
Extending the application of virtual reality 
simulation in temporal bone anatomy and 

advanced surgical training. 
 

 

 

 

 

 

 

 

By: Bridget Copson MBBS (Hons) Dip Anat 

Submitted in total fulfillment of the requirements of the degree of Doctor of 

Philosophy 

February 2021 

 

Department of Surgery (Otolaryngology), Faculty of Medicine 

The University of Melbourne 

 

 
 

 

 

 

 

 

 



 2 

Abstract  
 

Cochlear implant surgery has a strong foundation in the treatment of profound hearing loss. In the 

last decade, there have been marked developments in technology which have enabled the 

expansion of eligibility criteria. Cochlear implantation is now offered to patients with residual low-

frequency hearing or those with unilateral or asymmetrical hearing loss. It is evidenced that to 

optimise hearing outcomes for patients with residual hearing, it is necessary to reduce the trauma 

during the insertion of the cochlear implant, in particular by precise surgical technique. 

Current temporal bone surgery training, including cochlear implant surgery, is based on an 

apprenticeship model, where registrars observe and practice with consultant supervision. Prior to 

performing surgery on a patient, it is common practice to perform cadaveric temporal bone 

dissections. In addition to concern regarding decreasing availability of cadaveric temporal bones are 

financial constraints and regulations that reduce teaching time available in surgery. The generally 

low caseload, specifically relevant to cochlear implant surgery, minimises the opportunities for 

apprenticeship training.  As such, this traditional model of training is not maintainable.  

Similar pressures face the training of anatomy of the temporal bone to medical students and junior 

doctors. While otologic presentations make a sizable proportion of presentations to emergency 

departments and general practice, due to the reduction in medical school training time, education in 

otology is in decline. 

Virtual reality (VR) surgical training is an attractive adjunct to the current training pathway as it 

provides a cost effective platform where risk-free, repetitive practice is readily available.  VR also has 

several unique benefits. By presenting automated feedback, VR training allows for self-directed 

learning. In addition, automated assessment tools have been validated to objectively measure 

performance. While the effectiveness of VR simulation for mastoidectomy training has previously 

been well established, to the author’s knowledge there have been no VR simulators adapted to 

teach more complex temporal bone surgery such as cochlear implant surgery, or clinically oriented 

temporal bone anatomy.  

The aims of this thesis were: 1) to determine the viability of expanding the role of VR simulation in 

otology, including anatomy education and advanced temporal bone surgery and 2)  to explore 

patient factors that relate to surgical technique in cochlear implant surgery. To these ends, several 

investigations were performed. 

Firstly, a randomised control trial was conducted to determine whether a clinically oriented VR 

temporal bone simulator module improved anatomy knowledge of medical students and junior 

doctors. Participants were randomly allocated to three groups of differing display modality: 

stereoscopic 3D, monoscopic 3D and 2D presentations. The participants completed a pre-tutorial 

questionnaire before working through the self-guided tutorial. The module was followed by a post-

tutorial questionnaire and a retention questionnaire at 6 weeks. The questionnaires assessed factual 

anatomic knowledge, spatial relationships and clinically oriented knowledge as well as student’s 

perception of the display modality. It was observed that the module was effective in imparting 

factual knowledge in all modalities. The students exposed to the 3D technologies performed better 

in the spatial relationship and clinically oriented questions. The Stereoscopic 3D modality showed 

particular benefit for ease of use.  
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Secondly, a training module specifically designed for the surgical approach to cochlear implant 

surgery was assessed with a prospective pre- and post-study of ENT registrars. All participants were 

exposed to the same training module that included concurrent and terminal feedback on temporal 

bones with a range of common anatomical variations. The participants’ performances were 

compared before and after the training. The assessment temporal bones used at the end of training 

consisted of a mirror image of the one used prior to training and one novel temporal bone. It was 

found that there was a significant improvement with a large effect size after training for both the 

previously encountered temporal bone and the novel temporal bone.  

Thirdly, a conceptual anatomical study was performed using the University of Melbourne temporal 

bone simulator data. The study explored patient factors that affect the surgical technique used in 

approaching cochlear implantation. In particular, the relationship of surgical preparation of the facial 

recess to the acceptable electrode trajectories into the cochlea. It was found that acceptable 

trajectories through a round window membrane approach most likely originated superiorly in the 

facial recess, adjacent to the facial nerve. Conversely, acceptable trajectories through a 

cochleostomy approach most likely originated inferiorly in the facial recess, adjacent to the junction 

of the facial nerve and chorda tympani. Furthermore, the skeletonisation of the facial recess was 

found to be critical in the preparation of the temporal bone for a cochleostomy approach.  

The results presented throughout the thesis will help guide medical educators in the areas of otology 

and cochlear implant surgery. These results suggest the viability of an expanded application of 

virtual reality temporal bone simulations to use in anatomy education and advanced temporal bone 

surgery training.  
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Chapter 1: Introduction 
Anatomy and surgical training have suffered a paralleled increase in number of trainees, decline in 

teaching time and reduced access to cadavers for dissection (1-5).  These pressures have prompted 

the integration of alternative educational tools such as three dimensional models and simulations (6-

9). The field of otology has several unique pressures in training. Firstly, temporal bone anatomy is 

complex and the critical structures have a close relationship in a compact area (10, 11). As a result, 

developing high fidelity alternative temporal bone models can be challenging. Secondly, although 

otologic conditions are commonly seen by general practitioners and emergency physicians (12, 13), 

otology anatomy is underrepresented in medical curricula (14-16). Thirdly, as a result of the 

expansion of clinical eligibility for cochlear implantation, there have been predictions of an increased 

need for surgeons trained in advanced temporal bone procedures (17). This expansion of clinical 

criteria is related to the use of cochlear implants in patients who have residual low frequency 

hearing (18-20).  

Addressing these challenges is imperative to safe medical practice in otology and is applicable to 

medical students, junior doctors, trainees and surgeons alike. The reduction in time and resources 

allocated to anatomy education risks an inadequate level of anatomy knowledge to practice safely 

(21-23). Anatomic error is an important cause of avoidable patient morbidity and mortality (24). In 

otology, surgical trainees have a reduced exposure of clinical experience to gain sufficient operative 

competency (25). Complications of surgical procedures performed by trainees have been previously 

attributed to the necessary ‘learning curve’ as a result of trainees practicing their technique on 

patients (26). Furthermore, in cochlear implant surgery, surgical technique has been established as a 

critical component in the prevention of residual hearing loss (27, 28). 

To maximise the learning outcomes, anatomy educators have proposed systems-based curricula and 

the integration of multiple learning resources including virtual reality simulation (29). Simulation has 

also been proposed as imperative in surgical training to protect patients from undue risk associated 

with the inevitable learning curve (30). Furthermore, simulation based courses have proven their 

potential in continuing medical education (CME) for established surgeons (31, 32). 

In the field of otology education, virtual reality (VR) temporal bone simulators are a promising 

adjuncts in training temporal bone dissection (7). VR temporal bone simulators have been found to 

adequately replicate the educational experience of cadaveric temporal bones (33). As an educational 

adjunct, compared to physical models and cadaveric temporal bones, VR simulators have the added 

benefits of infinite repetition, ability to “undo” mistakes and automatic recording of performance 

metrics (11, 34, 35). Furthermore, the performance metrics recorded by VR temporal bone 

simulators have been validated for objective, automated feedback and assessment in 

mastoidectomy training (34, 36-40) .  

Although VR temporal bone simulators have demonstrated benefit to surgical trainees in the 

procedure of mastoidectomy (for example, improved cadaveric dissection performance (35, 41) and 

retention of skills (42)), further application of these VR temporal bone simulators beyond 

mastoidectomy training has not been explored.  
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Motivations for the research 
The motivation for this thesis was to identify and alleviate pressures in training temporal bone 

anatomy education and advanced temporal bone surgery, including specific surgical techniques as 

related to cochlear implant surgery. To this end, we developed and validated VR simulation modules 

with the objective of using these as adjuncts to traditional temporal bone anatomy and surgical 

training.  

