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Abstract
Introduction: The literature reflects a resurgence of interest in endoscopic and keyhole endoscope-assisted neurosurgical approaches as alternatives to conventional microsurgical approaches in carefully selected cases. The aim of this study was to assess the technical challenges of neuroendoscopy, and the scope for technological innovations to overcome these barriers. 
Materials and Methods: All full members of the Society of British Neurosurgeons (SBNS) were electronically invited to participate in an online survey. The open-ended structured survey asked three questions; firstly, whether the surgeon presently utilises or has experience with endoscopic or endoscope-assisted approaches; secondly, what they consider to be the major technical barriers to adopting such approaches; and thirdly, what technological advances they foresee improving safety and efficacy in the field. Responses were subjected to a qualitative research method of multi-rater emergent themes analysis.  
Results: Three clear themes emerged: 1) surgical approach and better integration with image-guidance systems (20%), 2) intra-operative visualisation and improvements in neuroendoscopy (49%), and 3) surgical manipulation and improvements in instruments (74%). 
Discussion: The analysis of responses to our open-ended survey revealed that although opinion was varied three major themes could be identified. Emerging technological advances such as augmented reality, high-definition stereo-endoscopy, and robotic joint-wristed instruments may help overcome the technical difficulties associated with neuroendoscopic approaches.
Conclusions: Results of this qualitative survey provide consensus amongst the technology end-user community such that unambiguous goals and priorities may be defined. Systems integrating these advances could improve the safety and efficacy of endoscopic and endoscope-assisted neurosurgical approaches. 
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Introduction
Over the last decade, the neurosurgical literature has reflected a resurgence of clinical interest in endoscopic and keyhole endoscope-assisted neurosurgical approaches as alternatives to conventional microsurgical approaches in carefully selected cases1-3. Such approaches promise reduced exposure and manipulation of brain tissue, but can also present substantial technical challenges that may limit their safety and efficacy. Identification and understanding these barriers is a prerequisite to progress in the field. The aim of this study was to assess the technical challenges of neuroendoscopy, and the scope for technological innovations to overcome these barriers. 
Materials and Methods
A qualitative study design was adopted to gain a broad understanding of the perceived technical challenges of neuroendoscopy, and the potential for technological solutions. In contrast to quantitative studies, which seek to evaluate a large number of randomly selected participants representing the population of interest using closed surveys, qualitative studies generally sample a small number of participants in more detailed open surveys. Saturation of data collection in qualitative studies is said to occur when no new or relevant information emerges with further participants, which we estimated would require approximately 20 participants based on similar studies in other surgical fields4.
Participants:
All 249 full members of the Society of British Neurosurgeons (SBNS) were electronically invited to participate in an online survey on endoscopic and endoscope-assisted neurosurgery.  Only one attempt at contact was made with members, and the survey was closed one week following initial distribution as the number of responders had already exceeded our a priori estimate to achieve saturation. 
Survey:
Participating members were asked to disclose their name, surgical unit and subspecialty interests. The open-ended structured survey asked three questions. Firstly, whether the surgeon presently utilises or has experience with endoscopic or endoscope-assisted approaches. Secondly, what they consider to be the major technical barriers to adopting such approaches. Thirdly, what technological advances they foresee improving safety and efficacy in the field. 
Responses were collected, anonymised, and consolidated in a single spreadsheet for qualitative analysis.
Data Analysis:
Three authors analysed survey responses (HJM, TPC and AHH). Based on a preliminary screen, responses were first coded for indications of general philosophy on the utilisation of endoscopic and endoscope-assisted approaches, and also for specific barriers to the adoption of such approaches. Subsequently, using iterative analysis, responses were parsed for themes by individual raters (see Figure 1). 
After agreement was reached on themes, raters returned to the survey responses and binary coded for theme content. Raters initially performed this analysis independently; agreement was reached based on discussion during consensus meetings. 
All counts were tallied and expressed as percentages. As each participant may have referenced multiple theme categories, percentage totals did not necessarily tally to 100. Completed surveys were assigned identifying labels based on chronological order of receipt, i.e. ‘Participant 1’, ‘Participant 2’, ‘Participant 3’. 
Results
In all, 40 consultant neurosurgeons participated in the survey within a week of initial distribution (response rate 16.1%). Specialty interests of responding neurosurgeons were mostly distributed amongst neuro-oncology (53%), paediatric (43%) or skull base surgery (38%) (see Table 1).
