ) and has been used in Europe since the 1950s. One of the primary benefits of robot-assisted sEEG implantation techniques is the ability to seamlessly transition between both orthogonal and oblique trajectory types using a single technique. Based on available information, it is our view that, when applied appropriately, robotic sEEG can have a low rate of complications and many advantages over both non-robotic sEEG implantation and traditional craniotomy-based invasive monitoring methods.

Keywords: robotics, stereoelectroencephalography, frameless technique, epilepsy surgery, neurosurgery


INTRODUCTION

The utilization of surgical robots has improved the precision and accuracy of a given procedure. Robots have predetermined, reproducible, and exact paths that limit error, excursions, and the potential for injury to nearby structures if utilized properly (1). Neurosurgeons recognized the utility of robotic assistance more than 30 years ago with the Minerva CT-guided biopsy (University of Lausanne) and PUMA (Advance Research and Robotics) systems, introduced in 1985 (2–4). These systems demonstrated high rates of malfunction and safety concerns related to a lack of operational safeguards and clinical experience. Additional operative robotic systems were subsequently introduced, including the NeuroMate (Integrated Surgical Systems) in 1987, an MRI-compatible system in 1995, and the Cyberknife system (Accuray Incorporated) in 1998 (5–7). The utilization of surgical robotics has improved the utility and performance of several neurosurgical procedures (3, 5, 8–16).

More recently, operative robotic systems for neurosurgical procedures have been increasingly adopted in the United States following the demonstration of their utility in Europe (17–22). Benabid et al. initially described a computer-driven technique for stereotaxy connected to CT and MR imaging in 1987 (5). Moreover, the neurosurgical center in Grenoble, France has utilized a stereotactic robot since 1989 and a microscope robot since 1995 for various surgical procedures (23). Their team further expanded the indications for robotic-assisted stereotaxy to include deep brain stimulation (DBS), stereoelectroencephalography (sEEG), and tumor biopsies or resections (17, 24). Finally, the ROSA-Brain system (Medtech, Zimmer Biomet) was released in 2007 and gained FDA approval in 2012 for cranial surgery (12, 25–27). The ROSA system is used typically for sEEG implantation; however, it is increasingly being applied to deep brain stimulation as well. While the ROSA system is widely utilized, there are now several other cranial robotic systems also in use for cranial surgery, including the Neuromate (Renishaw) and Renaissance (Mazor) systems (6, 16, 28–33). It is also noteworthy that much of the robust data on complications and surgical outcomes following robotic-assisted sEEG are performed using the ROSA system, which is again reflective of its widespread use specifically at large-volume epilepsy centers. Furthermore, non-robotic systems such as the FHC microtargeting epilepsy platform, may also play a role in some centers with limited patient volume or where robotic purchases may not be permissible (34, 35). These systems are less bulky and require less initial economic investment, but do not allow for a stereotactic plan which can be simultaneously modified during surgical placement. This review will describe how the advent of surgical robotics has improved the efficacy and ease of performing sEEG surgery. A timeline of important events in the history of robotics in sEEG surgery can be found in Figure 1.
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FIGURE 1. A timeline of important events in the history of robotics in sEEG surgery.




ROBOTIC VERSATILITY FOR BOTH OBLIQUE AND ORTHOGONAL SEEG TRAJECTORIES

The epileptogenic zone (EZ) is commonly defined as the region of brain tissue that results in seizure freedom when removed. However, it is further described as the area of cortex which is indispensable for the generation of clinical seizures, taking into account both the anatomical location of the origin of the seizures as well as the associated regions of discharge which give rise to their accompanying clinical symptoms (36, 37). Therefore, it is essential to fully delineate the EZ prior to effective epilepsy surgery (37–39). Epileptologists attempt to identify the EZ via non-invasive methods, such as video electroencephalography (EEG) and advanced imaging studies such as magnetic resonance imaging (MRI) (40). In many instances, however, invasive monitoring is required to adequately understand and characterize the EZ (41, 42). Stereoelectroencephalography (sEEG) is a method of planning and implanting percutaneous intracerebral electrodes based upon a customized patient-specific anatamo-electro-clinical hypothesis (43). In other words, the sEEG method integrates anatomic, electrographic, and clinical information to test hypotheses regarding the localization of the EZ and has been used in Europe since the 1950s (44).

Orthogonal placement of sEEG electrodes is heavily influenced by the Talairach method (45). First described by neurosurgeons Talairach and Szikla in 1967, this method creates a standardized grid for neurosurgical procedures, whereby distances to lesions were proportional to the overall brain size (46). In 1988, a second edition of the Talairach Atlas was coauthored by Tournoux and was based upon a postmortem dissection of a human brain (47). The Talairach coordinate system is defined by making two anchors—the anterior commissure (AC) and posterior commissure (PC)—lie on a straight horizonal line in the midsagittal plane. Originally, this method used pneumoencephalograms to identify these two anatomical anchor points. Bancaud, a neurologist, collaborated with Talairach to develop a collaborative approach to sEEG implantation. Therefore, sEEG allowed not only the recording of deep brain structures but also the possibility of a three-dimensional analysis of seizure spread and distribution as well as its correlation to a patient's clinical characteristics. Orthogonal sEEG implantations are standardized to enable electrographic information to be obtained from both the cortical surface and deep targets.