Several solutions have been identified in the literature to foster effective anatomy education (43). 

While dissection remains an integral part of anatomy education (44, 45), dissection can be offered to 

students via a virtual simulator (43). Additionally, developing curricula of anatomy with a clinically 

orientated approach is engaging to students (46) and has proved an effective approach (47-49). 

Preliminary studies have shown promise for VR temporal bone simulators in anatomy education (50, 

51), yet these modules do not integrate any correlating clinical relevant information. To bridge this 

gap, we propose a combined approach to temporal bone anatomy education by devising and 

validating a clinically oriented VR temporal bone anatomy simulator module.   

Furthermore, expanding on the previous successes of VR temporal bone surgical simulators in 

mastoidectomy training (35), we propose a VR temporal bone simulator module for the training of 

cochlear implant surgery. We validated this module using an assessment tool developed for cochlear 

implant competency (52).  

Surgical techniques used for cochlear implantation are now being re-evaluated for the purpose of 

maintaining residual hearing (27, 28). In order for VR temporal bone simulator modules to remain 

current to this advancing literature, these surgical techniques should be integrated into the 

simulator where possible. Additionally, the anatomic data of the segmented cadaveric temporal 

bones used in VR temporal bone simulators provides a platform for the investigation of variation of 

anatomic relationships (53). Finally, in chapter 4, we used the VR temporal bone simulator platform 

to explore the impact of particular surgical techniques on acceptable cochlear implant electrode 

insertion technique.  

 

Organisation of the thesis 
This thesis includes a collaboration of content from a range of disciplines. The themes include 

technologies and advancements in VR simulators in surgery and anatomy education and surgical 

technique in hearing preservation in cochlear implantation. As such, in Chapter 1, the literature 

review is presented in two main sections. It begins by outlining the pertinent aspects of cochlear 

implant surgery techniques. The techniques discussed have an emphasis on reducing trauma for the 

current practice of hearing preservation cochlear implantation. These techniques are fundamental 

to the development of a VR advanced temporal bone surgery model. The second part of this 

literature review explores virtual reality simulation in temporal bone anatomy and surgical 

education. The validation of the current temporal bone VR simulators is detailed. The current 

advancements in VR simulation are discussed. This is followed by a discussion of the current 

advancements in simulation anatomy education.  

Figure 1 illustrates the approach used to combine content between these disciplines in order to 

arrive at the aims of this thesis. Chapter 2 outlines the development and assessment of a clinically 

oriented temporal bone anatomy VR simulator module.  Chapter 3 discusses the development and 

assessment of an advanced temporal bone procedural VR simulator module. Chapter 4 explores the 

modelling of acceptable virtual electrode trajectories into the cochlea and how surgical approach, 
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anatomy and electrode dimension impact these trajectories. Chapter 5 provides a summary of the 

results and a general discussion including implications of the findings and future directions for 

research.  

 

 

Figure 1.1: Flowchart of the approach to the thematic content explored in this thesis. 
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Literature review 
 

Electroacoustic simulation and preservation of residual hearing 
The cochlear implant in its multichannel form was initially offered to patients with profound bilateral 

deafness from the late 1970s (54-56). Over the following decades, marked advancements in 

technology of the electrodes and implants allowed for criteria to widen and include patients with 

residual low frequency hearing (18-20). Further advancements in hearing augmentation combines 

cochlear implantation and a hearing aid in the same ear. This is termed Electro-acoustic simulation 

(EAS). The indication of EAS includes patients with profound high-frequency hearing loss but intact 

low frequency hearing (57, 58).   

Electroacoustic simulation is of particular benefit in improving speech perception in the presence of 

background noise (59-61). This benefit can translate to significant real-life outcomes such as higher 

income and improve quality of life (62, 63). Unfortunately, after insertion of the cochlear implant, 

recipients can lose some or all of their residual hearing (59). This hearing loss can occur immediately 

after surgery (64), or can be delayed by up to several months (65). Surgical technique forms an 

important aetiology of post implantation hearing loss (27, 28), the components of which will be 

discussed forthwith.  

 

Surgical technique and post-implantation loss of residual hearing 
 

Intracochlear dislodgement 
Positioning the electrode in the scala tympani (ST) results in better speech perception outcomes and 

improved preservation of residual hearing as compared to scala vestibuli (SV) electrode placement 

(28, 59-61, 66-71).  The rationale for improved hearing is the proximity of the electrode to the spiral 

ganglion cells and dendrites (72) and also protection from trauma of the scala media by the basilar 

membrane and osseous spiral lamina (73). Despite the aim of a scala tympani placement, 

dislodgement to the scala vestibuli occurs in a variable proportion of cochlear implants (66). This 

dislodgement is caused by high grade trauma to the basilar membrane or spiral ligament (74). This 

degree of trauma is visible on high resolution computed tomography (CT) imaging.  Dislodgement into 

the scala vestibuli, as determined through CT imaging, has been correlated to poorer function 

outcomes of recipients (28, 75, 76). The inferior outcomes seen in scala vestibuli dislodgement are 

due to a combination of the aforementioned trauma of insertion and also the suboptimal resting 

electrode position within the cochlea (66). Surgical approach to the cochlea impacts the likelihood of 

electrode dislodgement (28, 75, 77); a cochleostomy approach is more likely to result in dislodgement 

of electrodes. However, these findings may be due to the variable positioning of a cochleostomy (see 

Variability in surgical practice of cochleostomy) (78-80).  

 

Rationale for the need for both cochleostomy and round window membrane approaches 
The round window membrane approach is the traditional electrode insertion approach (81). However, 

when straight multichannel electrodes were introduced, there was a transition to extending the 

insertion to an antero-inferior cochleostomy for an improved view and insertion angle into the basal 

turn of the cochlea (81). The benefits and disadvantages of both cochleostomy and round window 

membrane approach have been assessed thoroughly (28, 66, 72, 79, 82, 83). Pau et al. recorded sound 
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pressure levels in excess of 130dB with drilling cochleostomies on four cadaveric temporal bones (84). 

Despite the small experimental number, the authors suggested consideration of round window 

membrane insertion to minimise acoustic trauma (84). Other benefits of round window insertion are 

the smaller risk of bone dust placement in the scala tympani, minimal loss of perilymph (82) and 

reduced incidence of post-operative vertigo (83). Conversely, there is concern with a round window 

insertion that the initial trajectory of the electrode is directed at the modiolus and hence resistance is 

encountered and insertion depth is limited (85). In addition, the variability in the angle of the hook 

region of the basal turn can influence the availability of an insertion vector through the round window 

membrane (86).   

Two studies which examined the effect of location of insertion on clinical outcomes showed similar 

post-operative speech perception up to 12 - 14 months after either round window membrane 

insertion or cochleostomy (87, 88). These studies used different protocols to specify which approach 

was used. Adunka et al. used a round window membrane approach when the RWM was facing 

posteriorly but a cochleostomy when the RWM was facing inferiorly (87). Kang et al. suggested RWM 

insertion when the RWM was visualised completely but a cochleostomy after drilling of the bony 

overhang when RWM visualisation was suboptimal (88). These studies suggest that the anatomic 

variation of the cochlea is such that there is a role for both cochleostomy and round window 

membrane approaches. 

This idea has been reiterated in the most recent meta-analysis of hearing preservation methods in 

cochlear implantation authored by Snels et al. which synthesised the results of 26 papers (936 

patients) (89). With regards to cochleostomy and round window membrane insertion, the round 

window membrane approach was superior in hearing preservation outcomes only at a 6 month follow 

up, but not at a 12 month follow up. However, this meta-analysis did not explore the differences in 

the study protocols that specified the conditions for the use of round window or cochleostomy.  The 

results of this metanalysis combined with two previous metanalyses (27, 90) suggest that both the 

cochleostomy and round window approaches may be appropriate depending on anatomic 

circumstance.  