Of the 40 neurosurgeons that took part in the study, 38 described their own endoscopic practice. The majority performed intraventricular procedures including endoscopic third ventriculostomy (63%) or endonasal transphenoidal procedures (37%) (see Table 2). 
Thirty-five participants provided detailed opinions on the technical challenges of endoscopic and keyhole endoscope-assisted neurosurgical approaches, and the scope for technological innovations to improve safety and efficacy in the field. Three clear themes emerged; 1) surgical approach and better integration with image-guidance systems (20%), 2) intra-operative visualisation and improvements in neuroendoscopy (49%), and 3) surgical manipulation and improvements in instruments (74%). Major themes and subthemes identified in the study are illustrated in Figure 2. Saturation of themes and subthemes were achieved after 5 and 25 participants respectively. 
Approach:
Several neurosurgeons commented on the need for “better image guidance system integration” (Participant 25) into the surgical workflow. Five respondents additionally suggested that such systems could be used to guide “navigatable flexible endoscopes” (Participant 4) during the surgical approach, which would allow critical neurovascular structures to be avoided. 
Visualisation:
Almost half of responding neurosurgeons described current endoscopic visualisation as a barrier to further adoption of the technique. The most highly cited subtheme was lack of “3D and depth perception” (Participant 21) provided by most presently available neuroendoscopes, which impaired appreciation of complex spatial relationships within the brain. One surgeon qualified their support by suggesting that “3D will help the less experienced the most” (Participant 33), and another cautioned that while improved imaging would be useful, they were “not sure if 3D will be as good as it is hyped to be”.
Several neurosurgeons commented on the “quality of image” (Participant 35) provided by endoscopes, and the need for “better optics” (Participant 4), and “improved pictures…as they tend to degrade over time” (Participant 22). One respondent felt that visuomotor misalignment was another limitation of current neuroendoscopy platforms, stating that “it is awkward…to have to look in one direction and operate in another” (Participant 25).
Manipulation:
The majority of survey participants described technical difficulties with available endoscopic instruments as a major limitation of neuroendoscopy. The most highly cited subtheme was lack of dexterity when using rigid instruments down a narrow surgical trajectory, “…the majority of current instruments preclude true microsurgical techniques and rely mostly on traction and pulling” (Participant 28). One surgeon described, for example, how “…stitching or closing dura” (Participant 10) was difficult or impossible to perform through endoscopic approaches. Several neurosurgeons felt that robotic articulated instruments might overcome this barrier, “endoscopic micro-instruments with similar degrees of freedom as a Da Vinci robot” (Participant 2).
Another common subtheme was the “difficulty to free both hands for operating” (Participant 23), thus limiting the bimanual manipulation that characterises microsurgical dissection. Several neurosurgeons expanded on this, explaining that it was “difficult for the assistant to be of any help… so tends to be suction one hand and dissection other hand” (Participant 33). A few respondents suggested that “more user-friendly endoscope holders” (Participant 23) or perhaps a robotic scope holder “that would allow remotely controlled scope movement” (Participant 18), might allow for bimanual manipulation.
Many neurosurgeons were concerned about adequate haemostasis, especially “controlling major arterial bleeding” (Participant 10). Participants felt that current bipolar forceps were inadequate during endoscopic approaches, and that improvements in their design would improve safety. Four neurosurgeons mentioned that “lack of working equipment such as a CUSA that can fit down the scope” also limited the adoption of endoscopic approaches, particularly within the field of neuro-oncology. One surgeon described how endoscopic approaches lacked “haptic quality” (Participant 21) compared to conventional microneurosurgery, and that this might impact surgical performance.
General comments:
One respondent emphasised that regardless of tool development, “a fool with a tool is still a fool… the major limitation would be if the surgeon themselves fails to understand this.” (Participant 6). Two neurosurgeons recognised the long learning curve of endoscopic approaches to be a major limitation, and one surgeon commented that “simulation and training” (Participant 21), alongside tool development, would help overcome this. 