One of the great advantages of robot-assisted implantation techniques is the ability to seamlessly transition between both orthogonal and oblique trajectory types using a single technique. Previously, neurosurgeons would use a Talairach frame, which provided the capability of rapid implantation of orthogonal sEEG electrodes, but was unable to place oblique electrodes (48). When the Talairach frame was used, a Leksell frame could then be used secondarily if an oblique trajectory was necessary. A recent study by Bourdillon et al., which compared the traditional orthogonal Talairach approach to a frame-based robotic technique, concluded that while both procedures are safe and sufficient, the effective accuracy (96.5 vs. 13.7%; 95% CI, −0.863 to −0.781; p < 0.001; t = −39.92) and absolute accuracy (1.15 vs. 4.00 mm; 95% CI, 2.597–3.183; p < 0.001; t = 19.73) was significantly higher in cases utilizing the robotic technique (49). These findings highlight the added value of robotics in the precision and accuracy of implantation. In contrast, the Leksell frame can be used to place both oblique and orthogonal trajectories but is limited by a need to manually configure each trajectory intraoperatively and also the Leksell frame “no-fly zone,” which sometimes necessitates replanning of trajectories intraoperatively based on Leksell frame placement (50). Robotic devices circumvent these limitations and enable a platform through which sEEG trajectories can be planned entirely before entering the operating room.

While the discussion of oblique vs. orthogonal implantation trajectories is subjective and heavily dependent on individual surgeon training and experience, it is our view that orthogonal or quasi-orthogonal implantation trajectories (in relation to the midline sagittal plane as defined by the AC–PC) are preferred for most sEEG targets. We would like to emphasize that surgical robotics allow for the safe and accurate implantation of sEEG electrodes in any direction; however, oblique trajectories play a crucial role for some targets (see below). There are three primary conceptual justifications, in our view, for favoring orthogonal implantations for the majority of sEEG trajectories:

1) Coverage volume reasons: Numerous functional networks are distributed and organized along an orthogonal orientation vs. the mid-sagittal plane. For example, the orientation of the cortical and subcortical perisylvian areas are principally distributed along a rostral–caudal orientation. Therefore, systematic orthogonal electrode implantation facilitates an understanding of the target structure(s) and also its interaction with surrounding brain pathways. While there are many networks in the brain that are not organized orthogonally, many relevant to the mesial temporal lobe, for example, can be investigated in an orthogonal approach to record activity of the amygdala or hippocampus, while more superficial trajectories can record from the temporal neocortex. In relation to SEEG electrode implantation, the Talairach method also aims to successively place anteroposterior and dorsoventral depth electrodes, thus obtaining broad electrophysiological coverage that reconstitutes the three-dimensional brain volume. In addition, this technique remains uniquely suited for the rational investigation of longitudinal and transversal cortical connections. If oblique trajectories are applied as the primary manner of exploration, this three-dimensional understanding may be overlooked or underrepresented.

2) Surgical reasons: The three-dimensional anatomical definition of the EZ is conceptualized in orthogonal planes (axial, coronal, and sagittal) during surgical resections (51). Thus, neurosurgeons typically appreciate neuroanatomy in orthogonal orientations that are constructed within the surgeon's mind, as these orthogonal planes and their anatomic relationships are constant and predictable and routinely parallel with imaging studies. Upon introduction of an oblique plane, this necessary predictability is lost, and the anatomical relationships between structures is increasingly obscured (52). With the advent of surgical robotics, oblique trajectories have become increasingly prevalent. This ultimately results in significantly increased complexity in interpreting SEEG recordings. Finally, a comprehensive neuroimaging pipeline allows for the direct visualization of sEEG anatomical targets and electrodes. The quality of imaging studies and the overlay between a fiducial-based scan and the planning scan allows the stereotactic robot arm to maximize precision via an accurate registration, safely place sEEG electrodes, and provide for meaningful interpretation of clinical information. As the technology evolves, image registration may eventually become an automated process; however, it will still rely on selection of fiducials until real-time imaging feedback can be incorporated into the surgical workflow.

3) Technical reasons: Orthogonal implantations may be safer and more precise when compared to oblique trajectories (53). Oblique trajectories in relation to the skull may generate lead deflections, which may factor into placement inaccuracies (such as epidural electrodes, for example) or predispose a patient to complications, such as intracranial hemorrhage. In addition, long oblique trajectories (e.g., the medial–lateral insular trajectory) may have decreased accuracy due to long span. Orthogonal implantations are shorter and moreover less prone to deflections.

Oblique implantations are conducted in specific situations, where the targeted cortical areas are truly and more efficiently explored via such trajectories, as described:

1) Ventromedial prefrontal cortex (vmPFC): Significant portions of vmPFC, which includes the gyrus rectus and the orbital gyri, can be difficult to investigate via standard orthogonal sEEG trajectories. The bony structure of the orbital cavity necessitates oblique trajectories. As mentioned, attempts at low orthogonal approaches to the gyrus rectus may also lead to a subdural deflection of the sEEG electrode. The preferred implantation method for this region is obtained via oblique orientation electrodes with an entry point located in the frontal areas (at the hair line) in converging orientation and targeting the most posterior and medial aspect of the vmPFC in the gyrus rectus.

2) Dorsal frontal and parietal areas: The dorsal frontal areas are also challenging to investigate via orthogonal SEEG trajectories. The skull is curved in this topography, thus making orthogonal implantations imprecise and perhaps less safe (53). Oblique implantations are more suitable when placed along the coronal plane while preserving orthogonality in the sagittal plane. The dorsal parietal areas are equally as difficult for orthogonal electrode implantation for similar reasons. In these situations, oblique SEEG trajectories that are nearly perpendicular to the skull are preferred to avoid deflection.