 

Adequate exposure of the round window  
Regardless of the intended approach to electrode insertion, adequate exposure of the round window 

membrane is pertinent in minimising electrode insertion trauma. Roland et al. observed an increase 

in round window membrane visibility of 1.5 to 3 times after drilling of the niche overhangs (82). This 

was confirmed by Shapira et al. who noted a threefold increase in area of the round window visualised 

after drilling of overhangs (91). Briggs et al. similarly concluded that to perform a safe and effective 

cochleostomy, sufficient access is required through the facial recess to visualise the entire round 

window niche and membrane, and in certain cases the crista fenestra may need to be removed (79).  
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Variability in surgical practice of cochleostomy 
Complicating the aforementioned approach to cochlear electrode insertion and hearing preservation 

is the variability in surgeon’s daily practice. A survey performed by Adunka et al. assessing preferential 

surgical approach to cochlear implantation highlights the marked variation in approach to 

cochleostomy (78). Of the 55 surgeons surveyed, 16.4% - 23.6% described the preferential approach 

of a superior cochleostomy. In addition, of the 55 surveyed surgeons, 84% used cochleostomy 

approaches exclusively when inserting cochlea implant electrodes, yet only 50.9% of all respondents 

drilled the round window bony overhang.  

The survey did not investigate the reasons for these variations in surgical approach. However, these 

results suggest that improving understanding of surgical anatomy, in particular, anatomy of the 

promontory and relations of the round window and cochlea should be considered in methods of 

minimising insertion trauma during cochlea implantation. Indeed, in a follow up study 6 years later, 

there had been significant increase in the respondents choosing an inferior or anteroinferior 

cochleostomy (92). However, there were still 8-10% of surgeons who performed a superior 

cochleostomy placement. In the same survey, it was identified that only 66% of respondents identified 

the facial nerve on exposure of the facial recess and 69.2% the chorda tympani. While there has been 

an improvement in surgical practice for an atraumatic electrode insertion technique, these findings 

suggest that further education in this area is required. The authors called for further research into the 

benefits of skeletonising the facial recess in providing safe cochleostomy placement.  

 

Insertion vectors and trajectories 
Once the insertion point to the basal turn has been prepared (whether through cochleostomy or round 

window membrane), the surgeon must insert the electrode via the facial recess and into the basal turn 

of the cochlea. Meshik et al. described an optimal insertion vector to avoid insertion trauma (93). The 

proposed insertion vector is coaxial to the centreline of the scala tympani. Insertion vectors that 

remain linear to this centreline axis have the potential to limit trauma to the spiral ligament and basilar 

membrane (91, 94-96). However, depending on the orientation of the cochlea, the vectors modelled 

by Meshik et al. have a close relationship with the facial nerve and may transect it (93) . The practicality 

of inserting an electrode in this optimal insertion vector is further complicated by the lack of intra-

operative visual cues or anatomic landmarks to guide the surgeon (97). The orientation of the RWM 

may reflect the rotation of the cochlea (72). While some researchers have used the RWM orientation 

to guide decision making for insertion approaches (cochleostomy or RWM)  (87, 88),  there remains 

no systematic approach to using the RWM orientation to guide insertion vectors.  Experienced 

surgeons instead rely on an excellent mental representation of cochlea anatomy to perform a cochlear 

electrode insertion that is linear to the optimal insertion vector (97) (80). 

Figure 1.2: Photograph of a right temporal bone with the basal turn of the cochlea 
removed identifying the position of anterior (A) and anteroinferior (AI) cochleostomies 
and their relationship to intracochlear structures (from Friedland et al 2009).  
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Approach to preparing the facial recess  
The aforementioned close relationship of a cochlear implant electrode trajectory with the mastoid 

segment of the facial nerve suggests that the facial nerve requires thorough skeletonisation in order 

to allow for safe straight line insertion trajectories (93). This practice has been described by experts in 

the field as an important technique to visualise the anatomy of the round window membrane and 

promontory (79, 98, 99). Skeletonising the facial nerve increases the likelihood of visualisation of the 

round window membrane through the facial recess (100) which is necessary for a safe electrode 

insertion (79). However, despite thorough skeletonisation of the facial nerve, given the variability of 

cochlea anatomy, the round window membrane may not be visualised in all cases (101, 102). 

Thorough skeletonisation of the facial nerve risks neural sheath injury (103) and in the worst-case 

scenario, can cause facial nerve paralysis (104-106). While it has been suggested that the risk of facial 

nerve injury should not preclude a surgeon from skeletonising the facial recess (107), Briggs et al. have 

raised concerns that for this reason, surgeons are not confident completing the facial recess 

skeletonisation (79).    

 

 

Figure 1.3: St Thomas’ Hospital classification of visibility of the round window membrane from a 
posterior tympanotomy approach. Type I the full round window membrane is accessible, Type IIa 
>50% of the RWM is accessible, Type IIb <50% and Type III none of the round window membrane is 
visible (from Leong et al 2012). 

 

Evolution of Electrodes and insertion tools 
Concurrent with the progress in surgical technique has been the development of electrodes which 

maximise the potential for electrical hearing while minimising trauma during insertion (108). In 

general terms, the variables assigned to electrode arrays are: “straight or contoured, stiff or flexible 

and long or short” (109). Friedland et al. argue that because of multiple variables in each electrode 

arrays used in anatomical studies, direct comparison is difficult and suggests clinical data is more 

convincing when discussing electrode characteristics and hearing preservation (109). Another 

confounding factor is that although short electrodes allowing shallow insertion may be associated with 

improved outcomes, subsequent use of these arrays as electrical simulation alone may be limited (67).  

Thus, it may be clinically appropriate in some cases to accept an inferior hearing preservation outcome 

seen in electrodes affording greater insertion depths (110).  

Contoured electrodes were designed to sit in a perimodiolar position, closely relating to the spiral 

ganglion cells. Doshi et al. found similar speech discrimination outcomes for post-lingually profoundly 

deaf patients after insertion of either a flexible straight or contoured electrode (111). Although the 
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electrodes were otherwise electrically identical, the location of insertion to the basal turn was 

different between groups with the flexible straight electrode more commonly placed via a round 

window approach and the contour electrode mainly inserted via a cochleostomy.  Despite this 

limitation, it may be inferred that both straight and contoured electrodes are effective in providing 

beneficial speech discrimination outcomes when inserted appropriately.  Furthermore, a study by 

Mady et al. suggests that the trauma inflicted at the time of electrode insertion may influence long-

term hearing preservation outcomes (112). In their study of 45 cochlear implant recipients, those 

receiving the perimodiolar electrode had inferior short-term hearing preservation, yet an equivalent 

long-term hearing preservation when compared to lateral wall electrodes.  

In addition to electrode design, style of insertion of the electrode has been evaluated with improved 

clinical outcomes seen using an “Advance off Stylet” technique for a perimodiolar placement of an 

electrode (66). This technique relies on the correct initial placement of the electrode tip to avoid tip 

fold-over or damage to the spiral ligament (108). As a result of a multi-centre, expert-led collaboration, 

a novel electrode design has been assessed (113). The Modiolar Research Array is a very thin 

perimodiolar electrode that is inserted with a removable straight sheath. The straight sheath limits 

the introducer insertion depth, preventing trauma of the lateral wall and the thin internal array allows 

for both cochleostomy and round window membrane insertions (114). Early clinical reports indicate 

this electrode can preserve residual hearing in the short and long term (115-117). However, tip roll 

over has been found to complicate the insertion of this electrode. While the mechanism is not well 

understood (118), surgical technique has been hypothesised to contribute to tip rollover. Despite the 

advancement in electrode design, these findings reiterate the importance of the aforementioned 

foundations of surgical technique as related to cochlear implantation.  