Discussion
Endoscopy has been applied to the field of neurosurgery since the work of early pioneers such as Walter Dandy approximately a century ago5. In recent years, technological advances such as the development of image-guidance systems, endoscopes with improved image quality, and tube-shaft instruments, have ignited a resurgence of enthusiasm in the field, with specific procedures such as Endoscopic Third Ventriculostomy (ETV) and endoscopic endonasal transphenoidal hypophysectomy now relatively well accepted by the neurosurgical community in carefully selected cases6, 7. The analysis of responses to our open-ended survey revealed that although opinion was varied on the technical challenges of neuroendoscopy, and the scope for technological improvements to overcome these barriers, three major themes could be identified: surgical approach and better integration with image-guidance systems (20%); intra-operative visualisation and improvements in neuroendoscopy (49%); and surgical manipulation and improvements in instruments (74%).
Surgical approach and integration with image-guidance systems
Image guidance systems, are now widely used within neurosurgery and are associated with shorter operated times, reduced blood loss, and less complications than conventional surgery8. In light of the availability and use of image guidance systems it was, at first glance, somewhat counterintuitive that difficulty in surgical access was still identified as a significant limitation of present-day neuroendoscopy. Several neurosurgeons reported the need for better integration of image guidance systems into the surgical workflow. We speculate that the relative paucity of external landmarks and potential for disorientation in endoscopic approaches results in frequent interruptions during surgery to place the image guidance probe and turn away from the operative field to view the image display monitors. In the near future, augmented reality systems may allow for more seamless integration of image guidance systems by overlaying virtual targets onto the surgical scene9-11.
Intra-operative visualisation and improvements in neuroendoscopy
Endoscopic visualisation was also a major theme identified by respondents. Although endoscopy provides a much wider view angle through narrow surgical corridors compared to microscopy, most available endoscopy systems are impaired by far lower image quality and very few offer stereoscopy. To this end, it is anticipated that the development of high definition (HD) and 3-dimensional (3D) endoscopes will overcome this hurdle. Early studies have already suggested that the use of such endoscopes allows for improved recognition of anatomical landmarks, and better appreciation of complex spatial relationships12-16.
Surgical manipulation and improvements in instruments
Surgical manipulation was the theme most frequently identified by participants as the key to developing safer and more efficacious endoscopic and keyhole endoscope-assisted neurosurgical approaches. Currently available instruments do not allow for dissection in the same way as conventional microsurgical approaches, reducing surgical dexterity to largely co-axial control through narrow corridors, and often limiting neurosurgeons to single-handed manipulation. Most neurosurgical operations, such as tumour resection, are therefore far more difficult to perform through keyhole approaches. Technological advances, such as robotic instruments with articulated wrist-joints, may free neurosurgeons of ergonomic burdens imposed by ‘chopstick’ surgery17.
Limitations of the study
There are several limitations of the present study. Notably, the sample size was small, and the response rate low, reflecting our adoption of a qualitative rather than quantitative study design. A qualitative methodology was selected as the aim of the study was to gain an understanding of the perceived technical limitations of neuroendoscopy, and the possible role for technological advances, rather than measure the frequency of predefined opinions. Although all members of the SBNS were invited to participate in the survey, neurosurgeons almost certainly self-selected if they had a specialist interest in neuroendoscopy, as reflected by the relatively high number of paediatric and skull base neurosurgeons responding (who were far more likely to be routinely involved with intraventricular and endonasal transsphenoidal approaches respectively). The a priori goal of saturation of themes and subthemes was achieved and it is likely that the key findings of the research are externally valid. 
Another inherent limitation of the open-ended online survey study design was that it prevented probing of respondents’ answers. However, we do not believe that it would have been feasible to reach as many neurosurgeons had we required them to commit to time-intensive interviews. In any case, several neurosurgeons provided extended answers to the survey prompts, allowing fairly detailed analysis of the major themes and subthemes identified. 
Conclusions
We have identified several common themes highlighted by neurosurgeons as important barriers to the adoption of endoscopic and endoscope-assisted neurosurgery. These themes may be summarised as poor integration of current image-guidance systems, lack of 3D visualisation with most presently available neuroendoscopes, and limited scope for dextrous bimanual manipulation with rigid tube-shaft instruments. Emerging technological advances such as augmented reality, high-definition stereo-endoscopy, and robotic joint-wristed instruments, may help overcome the technical difficulties associated with neuroendoscopic approaches18.
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Figure 1. Qualitative analysis methodology. 

Figure 2. Themes and subthemes, in order of frequency that they were mentioned. Note that each respondent could mention several sub-themes, so totals do not tally to 100%. IGS = Image Guidance System; 3D = 3-Dimensional; HD = High Definition