3) Skull defects preventing orthogonal trajectories: Skull defects, such as from prior surgical intervention, may prevent typical lead placement if the bony defect is in the orthogonal projection of the intended target. In this scenario, oblique implantations are preferred and perhaps the only alternative. This may further apply to trajectories where bone may be too thin to accommodate an anchor post, or in the presence of air cells, bony emissary vessels, etc. However, there are unique situations in which oblique trajectories are warranted. For example, in some cases of temporal corticectomy, an oblique trajectory may be required to reach mesial structures.

4) Insula: The insular cortex can be explored with either orthogonal or oblique SEEG trajectories (54, 55). However, a medial to lateral oblique trajectory maximizes gray matter coverage of the insular gyri. Trajectories originating from the frontal bone can target the anterior short gyri and conversing a parietal bone entry site can be used to approach the posterior long insular gyri. A combination of both trajectories is commonly used, depending on the pre-implantation hypothesis. These oblique trajectories maximize insular coverage by providing several contacts within the insula, whereas orthogonal approaches provide only one or two insular electrodes per trajectory (56). The disadvantage of oblique approaches is the lack of opercular coverage. With an orthogonal approach, a single SEEG electrode may explore the insula with its distal contacts and also explore the adjacent opercular cortex with its most superficial contacts. Since the insulo-opercular regions are often involved together in the EZ, the simultaneous evaluation of both cortical areas has distinct advantages in understanding the organization of the EZ and provides a functional assessment of the opercular areas, which may ultimately require resection to gain surgical access to the insular cortex. However, this subtle disadvantage of oblique investigations can be overcome with the addition of orthogonally placed electrodes in the opercular areas in addition to oblique insular electrodes, albeit this approach requires added electrodes.



COMPLICATIONS AND PATTERNS OF USE IN SEEG IMPLANTATION: CONTRIBUTIONS OF ROBOTICS

While different invasive monitoring techniques offer distinct philosophical approaches, as well as unique advantages and disadvantages, sEEG stands apart as a less invasive approach (57). Furthermore, sEEG provides an exclusive opportunity to sample and record from deep cortical structures with unparalleled accuracy to provide surgeons and clinicians with high-powered, three-dimensional mappings of epileptic networks that are used to meticulously guide resection (58). As the use of sEEG for invasive monitoring becomes increasingly popular, both within the United States and across the globe, its relative safety and efficacy has been well-documented and its rate of complications are reported to be the lowest amongst all methods of invasive monitoring in both adult and pediatric patient populations (59–64). Though sEEG has been in use in France since the 1950s, the advent of robotics and recent neuroimaging techniques have led to its proliferation and acceptance throughout North America (65).

The largest sEEG series ever reported, by Cardinale et al., described the 20-year single-institution experience of seizure freedom rates, outcome predictors, and complication rates from 742 sEEG procedures in 713 patients conducted between May 1996 and July 2018 (66). Seizure freedom outcomes were compared to 1,128 patients who underwent surgical intervention after non-invasive evaluation. Furthermore, 185 of the sEEG cases (25.9%) were pediatric patients with the average total cohort age of 26.2 ± 11.8 years. The institutional surgical workflow consisted of the traditional Talairach approach until 2009, after which time the center adopted an image-guided workflow utilizing 3D imaging and robotic assistance (3DIRA). Among sEEG patients, resective surgery was indicated in 79.9% of the total cohort, with 59.4% of patients ultimately achieving seizure freedom at 2 years. With regards to medical and procedural complications, these were present in 13 (1.8%) procedures of which 4 (0.5%) were classified as major events (i.e., one death, two permanent contralateral hemiplegic conditions, and one unilateral leg compartment syndrome with permanent deficit). Although statistically insignificant, it is noteworthy that the overall complication rate was lower following implementation of the 3DIRA workflow (0.9 vs. 2.4%; p = 0.16), and no major procedure-related complications were reported out of 5,181 3DIRA-implanted electrodes. These findings substantially support the efficacy and safety of sEEG in both adult and pediatric patients. Furthermore, the decreased rate of complications following implementation of a 3DIRA workflow emphasizes the value and utility of new robotic technologies in neurosurgery.

In 2016, Mullin et al. published a meta-analysis of observational data describing the rates of sEEG complications in 2,624 patients aged between 1 and 69 years (average age, 24 years) from 30 previously published studies (62). Additionally, the review included 124 pediatric patients (4.7%) from four previously published studies examining the efficacy and safety of sEEG in children (67–70). The pooled prevalence rate of 1.3% (95% CI 0.9–1.7%) for all complications demonstrates a remarkably low complication rate in sEEG surgery. While the most common risk is hemorrhagic complications (pooled prevalence 1.0%, 95% CI 0.6–1.4%), the hemorrhage rate was significantly lower when compared to a meta-analysis of patients monitored with subdural grid electrodes (SDG; pooled prevalence 4.0%, 95% CI 3.2–4.8%) (61). Furthermore, a lower overall rate of infection in sEEG monitored patients (pooled prevalence 0.8%, 95% CI 0.3–1.2%) was demonstrated when compared to the reported infection rate (pooled prevalence 2.3%, 95% CI 1.5–3.1%) in the previously mentioned meta-analysis. The overall pooled prevalence of either transient or permanent neurological deficits was 0.6% (95% CI, 0.2–1.0%); however, it was noted that the causes of permanent neurological deficit were not always attributable to sEEG. Of the 2,624 patients in the pooled meta-analysis, there were five reported mortalities: two from intracerebral hemorrhage (ICH), two from preimplantation ventriculography (which is no longer performed routinely at most centers), and one from severe cerebral edema from a likely underlying metabolic derangement. The meta-analysis also noted a total of 11 hardware complications, including one patient who required an additional craniotomy for removal of a retained electrode.