 

Simulation in temporal bone procedural training  
As previously discussed, surgical technique remains at the foundation of hearing preservation 

techniques in cochlear implantation. It remains pertinent to ensure upcoming surgeons have an 

excellent understanding of the procedure and underlying anatomy. In this regard, it is imperative to 

consider the methodology of training of temporal bone procedures, including training of relevant 

anatomy and procedural training.  In the following review, the use of virtual reality as an adjunct to 

temporal bone anatomy and surgical training will be explored.  

Current training in Otolaryngology  
Surgical training in Australia has followed the worldwide trend to reduce working hours for doctors 

and the need to balance effective training with reasonable working hours has been acknowledged by 

The Royal Australasian College of Surgeons (RACS) (1, 2). There has been some concern that a 

reduction in working hours may negatively impact surgical training (119). Although the effect of these 

changes on surgical experience and patient outcomes remains undetermined,  it is clear that there is 

a need for effective and efficient surgical education to minimise the impact of a reduction in work 

hours on surgical training (1). Current training in otolaryngology in general, and  cochlear implant 

surgery in particular, is largely dependent on the combination of the apprenticeship model in the 

operating theatre and technical skills gained through cadaveric temporal bone laboratories (120-122). 

In the training for cochlear implant surgery, experts in the field are subspecialists and cases 

appropriate for educational purposes can be limited (52). In addition, increasing financial pressure 

risks a reduction in time available for teaching and a reduced faculty of teaching (123). Concurrently, 

with the expansion of surgical eligibility criteria for cochlear implants (18-20), there will likely be an 
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increase in demand for trained surgeons. Adding further pressure to the traditional model of training 

is the decreasing availability of cadaveric temporal bones (124).  

 

Training in anatomy  
Anatomy education in medical schools has suffered similar pressures to those in otolaryngology 

training; there has been a reduction in training hours and decreasing availability of cadavers for 

dissection (3-5).  These changes have resulted in a reliance on didactic methods of teaching (43). As a 

result, medical students have been shown to have declined in the knowledge of anatomy (125-127). 

There are concerns that the anatomy knowledge of medical students is unsafe (21, 22). The impact of 

these changes is particularly worrying for students who intend to work a procedural field (128). In a 

survey of 204 newly graduated doctors regarding sufficiency of anatomy training in medical school,  

Fitzgerald et al. found that doctors who intended on training in surgery were more likely to feel that 

the anatomy training had been insufficient (3). To mitigate these issues, anatomy education has 

trended toward a systems-based approach, where anatomy education is integrated with basic and 

clinical sciences (48). While this integration approach has been implemented successfully in many 

medical schools (49), it has limitations in training advanced anatomic concepts and anatomic 

relationships (129). After collating the experience of the surveyed junior doctors, Fitzgerald et al. 

proposed a “vertical” integration of anatomy training, where topics are revisited in greater depth 

throughout medical school. They envisioned that there may be a role for anatomy departments and 

specialty schools, or commercial enterprises to deliver this ongoing “vertical” anatomy education.  

This mirrors the findings of the survey of 218 New Zealand medical students by Hammer et al,  where 

87% of respondents were in favour of revisiting anatomy topics during surgical clinical placements 

(22).  

 

Adjuncts to training temporal bone anatomy and surgery 
The aforementioned limitations in traditional temporal bone anatomy and surgical training have 

prompted evaluation of alternative adjuncts to cadaveric dissection. The main alternatives explored 

have been porcine dissection, three dimensional (3D) physical models and virtual reality temporal 

bone simulators (7, 130). Porcine dissection is not a commonly used alternative. Although the 

porcine middle ear anatomy is similar to that of a human temporal bone, the mastoid is not 

pneumatised and there lacks critical anatomic landmarks used for surgery (131). The “Pettigrew” 

temporal bone  is a commonly used synthetic 3D model consisting of a plastic model casted from a 

cadaver temporal bone (10). While this bone has acceptable face and content validity for global 

otology skills and mastoidectomy training, it lacks critical structures needed for more advanced 

training (10). Further advancements in physical models have included the use of medical imaging 

data in printed anatomic models (8, 9, 132). These 3D printed bones have been found to have 

likeness in drilling qualities to human temporal bones and perceived value in surgical training (133). 

In addition, these 3D models have sufficient detail to perform advanced temporal bone procedures 

such as cochleostomy (133), middle ear prosthesis insertions (134) and cochlear implantation (135). 

However, these detailed, accurate 3D models are limited by cost (136). This is due to the need for 

multiple materials and a commercial printer, which can cost 400USD per model (133). Mowry et al. 

developed a realistic temporal bone model that could be made on a personal office 3D printer for 

the inexpensive cost of 1.92USD per model (136). However, the drawback with this model is the loss 

of sufficient detail in the middle ear for advanced temporal bone procedure rehearsal (137). Other 

drawbacks include its malodour, excessive dust formation, as well as time to produce (3.5 hours per 
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bone) (136). Furthermore, while these physical models have high fidelity, they provide no additional 

benefit beyond cadaveric temporal bones in terms of feedback or self-directed learning and are not 

suitable to use in developing standardised proficiency based curriculum (123).   

 

Virtual reality simulation in surgical education 
Virtual reality simulators are considered high fidelity simulators in their ability to demonstrate more 

complex tasks in a realistic style (138). The multiple benefits of virtual reality simulators in surgical 

education have been well demonstrated (139, 140). VR simulators provide a safe and ethical 

platform to trainees for repeatable, self-directed practice with real-time feedback (141-143). 

However, VR simulation has been slow to appear in surgical curricula (144-146). Barriers to 

implementation into surgical curricula have been identified, including transferability of skills, clearly 

defining goals and standardised and validated assessment tools (142, 147-149). These issues, among 

others will be discussed in the following sections.  

 

Virtual reality simulation in otology 
Virtual reality simulation is an attractive adjunct in otology surgery training as it provides a risk-free, 

learning environment which enables repetitive practice (150). VR simulation currently has a solid 

evidence base in mastoidectomy surgery. It has been shown to provide a similar educational 

experience to cadaveric temporal bone dissection (151). When used as a learning aid prior to 

cadaveric temporal bone dissection, it improves dissection performance (152). While these benefits 

may also be seen with a 3D printed temporal bone, VR has the added advantage of providing 

objective assessment of  technical skills (153). In addition, it encourages self-directed practice, 

leading to improved learning curves (154, 155). The ability to provide real time feedback improves 

technical skills (156) and this as well as repeat performances improves retention of skills (152, 157). 

As a result of these findings, VR simulators have been integrated in to surgical training in otology for 

the procedure of mastoidectomy (158, 159). While VR simulation has been established as a training 

tool in foundation temporal bone surgery, there have been no studies to date assessing the use of 

this technology for advanced temporal bone procedures. Additionally, while these VR simulations 

are anatomically accurate, there is limited literature for their use in anatomy education (50, 51). 

Furthermore, neither of these two, low powered cohort studies present the temporal bone anatomy 

in a clinically orientated, systems-based approach.  

 

Validation of virtual reality simulators in surgery 
Current surgical training is based on the constructivist theory of "experiential learning" where learning 

is developed in a cycle from concrete experience, reflective observation, abstract conceptualisation 

and active experimentation (160). This learning cycle is pertinent to virtual reality simulators as it 

highlights that a simulator task should be followed by assessment and feedback (161). It also highlights 

the importance of validity, which suggests that a simulator resembles the procedure it is training 

reliably and is able to evaluate performance using objective measures (161-163). Validity can be 

further divided into face, content, construct and predictive validity (161-163).  Face validity is a 

subjective measure of the realistic environment of the test and is commonly assessed using a 

questionnaire (25, 161-163). Content validity assesses the effectiveness of a simulator in providing the 

necessary skills needed in performing the procedure and is also usually a subjective assessment (25, 

162, 163). Construct validity encompasses the ability of a simulator to differentiate the level of 
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expertise of the participant (for example novice or expert) and is closely related to predictive validity 

which compares a simulators assessment to outcomes on alternate forms of assessment (25, 161, 

162).  