When comparing the complication rates of the two most common methods of invasive monitoring, sEEG and SDG, the relative safety and efficacy of sEEG becomes increasingly clear. A systematic review published by Yan et al. in 2019 examined rates of epilepsy surgery-associated morbidity and subsequent seizure freedom in patients with drug-resistant epilepsy (DRE) monitored with either sEEG or SDG (59). The review included 48 observational studies that captured 1,973 sEEG patients and 2,036 SDE patients, of which 29 examined both adult and pediatric patients and 8 were pediatric-only studies. While none of the included studies performed direct head-to-head comparisons between the two monitoring techniques, sEEG was associated with 4.8% morbidity compared to a rate of 15.5% with SDG (WMD, −10.6%; 95% CI, −11.6–19.6%; p = 0.001). Reported complications included hemorrhage, infection, cerebrospinal fluid (CSF) leak, lead fracture, transient and permanent neurological deficits, and medical complications. Rates of subdural and epidural hematoma (0.7% sEEG; 3.4% SDG; WMD, −2.6%; 95% CI, −2.8 to −2.4%; p = 0.01), cerebrospinal fluid leak (0% sEEG; 0.6% SDG; WMD, −1.0%; 95% CI, −1.1 to −0.9%; p = 0.01), lead fracture (0.4% sEEG; 1.0% SDG; WMD, −0.5%; 95% CI, −0.7 to −0.2%; p = 0.01), transient neurological deficit (1.9% sEEG; 5.7% SDG; WMD, −1.4%; 95% CI, −1.7 to −1.1%; p = 0.01), and medical complications (0.7% sEEG; 2.6% SDG; WMD, −1.4%; 95% CI, −1.7 to −1.2%; p = 0.01) were significantly lower among sEEG patients compared to SDG. The rate of infection was also significantly lower among sEEG patients (0.9% sEEG; 1.6% SDG; WMD, −1.6%; 95% CI, −1.7 to −1.5%; p = 0.01). Although sEEG can be technically difficult in very young children (i.e., before the age of 2 years), it provides a means of extended recording time coupled with a lower risk of infection compared to SDG (71). While intraparenchymal hemorrhage was significantly more common in sEEG (2.3% sEEG; 1.4% SDG; WMD, 1.5%; 95% CI, 1.4 to −1.7%; p = 0.01), the results suggest an overall lower complication profile compared to SDG. The pooled prevalence of mortality was 0.2% among sEEG patients and 0.4% among SDG (WMD, −10.6%; 95% CI, −11.6 to −9.6%; p = 0.01) with all mortalities attributed to the method of invasive monitoring itself.

Additional benefits of sEEG with regards to low complication rates can be seen at the individual patient level. A recently published individual patient data (IPD) meta-analysis by Remick et al. was the first to simultaneously examine individual patient phenotypes and their outcomes following invasive monitoring with either sEEG or SDG (63). The review analyzed 595 patients from 33 studies, of which 15 examined both adult and pediatric patients and nine included pediatric patients only. Morbidities such as infection, hemorrhage, and transient and permanent neurological deficits were used as dependent variables in a regression analysis aimed at identifying their associations with patient phenotypes. The results indicate that clinical profiles of patients undergoing sEEG significantly differ from their SDG counterparts. For example, sEEG was a dominant contributor to patient phenotypes associated with low morbidity, while patient phenotypes involving multiple subpial transections, anterior temporal lobectomy, amygdalectomy, and hippocampectomy disproportionately contributed to greater morbidity and were strongly colinear with SDG. As a result, complication rates may be associated with the unique epileptic etiologies that invasive monitoring is used to explore. The authors conclude that while sEEG is associated with a lower rate of resection (82.0%; 95% CI, 78.8–84.2%) compared with SDG (92.7%; 95% CI, 91.1–94.4%; p = 0.0002), the clinical phenotypes of sEEG patients were also associated with lower rates of complication, suggesting that the nature of the invasive monitoring technique itself may contribute to patient morbidities. As a minimally invasive approach, sEEG may provide patients with a lower risk approach to successful localization of the EZ.

Finally, there may be spatial and temporal trends in sEEG utilization that contribute to complications in its use. For example, sEEG electrodes were first used to study epilepsy in France during the 1950s; however, the technique did not emerge in practice in the United States until the mid-1970s, where it has been slow to gain popularity (72). While sEEG usage has exponentially increased in recent decades, it is still considered a relatively novel technique when compared to traditional North American methods such as SDG (64). As a result, differences in both institution- and surgeon-level education, training, and experience may contribute to observed rates of complications and decrease over time as sEEG becomes a more widely utilized approach. Furthermore, while modern robotic placement is gaining traction as a valuable enhancement to the precision and accuracy of traditional stereotaxy, many centers continue to utilize manual frame-based and frameless techniques for electrode insertion.

While many of the studies discussed in this review are reflective of adult data, a great number included children in their analyses. This is not surprising as pediatric cases represent a large proportion of sEEG implantations, especially at high volume epilepsy centers. However, the safety profile of robotic sEEG usage in children is comparable to adults in pediatric-only studies (48, 70, 71, 73–76). Furthermore, some studies have examined differences in the utility of frameless robotic technique as opposed to the traditional Talairach frame approach, suggesting that pediatric patients specifically benefit from the swift precision and accuracy that is gained through the use of surgical robots in sEEG surgery. A recent observational study described the technical aspects of and comparison between frameless robot-assisted vs. Talairach frame-based sEEG in 17 children with DRE at an institution with over 30 years of sEEG experience (48). The authors report that, while there were no significant differences in complication rates regardless of a robotic approach, the frameless robot-assisted technique was more efficient, as it required less operating room time and time under anesthesia.



CONCLUSION

The contributions of robotics to the safety and efficacy of invasive monitoring in epilepsy surgery have grown substantially in recent decades. Although sEEG has been in use in France since the 1950s, the advent of robotics and recent neuroimaging techniques have led to its proliferation and acceptance throughout North America. The traditional Talairach frame approach provided the capability of rapid implantation of orthogonal sEEG electrodes; however, it falls short of allowing placement of oblique electrodes. One of the great advantages of robot-assisted implantation techniques is the ability to seamlessly transition between both orthogonal and oblique trajectory types using a single technique. Furthermore, while there are a variety of factors that contribute to both the rates and types of complications observed in sEEG patients, sEEG surgery demonstrates an inherently low complication profile, especially when compared to traditionally held methods of invasive monitoring, such as SDG.



AUTHOR CONTRIBUTIONS

AF, MR, and TA equally contributed to the literature review, drafting, and final version of the manuscript in its entirety. All authors read and approved the final manuscript.



ACKNOWLEDGMENTS

This is a short text to acknowledge the contributions of specific colleagues, institutions, or agencies that aided the efforts of the authors.



REFERENCES

 1. Davies B. A review of robotics in surgery. Proc Inst Mech Eng H. (2000) 214:129–40. doi: 10.1243/0954411001535309

 2. Drake JM, Joy M, Goldenberg A, Kreindler D. Computer- and robot-assisted resection of thalamic astrocytomas in children. Neurosurgery. (1991) 29:27–33. doi: 10.1109/ICAR.1991.240561

 3. Kwoh YS, Hou J, Jonckheere EA, Hayati S. A robot with improved absolute positioning accuracy for CT guided stereotactic brain surgery. IEEE Trans Biomed Eng. (1988) 35:153–60. doi: 10.1109/10.1354

 4. Glauser D, Fankhauser H, Epitaux M, Hefti J-L, Jaccottet A. Neurosurgical robot minerva: first results and current developments. J Image Guid Surg. (1995) 1:266–72. doi: 10.1002/(sici)1522-712x(1995)1:5<266::aid-igs2>3.0.co;2-8

 5. Benabid AL, Cinquin P, Lavalle S, Le Bas JF, Demongeot J, de Rougemon J. Computer-driven robot for stereotactic surgery connected to ct scan and magnetic resonance imaging: technological design andpreliminary results. Stereotact Funct Neurosurg. (1987) 50:153–4. doi: 10.1159/000100701

 6. Masamune K, Kobayashi E, Masutani Y, Suzuki M, Dohi T, Iseki H, et al. Development of an MRI-compatible needle insertion manipulator for stereotactic neurosurgery. Comput Aided Surg. (1995) 1:242–8. doi: 10.3109/10929089509106330

 7. Adler JR, Murphy MJ, Chang SD, Hancock SL. Image-guided robotic radiosurgery. Neurosurgery. (1999) 44:1299–307. doi: 10.1227/00006123-199906000-00079

 8. McBeth PB, Louw DF, Rizun PR, Sutherland GR. Robotics in neurosurgery. Am J Surg. (2004) 188:68S−75S. doi: 10.1016/j.amjsurg.2004.08.004

 9. Cardinale F. Stereoelectroencephalography: application accuracy, efficacy, and safety. World Neurosurg. (2016) 94:570–1. doi: 10.1016/j.wneu.2016.07.070

 10. Cardinale F. Letter to the editor: stereoelectroencephalography for insular-opercular/perisylvian epilepsy. J Neurosurg Pediatr. (2017) 19:271–2. doi: 10.3171/2016.8.PEDS16450

 11. Cardinale F, Casaceli G, Raneri F, Miller J, Lo Russo G. Implantation of stereoelectroencephalography electrodes: a systematic review. J Clin Neurophysiol. (2016) 33:490–502. doi: 10.1097/WNP.0000000000000249

 12. González-Martínez J, Bulacio J, Thompson S, Gale J, Smithason S, Najm I, et al. Technique, results, and complications related to robot-assisted stereoelectroencephalography. Neurosurgery. (2016) 78:169–79. doi: 10.1227/NEU.0000000000001034

 13. Calisto A, Dorfmüller G, Fohlen M, Bulteau C, Conti A, Delalande O. Endoscopic disconnection of hypothalamic hamartomas: safety and feasibility of robot-assisted, thulium laser-based procedures. J Neurosurg Pediatr. (2014) 14:563–72. doi: 10.3171/2014.8.PEDS13586

 14. Gonzalez-Martinez J, Vadera S, Mullin J, Enatsu R, Alexopoulos AV, Patwardhan R, et al. Robot-assisted stereotactic laser ablation in medically intractable epilepsy: operative technique. Neurosurgery. (2014) 10:167–73. doi: 10.1227/NEU.0000000000000286

 15. Procaccini E, Dorfmüller G, Fohlen M, Bulteau C, Delalande O. Surgical management of hypothalamic hamartomas with epilepsy: the stereoendoscopic approach. Neurosurgery. (2006) 59:ONS336–46. doi: 10.1227/01.NEU.0000233900.06146.72

 16. Varma TRK, Eldridge P. Use of the neuroMate stereotactic robot in a frameless mode for functional neurosurgery. Int J Med Robot Comput Assist Surg. (2006) 2:107–13. doi: 10.1002/rcs.88

 17. Lefranc M, Le Gars D. Robotic implantation of deep brain stimulation leads, assisted by intra-operative, flat-panel CT. Acta Neurochir. (2012) 154:2069–74. doi: 10.1007/s00701-012-1445-7