 

Current VR simulators in temporal bone surgery  
The current available temporal bone simulators include the University of Melbourne Virtual Reality 

Temporal Bone Surgical Simulator (University of Melbourne, Australia), VOXEL-Man Temposurg 

(University Medical Centre Hamburg-Eppendorf, Germany), Ohio State University simulator (Ohio, 

US), and the Stanford surgical simulator (California, USA). All available temporal bone simulators use 

a PHANTOM haptic device to provide tactile/force feedback and virtual models are generated from 

computed tomography (CT) images of cadaveric temporal bones. A description of each of the 

simulators with a review of current available literature on validation is included below.  

University of Melbourne Virtual Reality Temporal Bone Surgery Simulator 
The University of Melbourne virtual reality temporal bone surgery simulator has been developed at 

the University of Melbourne, Australia in collaboration with The Commonwealth Scientific and 

Industrial Research Organisation (CSIRO) (164). The simulator set-up includes a three-dimensional (3D) 

virtually represented human temporal bone seen through 3D glasses. A haptically rendered pointing 

device is used to simulate the drilling tool. The virtual drill has burr sizes ranging from 1-9mm and has 

an optional “cutting” or “polishing” bit attachment. The simulator also includes auditory feedback. An 

initial cohort study in 2008 assessed the content and face validity by training 11 naïve surgical trainees 

on the VR simulator prior to assessing performance using a cadaveric temporal bone (164). Construct 

validity was confirmed in a study of 27 participants of varying surgical experience who were asked to 

perform a modified radical mastoidectomy on the VR simulator (153). Computer-generated metrics 

were used to assess surgical skill level and when multiple metrics were analysed concurrently, the 

simulator was able to predict the correct level of experience in 90% of cases. A further randomised 

control trial found improved performance on cadaveric temporal bone dissections after using a self-

directed simulation module (165). Subsequently, construct validity has been confirmed using an 

objective assessment tool for competency assessment in cochlear implant surgery (52).  

 

 

Figure 1.4: University of Melbourne Temporal Bone Virtual Reality Surgical Simulator.  
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Voxel-man Temposurg 
The VOXEL-MAN TempoSurg simulator displays the volume rendered CT data in a stereoscopic 

manner. The angle and magnification of the display is adjustable, as is the size and rotation speed of 

the drill (166). Multiple studies have been performed to assess face and content validity of this 

simulator (120, 155, 167). Firstly, using a questionnaire addressing the ten features of effective high-

fidelity medical simulation as identified by Issenberg et al. (168), the VT training was compared to 

traditional cadaveric temporal bone teaching (166). The VT was found to be more effective in allowing 

repetitive practice, control of difficulty and capturing clinical variation but performed inferior to 

cadaveric temporal bones for face validity and feedback. Face validity was further assessed in a study 

of 85 participants (120); although 70% of participants felt the anatomical appearance was acceptable, 

overall mean scores of face validity were below the acceptable range. Content validity was assessed 

in the same study and two further studies (120, 155, 167). Arora et al. found that content validity was 

rated favourably on a Likert-type scale (120) and Francis et al. found that 12 residents improved their 

technical skills in cortical mastoidectomy surgery as rated on an objective structured assessment of 

technical skills (OSATS) tool (167). Findings were similar in a study of 4 medical students (155).  

Construct validation has also been confirmed in two studies. Firstly using expert assessment of 

recorded performance (169), and also where the metrics recorded by the Voxel-Man Temposurg 

simulator were analysed and were able to differentiate between levels of experience (170).  

Stanford temporal bone simulator 
The Stanford surgical simulator is comprised of two SenAble Phantom haptic devices used on a dual 

CPU PC to simulate drilling and suction (171). Construct validity was confirmed for a cortical 

mastoidectomy in a study of 15 participants of differing experience (4 surgeons, 4 registrars and 7 

novices)(172). Performance was measured using internal device metrics as well as expert assessment. 

The participants were given an initial instructional video describing the procedure, as well as still 

images of expected stages of the procedure during the simulation session. The mean global scores 

given by the two expert assessors were significantly different for the novices compared to the 

participants with surgical experience (p<0.0001). Additionally, an automated algorithm was used to 

compare various combinations of internally generated metrics between the participant groups; these 

included force, drill position, suction position and distance from the facial nerve. Using this method, 

these metrics successfully discriminated level of experience and most of the metrics were found to be 

consistent with the expert assessor global scores. While face validity was not assessed in this study, 

this simulator has been redesigned as a patient-specific temporal bone simulator (173). Computed 

tomography (CT) data of 30 patients were integration into the VR simulation environment. Key images 

of the simulation were found to appropriately replicate patient specific intraoperative images and this 

suggests face validity of this simulator. However, the authors noted that the fidelity was not sufficient 

for surgical rehearsal and further development of this patient specific simulator is limited by sufficient 

technology in automatic segmentation.   

 

Ohio temporal bone dissection simulator 
The most recently published version of the Ohio temporal bone simulator (OSU) includes a binocular 

displace device combined with a 3D Omni joystick to make selections and perform drilling. There is a 

“tutor” subsystem which is accessed through a menu selection and displays selected structures in the 

dataset (174). In a randomised control study of 80 participants, content validity was established and 

the OSU was found to be comparable to cadaveric temporal bone training (174). In the same study, 
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construct validity was assessed but not established by comparing participants with varying levels of 

surgical experiences.  

 

Current state of research in VR temporal bone surgery training 
Face validity was not achieved by all the aforementioned VR temporal bone simulators, yet content 

and/or construct validity was. Increasing realism for the benefit of face validity can increase the cost 

of the VR simulator, and does not guarantee skill transfer (153, 165). In each of the studies on content 

validity, varying metrics were used for assessment. In a systematic review of simulators in 

Otolaryngology,  Arora et al. noted that there needs to be a development of standardised metrics and 

a definition of expected performance objectives in order to further curriculum development in VR 

simulation training (25). This challenge is not unique to VR temporal bone simulation, and 

standardised curriculum development continues to remain a barrier to the implementation of VR 

simulation in surgery in general (142).  The  review by Arora et al. also highlights that despite the clear 

evidence for validation of VR simulators of cortical mastoidectomy in the 12 studies presented, none 

had investigated the possible extension of training to more complex temporal bone surgery (175). To 

the author’s knowledge, to date there are no known temporal bone simulators that teach beyond an 

extended cortical mastoidectomy.  