 18. Neudorfer C, Hunsche S, Hellmich M, El Majdoub F, Maarouf M. Comparative study of robot-assisted versus conventional frame-based deep brain stimulation stereotactic neurosurgery. Stereotact Funct Neurosurg. (2018) 96:327–34. doi: 10.1159/000494736

 19. Eljamel MS. Robotic neurological surgery applications: accuracy and consistency or pure fantasy? Stereotact Funct Neurosurg. (2009) 87:88–93. doi: 10.1159/000202974

 20. Eljamel MS. Validation of the pathFinderTM neurosurgical robot using a phantom. Int J Med Robot Comput Assist Surg. (2007) 3:372–7. doi: 10.1002/rcs.153

 21. Lefranc M, Capel C, Pruvot AS, Fichten A, Desenclos C, Toussaint P, et al. The impact of the reference imaging modality, registration method and intraoperative flat-panel computed tomography on the accuracy of the ROSA® stereotactic robot. Stereotact Funct Neurosurg. (2014) 92:242–50. doi: 10.1159/000362936

 22. Candela S, Vanegas MI, Darling A, Ortigoza-Escobar JD, Alamar M, Muchart J, et al. Frameless robot-assisted pallidal deep brain stimulation surgery in pediatric patients with movement disorders: precision and short-term clinical results. J Neurosurg Pediatr. (2018) 22:416–25. doi: 10.3171/2018.5.PEDS1814

 23. Benabid AL, Hoffmann D, Ashraf A, Koudsie A, Esteve F, Le-Bas JF. The robotization of neurosurgery: state of the art and future outlook. Bull Acad Natl Med. (1997) 181:1625–36.

 24. Lefranc M, Zouitina Y, Tir M, Merle P, Ouendo M, Constans JM, et al. Asleep robot-assisted surgery for the implantation of subthalamic electrodes provides the same clinical improvement and therapeutic window as awake surgery. World Neurosurg. (2017) 106:602–8. doi: 10.1016/j.wneu.2017.07.047

 25. Gonzalez-Martinez J, Bulacio J, Alexopoulos A, Jehi L, Bingaman W, Najm I. Stereoelectroencephalography in the “difficult to localize” refractory focal epilepsy: early experience from a North American epilepsy center. Epilepsia. (2013) 54:323–30. doi: 10.1111/j.1528-1167.2012.03672.x

 26. Vadera S, Chan A, Lo T, Gill A, Morenkova A, Phielipp NM, et al. Frameless stereotactic robot-assisted subthalamic nucleus deep brain stimulation: case report. World Neurosurg. (2017) 97:762.e11–4. doi: 10.1016/j.wneu.2015.11.009

 27. Faraji AH, Kokkinos VK, Sweat JC, Crammond DJ, Richardson RM. Robotic-assisted stereotaxy for deep brain stimulation lead implantation in awake patients. Oper Neurosurg. (2020) 19:444–52. doi: 10.1093/ons/opaa029

 28. Li G, Su H, Cole GA, Shang W, Harrington K, Camilo A, et al. Robotic system for MRI-guided stereotactic neurosurgery. IEEE Trans Biomed Eng. (2015) 62:1077–88. doi: 10.1109/TBME.2014.2367233

 29. Lang M, Greer A, Sutherland G. Intra-operative robotics: neuroArm. Acta Neurochir Suppl. (2011) 109:231–236. doi: 10.1007/978-3-211-99651-5_36

 30. Ho M, McMillan AB, Simard JM, Gullapalli R, Desai JP. Toward a meso-scale SMA-actuated MRI-compatible neurosurgical robot. IEEE Trans Robot. (2012) 28:213–22. doi: 10.1109/TRO.2011.2165371

 31. Comber DB, Barth EJ, Webster RJ. Design and control of an magnetic resonance compatible precision pneumatic active cannula robot. J Med Device. (2014) 8:011003. doi: 10.1115/1.4024832

 32. Yang B, Tan UX, McMillan AB, Gullapalli R, Desai JP. Design and control of a 1-DOF MRI-compatible pneumatically actuated robot with long transmission lines. IEEE ASME Trans Mechatronics. (2011) 16:1040–8. doi: 10.1109/TMECH.2010.2071393

 33. Iordanou JC, Camara D, Ghatan S, Panov F. Approach angle affects accuracy in robotic stereoelectroencephalography lead placement. World Neurosurg. (2019) 128:e322–8. doi: 10.1016/j.wneu.2019.04.143

 34. Yu H, Pistol C, Franklin R, Barborica A. Clinical accuracy of customized stereotactic fixtures for stereoelectroencephalography. World Neurosurg. (2018) 109:82–8. doi: 10.1016/j.wneu.2017.09.089

 35. D'Agostino E, Kanter J, Song Y, Aronson JP. Stereoencephalography electrode placement accuracy and utility using a frameless insertion platform without a rigid cannula. Oper Neurosurg. (2020) 18:409–16. doi: 10.1093/ons/opz200

 36. Rosenow F, Luders H. Presurgical evaluation of epilepsy. Brain. (2001) 124:1683–700. doi: 10.1093/brain/124.9.1683

 37. Kahane P, Landré E, Minotti L, Francione S, Ryvlin P. The Bancaud and Talairach view on the epileptogenic zone: a working hypothesis. Epileptic Disord. (2006) 8(Suppl. 2):S16–26.

 38. Luders H, Najim I, Nair D. The epileptogenic zone: general principles. Epileptic Discord. (2008) 8:S1–9.

 39. Lüders HO, Najm I, Nair D, Widdess-Walsh P, Bingman W. Definition and localization of the epileptogenic zone the epileptogenic zone: general principles. Epileptic Disord. (2006) 18:12–6. doi: 10.5698/1535-7597.18.1.12

 40. Jin P, Wu D, Li X, Ren L, Wang Y. Towards precision medicine in epilepsy surgery. Ann Transl Med. (2016) 4:24. doi: 10.3978/j.issn.2305-5839.2015.12.65

 41. Andrzejak RG, David O, Gnatkovsky V, Wendling F, Bartolomei F, Francione S, et al. Localization of epileptogenic zone on pre-surgical intracranial EEG recordings: toward a validation of quantitative signal analysis approaches. Brain Topogr. (2015) 28:832–7. doi: 10.1007/s10548-014-0380-8

 42. Li YH, Ye XL, Liu QQ, Mao JW, Liang PJ, Xu JW, et al. Localization of epileptogenic zone based on graph analysis of stereo-EEG. Epilepsy Res. (2016) 128:149–57. doi: 10.1016/j.eplepsyres.2016.10.021

 43. Chabardes S, Abel TJ, Cardinale F, Kahane P. Commentary: understanding stereoelectroencephalography: what's next? Neurosurgery. (2018) 82:E15–6. doi: 10.1093/neuros/nyx499

 44. Reif PS, Strzelczyk A, Rosenow F. The history of invasive EEG evaluation in epilepsy patients. Seizure. (2016) 41:191–5. doi: 10.1016/j.seizure.2016.04.006

 45. Talairach J, Bancaud J, Bonis A, Szikla G, Tournous P. Functional stereotaxic exploration of epilepsy. Confin Neurol. (1962) 22:328–31. doi: 10.1159/000104378

 46. Talairach J, Szikla G. Atlas of Stereotaxic Anatomy of the Telencephalon. 1st ed. Paris: Masson (1976).

 47. Talairach J, Tournoux P. Co-Planar Sterotaxic Atlas of the Human Brain. 1st ed. New York, NY: Thieme (1988).

 48. Abel TJ, Osorio RV, Amorim-Leite R, Mathieu F, Kahane P, Minotti L, et al. Frameless robot-assisted stereoelectroencephalography in children: technical aspects and comparison with Talairach frame technique. J Neurosurg Pediatr. (2018) 22:37–46. doi: 10.3171/2018.1.PEDS17435

 49. Bourdillon P, Châtillon CE, Moles A, Rheims S, Catenoix H, Montavont A, et al. Effective accuracy of stereoelectroencephalography: robotic 3D versus Talairach orthogonal approaches. J Neurosurg. (2019) 131:1938–46. doi: 10.3171/2018.7.JNS181164

 50. Joswig H, Lau JC, Abdallat M, Parrent AG, MacDougall KW, McLachlan RS, et al. Stereoelectroencephalography versus subdural strip electrode implantations: feasibility, complications, and outcomes in 500 intracranial monitoring cases for drug-resistant epilepsy. Neurosurgery. (2020) 87:E23–30. doi: 10.1093/neuros/nyaa112

 51. Gonzalez-Martinez J. The stereo-electroencephalography: the epileptogenic zone. J Clin Neurophysiol. (2016) 33:522–9. doi: 10.1097/WNP.0000000000000327

 52. Baydin S, Gungor A, Holanda VM, Tanriover N, Danish SF. Microneuroanatomy of the anterior frontal laser trajectory to the insula. World Neurosurg. (2019) 132:e909–21. doi: 10.1016/j.wneu.2019.07.130

 53. Camara D, Panov F, Oemke H, Ghatan S, Costa A. Robotic surgical rehearsal on patient-specific 3D-printed skull models for stereoelectroencephalography (SEEG). Int J Comput Assist Radiol Surg. (2019) 14:139–45.doi: 10.1007/s11548-018-1885-5

 54. Bottan JS, Rubino PA, Lau JC, Macdougall KW, Parrent AG, Burneo JG, et al. Robot-assisted insular depth electrode implantation through oblique trajectories: 3-dimensional anatomical nuances, technique, accuracy, and safety. Oper Neurosurg. (2020) 18:278–83. doi: 10.1093/ons/opz154

 55. Gil Robles S, Gelisse P, El Fertit H, Tancu C, Duffau H, Crespel A, et al. Parasagittal transinsular electrodes for stereo-EEG in temporal and insular lobe epilepsies. Stereotact Funct Neurosurg. (2009) 87:368–78. doi: 10.1159/000249818

 56. Alomar S, Mullin JP, Smithason S, Gonzalez-Martinez J. Indications, technique, and safety profile of insular stereoelectroencephalography electrode implantation in medically intractable epilepsy. J Neurosurg. (2018) 128:1147–57. doi: 10.3171/2017.1.JNS161070

 57. Tóth M, Janszky J. Intracranial EEG monitoring methods. Ideggyogy Sz. (2020) 73:79–83. doi: 10.18071/isz.73.0079

 58. Serletis D, Bulacio J, Bingaman W, Najm I, González-Martínez J. The stereotactic approach for mapping epileptic networks: a prospective study of 200 patients. J Neurosurg. (2014) 121:1239–46. doi: 10.3171/2014.7.JNS132306 

 59. Yan H, Katz JS, Anderson M, Mansouri A, Remick M, Ibrahim GM, et al. Method of invasive monitoring in epilepsy surgery and seizure freedom and morbidity: a systematic review. Epilepsia. (2019) 60:1960–72. doi: 10.1111/epi.16315

 60. Katz JS, Abel TJ. Stereoelectroencephalography versus subdural electrodes for localization of the epileptogenic zone: what is the evidence? Neurotherapeutics. (2019) 16:59–66. doi: 10.1007/s13311-018-00703-2