 

Points of consideration for using virtual reality simulation in surgical training 
 

Skill Retention and Transfer 
A critical question when considering the use of virtual reality simulation is the effectiveness of the 

training to ‘real life’ outcomes or acquisition and transfer of technical skills. As evidenced above in the 

validation studies, VR simulation in cortical mastoidectomy is successful in providing skill acquisition 

in the short term as evidenced by performance during practice sessions. Secondly, it is important to 

find out whether those who have learned skills in VR simulation are able to retain these skills and 

transfer them to real-life surgical performance. Several studies have assessed skill retention after VR 

simulation training in laparoscopic surgery (176-179) with variation in findings. Maagaard et al. found 

novices to have retained laparoscopic skills at 6 months after training without any exposure to 

performing the procedure in the interim time (176), while Sinha et al. and Stefanidis et al. found only 

partial retention of surgical skills (178, 179).   Bjerrum et al. went further to explore the possible factors 

for retention and evaluated the use of instructor feedback on skill retention but found no benefit of 

this (177). Skill retention is not consistently commented on in virtual reality simulation studies and 

current understanding of the variables related to skills retention are based on more general studies in 

education (180). One variable that is particularly relevant to VR simulation training is the sequence of 

practice with the common variations of massed and distributed practice sessions. Massed practice 

simulation programs provide all training sessions within a short time frame (usually a day) and 

distributed practice simulations programs provide sessions spaced in time.  After finding an 

accelerated learning curve in medical students performing mastoidectomy with distributed practice 

as compared to massed practice (154), Andersen et al. went on to evaluate the effect of practice 

sequence on retention of mastoidectomy skills at 3 months after simulation training. There was no 

significant difference in the primary outcome of end product performance between groups (157). This 

finding suggests that although there is no clear superior style of sequencing of training, VR simulation 

training is successful in skill acquisition immediately after training as well as facilitating retention of 

surgical skills after a period of non-practice.  
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Complementary to the discussion on skill retention is the transfer of skills to clinical scenarios with the 

specific aim to evaluate the effect VR simulation training has on clinical outcomes. Dawe et al. 

published an updated systematic review that commented on all surgical simulator studies that 

compared clinical outcomes from all forms of simulation training to traditional training methods (181). 

The 27 randomised control trials form a strong body of evidence that simulation training improves 

real-life performance as evidenced by improved overall performance, shorter procedural time, greater 

procedural success rate (completion or competency) and fewer intraoperative errors (181).  Of the 

studies included in the systematic review, two studies looked at the effect of VR simulation on 

intraoperative errors (182, 183). Ahlberg et al. found a significant reduction of total number of surgical 

errors throughout the procedure of cholecystectomy in participants trained with proficiency based VR 

simulation training (182). Similarly, Cosman et al. found a reduction in intraoperative errors as defined 

by an expert error performance scale in participants who underwent VR simulation training (183). 

However, whether this benefit can be extrapolated to otolaryngology simulators is not yet clear; in a 

systematic review of VR simulators in otolaryngology, Piromchai et al. (184) did not identify any 

studies that had evaluated patient clinical outcomes after VR simulation training.  

 

Feedback  
Although feedback may intuitively be considered a necessity in surgical education, there have been 

conflicting results in the benefit of feedback in skills acquisition for practical surgical tasks using 

simulation-based training (185-187). There are multiple theories that hypothesise the reason for 

inferior performance after feedback. Of these, the more commonly studied is the ‘guidance 

hypothesis’ which theorises that constant concurrent feedback leads the student to depend on 

feedback and influence performance when feedback is discontinued (188, 189). This theory has been 

evaluated in the setting of simulation training; by reducing the frequency of delivery of concurrent 

feedback, Stefanidis et al. found a non-inferior performance of medical students using a laparoscopic 

simulator trainer when limited feedback was employed (190).  Similarly, Wierinck et al. found a similar 

performance of dental students with continuous feedback or 66% of feedback, this trend was seen 

both immediately after training and at a 4 month follow up (191).  

Similar contention exists with regards to the optimal stage of simulator training for feedback provision. 
The two most common variations of timing in simulation training is concurrent (during simulation) or 
terminal (at the end of the procedure). While the effectiveness of both variations have had differing 
reports (192-194), the pooled results of these studies as presented by Hatala et al. in a metanalysis 
showed no significant difference in either the immediate skills outcomes or when assessed at 5 days 
after training. However, there was an improved retention of skills at 1 week (192, 193) and 1 month 
with terminal feedback (194) suggesting a benefit in retention when terminal feedback is used. 
Surprisingly, there is minimal evidence demonstrating the benefit of combining terminal and 
concurrent feedback. In a limited randomised control trial of eight Obstetrics and Gynaecology 
residents, Kahol et al. compared terminal feedback to concurrent and terminal feedback in a 
laparoscopic simulator and found a statistically significant improvement in those using the combined 
feedback (195). To the author’s knowledge, this is the only study to date that has assessed combining 
concurrent and terminal feedback; unfortunately, this study did not include an effect size.  

 

Goal orientation and the learning curve of virtual reality simulation 
In a paper on optimising learning using surgical simulators, Cannon-Bowers et al. argue that simulators 

should be designed to focus on mastery learning (the acquisition of skills) over performance-prove 
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learning (where the student proves their ability) (196). Of relevance to surgical training, mastery 

oriented goals have demonstrated to improve user adaptability to more complex tasks (197). In the 

updated systematic review by Dawe et al., it was noted that an advantageous development in recent 

surgical simulator studies has been that performance skill targets or objectives are predefined in 19 

of the 27 studies included (181). The inclusion of a performance goal has been termed proficiency 

based virtual reality simulation, and often uses a mean score of expert performance as the 

performance goal. Ahlberg et al. evaluated this style of goal orientation in simulation in a study of 13 

surgical residents who were randomised to receive proficiency-based training or no simulation 

training prior to performing laparoscopic cholecystectomies (182). Virtual reality simulated training 

was considered completed once the participant was able to perform at the level of the mean score of 

the expert performance on a range of tasks. Results showed that those who underwent proficiency 

based training had significantly fewer errors in their first 10 laparoscopic cholecystectomies 

performed on real life patients as discussed in the previous section (182). In addition to showing an 

improvement in clinical outcomes, this study confirms the benefit of proficiency-based training but 

lacks the ability to show a benefit as compared to simulation training without performance goals. To 

the author’s knowledge, there have been no studies to date that directly compare proficiency-based 

simulation training to simulation training without objective goals and this is an area for future 

research.  

Proficiency based simulation has also been used to develop curricula for whole procedures such as 

laparoscopic cholecystectomy. Aggawarl et al. confirmed construct validation on a VR simulator that 

used step-wise task modules to teach laparoscopic cholecystectomy (198). As with other proficiency-

based studies, they used the mean score of experts to define competencies. A similar approach was 

used by Arora et al. in a study of proficiency based training and development of a curriculum for 

extended cortical mastoidectomy (175). In both these studies, the benchmark performance was based 

on the mean performance of experienced surgeons at their second attempt on the VR simulator (198) 

(175). The rational for defining this benchmark performance is founded on a previous study that 

verified the learning curve for participants at varying levels of experience who had not previously used 

VR simulation training (199). Experienced surgeons reached a plateau of time to complete the 

procedure at the second repetition and surgical error and economy of movement in the first 

repetition. In contrast, novice surgeon having previously performed less than 10 laparoscopic 

cholecystectomies, plateaued at the seventh and sixth repetitions respectively. The lack of a learning 

curve for surgical error of movement economy seen in the experienced surgeon group is an important 

finding as it demonstrates that no previous experience in a virtual reality simulator is required to 

assess performance using this media. Therefore, improvements in performance assessed using a 

virtual reality simulator are likely to be translatable to real life experience.  

 

Assessment  
Similar to using the proficiency-based simulations to develop a curriculum, VR simulators lend 

themselves well to integration of objective assessment tools. Despite this, there are few tools that 

have been developed to assess temporal bone surgery. The objective structured assessment of 

technical skills (OSATS) is a tool that has been adapted and validated in multiple surgical specialties 

(200-203). The OSATS tool is divided into three areas of performance – a task-based checklist, a global 

rating scale and a final judgement (pass/fail). One limitation of this tool that has been expressed is 

that the end product may not be sufficiently evaluated (204). The Welling Scale has been validated as 

an end product assessment tool in mastoidectomy (205) and has been expanded to include a more 

detailed assessment of drilling style and a global rating scale (152, 165). An alternative adaption has 
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been produced by Wan et al. after collaborating with American Otolaryngologists. They  devised a 

“Cross-Institutional scale for temporal bone dissection” assessment tool amalgamated from multiple 

surgical training programs as well as the surgical simulator from Stanford University (206). Similar to 

the content of temporal bone simulators, these tools are mostly specific to mastoidectomy with the 

exception of one criteria of the cross-institutional tool which briefly defines exposure of the facial 

recess (206).   