 61. Arya R, Mangano FT, Horn PS, Holland KD, Rose DF, Glauser TA. Adverse events related to extraoperative invasive EEG monitoring with subdural grid electrodes: a systematic review and meta-analysis. Epilepsia. (2013) 54:828–39. doi: 10.1111/epi.12073

 62. Mullin JP, Shriver M, Alomar S, Najm I, Bulacio J, Chauvel P, et al. Is SEEG safe? A systematic review and meta-analysis of stereo-electroencephalography-related complications. Epilepsia. (2016) 57:386–401. doi: 10.1111/epi.13298

 63. Remick M, Ibrahim GM, Mansouri A, Abel TJ. Patient phenotypes and clinical outcomes in invasive monitoring for epilepsy: an individual patient data meta-analysis. Epilepsy Behav. (2019) 102:106652 doi: 10.1016/j.yebeh.2019.106652

 64. Raftopoulos C, Vaz G, Tassigny D, van Rijckevorsel K. Invasive EEG in refractory epilepsy: insertion of subdural grids through linear craniectomy reduces complications and remains effective. Neurochirurgie. (2015) 61:16–21. doi: 10.1016/j.neuchi.2014.09.005

 65. Abou-Al-Shaar H, Brock AA, Kundu B, Englot DJ, Rolston JD. Increased nationwide use of stereoelectroencephalography for intracranial epilepsy electroencephalography recordings. J Clin Neurosci. (2018) 53:132–4. doi: 10.1016/j.jocn.2018.04.064

 66. Cardinale F, Rizzi M, Vignati E, Cossu M, Castana L, d'Orio P, et al. Stereoelectroencephalography: retrospective analysis of 742 procedures in a single centre. Brain. (2019) 142:2688–704. doi: 10.1093/brain/awz196

 67. Dylgjeri S, Taussig D, Chipaux M, Lebas A, Fohlen M, Bulteau C, et al. Insular and insulo-opercular epilepsy in childhood: an SEEG study. Seizure. (2014) 23:300–8. doi: 10.1016/j.seizure.2014.01.008

 68. Dorfmüller G, Ferrand-Sorbets S, Fohlen M, Bulteau C, Archambaud F, Delalande O, et al. Outcome of surgery in children with focal cortical dysplasia younger than 5 years explored by stereo-electroencephalography. Child's Nerv Syst. (2014) 30:1875–83. doi: 10.1007/s00381-014-2464-x

 69. Gonzalez-Martinez J, Mullin J, Bulacio J, Gupta A, Enatsu R, Najm I, et al. Stereoelectroencephalography in children and adolescents with difficult-to-localize refractory focal epilepsy. Neurosurgery. (2014) 75:258–68; discussion: 267–8. doi: 10.1227/NEU.0000000000000453

 70. Taussig D, Chipaux M, Lebas A, Fohlen M, Bulteau C, Ternier J, et al. Stereo-electroencephalography (SEEG) in 65 children: an effective and safe diagnostic method for pre-surgical diagnosis, independent of age. Epileptic Disord. (2014) 16:280–95. doi: 10.1684/epd.2014.0679

 71. Taussig D, Dorfmüller G, Fohlen M, Jalin C, Bulteau C, Ferrand-Sorbets S, et al. Invasive explorations in children younger than 3 years. Seizure. (2012) 21:631–8. doi: 10.1016/j.seizure.2012.07.004

 72. van Roost D, Solymosi L, Schramm J, Van Oosterwyck B, Elger CE. Depth electrode implantation in the length axis of the hippocampus for the presurgical evaluation of medial temporal lobe epilepsy: a computed tomography-based stereotactic insertion technique and its accuracy. Neurosurgery. (1998) 43:819–26; discussion: 826–7.doi: 10.1097/00006123-199810000-00058

 73. Budke M, Avecillas-Chasin JM, Villarejo F. Implantation of depth electrodes in children using varioguider frameless navigation system: technical note. Oper Neurosurg. (2018) 15:302–9. doi: 10.1093/ons/opx192

 74. Cossu M, Cardinale F, Colombo N, Mai R, Nobili L, Sartori I, et al. Stereoelectroencephalography in the presurgical evaluation of children with drug-resistant focal epilepsy. J Neurosurg. (2005) 103(4 Suppl.):333–43. doi: 10.3171/ped.2005.103.4.0333

 75. Kassiri J, Pugh J, Carline S, Jurasek L, Snyder T, Wheatley M, et al. Depth electrodes in pediatric epilepsy surgery. Can J Neurol Sci. (2013) 40:48–55. doi: 10.1017/S0317167100012944

 76. Park YS, Lee YH, Shim KW, Lee YJ, Kim HD, Lee JS, et al. Insular epilepsy surgery under neuronavigation guidance using depth electrode. Child's Nerv Syst. (2009) 25:591–7. doi: 10.1007/s00381-008-0764-8 

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Faraji, Remick and Abel. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Contributions of Robotics to the Safety and Efficacy of Invasive Monitoring With Stereoelectroencephalography



		Introduction



		Robotic Versatility for Both Oblique and Orthogonal SEEG Trajectories



		Complications and Patterns of Use in SEEG Implantation: Contributions of Robotics



		Conclusion



		Author Contributions



		Acknowledgments



		References

















OPS/images/cover.jpg
, frontiers
in Neurology

Contributions of Robotics to the
Safety and Efficacy of Invasive
Monitoring With
Stereoelectroencephalography





OPS/images/fneur-11-570010-g001.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Neurology