More recently, Piromchai et al. developed and validated a competency tool for cochlear implant 

surgery. The assessment tool has a global competency scale adapted from those previously presented 

(152, 165, 202, 205) and a task based checklist of surgical steps synthesised from a standard otology 

textbook (207). In a study of seven residents and seven experts, this assessment tool was found to 

have a high level of construct validity with a significant difference in scores between experts and 

residents and high intra-class coefficients. These results suggest that cochlear implant surgery is an 

appropriate procedure to be considered for proficiency-based training.  

 

Virtual reality simulation in temporal bone anatomy education 
To the author’s knowledge there are only two studies that have investigated the use of virtual reality 

simulation training in temporal bone anatomy. Fang et al. describe the use of a haptics enabled, 

stereoscopic 3D temporal bone simulator as an anatomy trainer (50). Seven medical students 

participated by performing virtual reality mastoidectomy surgery after learning ear anatomy by means 

not described in the study. Students completed a survey before and after the simulation session 

including a technology acceptance model questionnaire as well as a 3-point Likert scale of 

understanding of 5 core structures of the temporal bone.  There was a significant improvement in the 

self-reported comprehension of anatomical structures and positive responses in the technology 

acceptance model questionnaire, and all students reported an increase in interest in otology. Despite 

the limitations of a small participant group and self-assessment of primary outcomes, this study 

indicates the benefit of virtual reality simulation in training basic, factual based temporal bone 

anatomy. Importantly, this study also showed the benefit of simulation training in improving interest 

in otology as a discipline.  

These results complement the results of a previous study by Nicholson et al. where 61 students were 

given a 2D tutorial on ear anatomy before being randomised to an online tutorial with monoscopic 3D 

or 2D middle and inner ear model (51). The monoscopic 3D model was segmented from a magnetic 

resonance imaging scan of a human temporal bone and allowed for image manipulation (zoom and 

rotation). The participants were required to meet an objective of ear anatomy understanding on a 

preliminary anatomy quiz before commencing the studied module.  They were also assessed on their 

visual-spatial skills prior to commencing the tutorial and all participants underwent an anatomy quiz 

of 15 questions to assess the understanding of 3D relationships between ear structures after 

completing the module. The group allocated to the 3D enabled tutorial had significant improved 

comprehension of ear anatomy relations than that of the 2D group with significantly lower mean time 

to complete the final quiz.  There was no difference between groups in visual-spatial skills. This study 

gives further evidence that a virtual reality 3D model of the temporal bone is effective in training both 

anatomy comprehension and understanding of anatomical relations. However, both these studies 

share the limitation of exposing students to only partial sections of anatomy training; neither module 

was significantly interactive nor objectively assessed the benefit of this style of training in 

understanding otology as a clinical discipline.  
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Points of consideration for using virtual reality simulation in temporal bone anatomy 

training 

 

Clinically oriented anatomy  
Dangerfield et al. describes a novel approach to anatomy teaching in The University of Liverpool’s 

clinical skills program which incorporates clinical education and skills training with relevant anatomy 

(208). This style of clinically relevant anatomy training was later investigated in a longitudinal study by 

McBride et al. and was found to result in significant retention of knowledge, remaining above 90% at 

the 4th year of medical school (47).  The authors describe the components of the course to include a 

clinical case and associated anatomy prosection and radiological imaging. Brinke et al. devised an 

alternative but equally successful clinically oriented anatomy module where laparoscopic dissection 

was integrated into an anatomy module on the inguinal region (209), hypothesising that manual 

interaction improves understanding of complex anatomy. In addition, of the three study arms, the 

participants who underwent 3D anatomy training alone scored higher in the anatomical identification 

test than the group that received 3D and 2D anatomy training and those that received 2D anatomy 

training alone. Despite the limitation of a small sample size, this study gives strength to the argument 

for integrating surgical training with clinical anatomy training, bridging the gap between medical 

school anatomy training and post-graduate, specialty specific anatomy and surgical training.  

 

Display technology in simulation anatomy training 
In a meta-analysis on the effectiveness of 3D visualisations in anatomy education, Yammine et al. 

highlight the benefit of the 3D virtual reality simulators in understanding factual and spatial 

relationships of anatomical structures, with the ability to view the anatomical structure from multiple 

viewpoints (210). There are multiple display technologies with varying complexity and cost that have 

been used in anatomy education modules (211). The more common visualisations are monoscopic 3D 

and stereoscopic 3D. Monoscopic 3D uses size, shading and texture to replicate depth cues (212, 213). 

On the other hand, stereoscopic 3D requires glasses that shutter display from alternating eyes to 

provide a binocular depth cue (213, 214). Less common are the technologies of augmented reality 

(where digital information is displayed in the context of a real-world object) and auto-stereoscopic 

(where depth perception is afforded with specialised displays without the need for glasses).  

Figure 1.5: 3D reconstructed ear model used in 
educational module (from Nicholson et al 2006). 



 28 

With the financial pressures facing anatomy educators, emphasis needs to be placed on the display 

technology providing an effective and cost-effective adjunct to traditional training methods. One  

benefit of monoscopic 3D is that it requires no specialised equipment, allowing it to be cost effective 

(211). Both monoscopic 3D and Stereoscopic 3D devices have been shown to improve anatomic 

understanding with a positive perception of student participants as compared to 2D or traditional 

teaching (210, 211, 215, 216).  

In a study of 156 medical students, Muller-Stich et al. compared monoscopic and stereoscopic 3D 

display technologies used to teach the anatomy of the human liver (217).  All participants were given 

a lecture on liver anatomy in both 2D and monoscopic 3D prior to randomisation. After randomisation, 

participants were assigned to 2D, monoscopic 3D and stereoscopic 3D models which were made 

available to aid in answering 11 anatomy and clinical related questions.  The authors concluded that 

3D visualisations were superior in allowing identification of liver anatomical structures, without a 

significant difference between the monoscopic and stereoscopic platforms. To the author’s 

knowledge, this is the only study to date that directly compares the use of monoscopic and 

stereoscopic 3D anatomy education. Indeed,  Hackett et al. concluded that research in stereoscopic 

3D for anatomy education is underrepresented despite the increasing availability of stereoscopic 3D 

platforms; They argue that further studies are required to directly compare the visual technologies of 

monoscopic and stereoscopic 3D (218).  

 

Conclusions 
Optimising hearing outcomes in cochlear implant surgery is an important issue in making cochlear 

implants available for a wider range of recipients. It was observed through various studies that 

preservation of hearing outcomes is closely related to reduced trauma during insertion. As such, an 

exploration of the causes and methods of reducing the trauma of insertion is vital. Existing literature 

suggests that anatomical, procedural and training factors contribute to the trauma of cochlear implant 

surgery. In addition, with the changing environment for surgical training, methods for training 

surgeons to be experts must be reformed. 

Virtual reality simulation is an efficient and effective platform on which surgeons can be trained as a 

supplement to traditional, apprenticeship-based surgical training. Despite a growing body of evidence 

that identifies the benefits, validity and applicability of VR in surgical training, there have been few 

studies that explore its use in advanced surgical procedures such as cochlear implantation. In addition, 

there are ongoing discussion on how to maximise training, retention and transfer from simulated 

surgery.  

Furthermore, temporal bone anatomy education forms the basis of surgical training and its method 

of delivery suffers similar time and resource pressures to those faced by specialty training. Limited 

evidence indicates potential for the use of virtual reality simulation in temporal bone anatomy 

education. Integration of clinically orientated material and consideration for display technology are 

areas identified as lacking in the current literature.  

An expert cochlear implant surgeon has an excellent mental representation of the anatomy of the 

cochlea and minimises electrode insertion trauma by assessing the anatomical variations for an 

individual patient, selecting an appropriate electrode and appropriately preparing the cochlea for 

implantation via cochleostomy or round window membrane insertion. With the aim of hearing 

preservation, cochlear implant electrode designs have evolved, and some models are now using a stiff 

and straight insertion tool. These electrode designs continue to rely on excellent surgical technique to 
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optimise results. While the fundamental procedure of electrode insertion remains unchanged, the 

evolution of these electrodes prompt reassessment of the approach to the facial recess and cochlea. 

It remains unclear how the path of the cochlear implant electrode into the cochlea affects the region 

of the facial recess that needs to be exposed.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 30 

Chapter 2: Virtual reality simulation in clinically oriented temporal 

bone anatomy education 
 

Introduction 
Anatomy education in medical training is adapting to a changing environment of reduced contact 

hours concurrent with ensuring adequate education standards(3). The trend toward presenting 

medical education in a clinically oriented manner has extended to the education of medical anatomy 

(208). Virtual reality simulation has been shown to be beneficial in training other areas of anatomy 

such as neuroanatomy (219) and has been successfully adapted to clinically orientated hepatic 

anatomy education (220). VR is also widely accepted as beneficial in the training of basic surgical 

procedures of the temporal bone (151-153, 155-157, 221). Despite this, there has been limited 

investigation of virtual reality simulation in temporal bone anatomy education (50, 51). In addition, 

to the author’s knowledge there has been no previous studies that have included clinically relevant 

anatomy dialogue in simulation temporal bone anatomy education.  

Furthermore, the optimal technology for displaying three dimensional (3D) virtual reality anatomy 

modules is indeterminate (218). Two commonly used technologies are monoscopic 3D and 

stereoscopic 3D. Stereoscopic 3D has the benefit of depth perception, while monoscopic 3D requires 

no additional virtual reality headset/glasses. While both display technologies have been investigated 

in previous anatomy simulators, there are limited studies comparing the two directly (217).  

In this chapter, this gap in literature is addressed by developing and investigating a clinically oriented 

temporal bone anatomy education module. The module was assessed with an initial pilot study 

comparing the module displayed in stereoscopic 3D to a 2D presentation. A further study was 

performed comparing stereoscopic 3D, monoscopic 3D and a 2D presentation.  
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Figure 4 enlarged:  

 

Figure 5 enlarged: 
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Chapter 3: Virtual reality simulation in advanced temporal bone 

procedural training 
 

Introduction 
The prevalence of cochlear implantations has been predicted to increase, both due to an ageing 

population and widened criteria for eligibility (17). Concurrently, surgical training is exposed to 

similar resource pressures as anatomy education (1, 2, 119). The positive results of using virtual 

reality simulators in mastoidectomy training are encouraging and raise to question whether this 

environment may also foster education in the more advanced temporal bone procedures such as 

preparation for cochlear implantation. Virtual reality simulators have had promising results in 

training other advanced surgical procedures such as advanced bariatric surgery (222) and brain 

tumour resections of neurosurgery (223). However, to the author’s knowledge, there have been no 

studies evaluating virtual reality simulation for advanced temporal bone surgery. 

An objective assessment tool is required for reliably assessing the benefit of surgical training 

interventions (202). There have been multiple assessment tools developed for objectively assessing 

mastoidectomy surgery (205, 224, 225) and these have been used in assessing the benefit of virtual 

reality simulation modules for mastoidectomy surgery (152, 165). Piromchai et al. developed and 

validated an objective assessment tool for cochlear implant surgery (52). The development of this 

tool has provided the foundation for developing an advanced temporal bone surgery module.  

The objective of this chapter was to develop and assess a virtual reality simulation module in the 

training of the advanced temporal bone surgery required for cochlear implantation. 
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Chapter 4: Displaying acceptable electrode trajectories 
 

Introduction 
Skeletonisation of the facial recess is considered a necessary step in preparing the temporal bone for 

a cochlear implantation that preserves residual hearing (67, 68, 78). However, this practice is not 

followed by all cochlear implant surgeons (92). It has been suggested that that surgeons may not be 

confident with this procedure (79), presumed due to concerns for causing facial nerve injury surgery 

(103, 226-228).  

Surgeons rely on an excellent understanding of the cochlea anatomy to correctly insert a cochlear 

implant electrode (97). Previous studies have referred to an optimal insertion vector to avoid 

insertional trauma of the electrode (86, 93), yet there may be minimal intraoperative visual cues to 

guide the surgeon as to the orientation of the cochlea for this optimal insertion (97).  

The objective of this chapter was to investigate the effect of preparation of the facial recess on 

acceptable cochlear implant electrode trajectories. We also explored the effect of electrode 

diameter and surgical approach to the cochlea (RWM or cochleostomy) on acceptable implant 

trajectories. The aim was to provide surgeons with a practical aid to guide approaching the facial 

recess for cochlear implantation.  
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Electronic supplementary material 1: Percentage of available trajectories via cochleostomy in various 

stages of facial recess preparation, as compared to anatomic facial recess preparation. The diameter 

of the virtual electrode is 0.8mm.  

 

 

 

Electronic supplement material 2 : Three dimensional rendered segmentations of Bones 2, 4, 6, 8 in 

orthogonal views showing the variation in hook region anatomy. Cochlea = magenta, RWM = teal, 

OSL/basilar membrane/spiral ligament = blue, facial nerve = green, chorda tympani = blue, 

semicircular canals and vestibule = cream, incus = yellow, malleus = aqua, stapes = blue, stapedius 

tendon = orange, dura = sand, sigmoid = light teal.  

    

ESM 2a Bone 2 lateral view ESM 2b Bone 2 anterior view ESM 2c Bone 4 lateral view ESM 2d Bone 4 anterior view 

    

ESM 2e Bone 6 lateral view ESM 2f Bone 6 lateral view ESM 2g Bone 8 lateral view ESM 2h Bone 8 lateral view 
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Electronic supplement material 3: Bone 5 stage 1 of facial recess exposure. Light grey area shows the 

facial recess region which is the anatomic region of the facial recess. 
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Chapter 5: General Discussion 

 
The studies conducted in this thesis were undertaken to explore the possible role of virtual reality 

simulation in temporal bone anatomy education and surgical training. The findings will help inform 

the future of anatomy and surgical training in temporal bone education. This thesis lies in the wider 

context of improving outcomes for post cochlear implantation hearing loss, where it has been 

identified that precise surgical technique is imperative in performing hearing preservation cochlear 

implant surgery (112, 118). Precise technique requires an excellent understanding of both the 

operative procedure and the relevant three-dimensional temporal bone anatomy (229). In 

contemporary anatomy and surgical education there has been both a reduction in dedicated training 

hours as well as ongoing high expectations for performance (1-5). Virtual reality simulation has been 

marked as a promising adjunct in anatomy and surgical training with its unique ability to combine 

risk free and repetitive practice, interactive three-dimensional content and positive subjective 

experience (150).  

These benefits of virtual reality simulation were seen in the first study of this thesis, where the 

development of a clinically oriented temporal bone anatomy module was undertaken (Chapter 2). 

An initial pilot study of 20 participants was performed to evaluate the effectiveness of this temporal 

bone anatomy module and compare two dimensional (PPT) three-dimensional (VR) display 

technologies. A post tutorial survey demonstrated that both groups were positive in their subjective 

review of the module (perceived effectiveness: PPT median 4 (IQR 1), VR median 4.5 (IQR 1), p = 

0.003). The VR group were significantly more confident in their understanding of the anatomy (PPT 

median 3 (IQR 1), VR median 4 (IQR 0), p = 0.008). Given the positive response to the developed 

anatomy module, a further randomised control study was performed to compare three display 

modalities (two dimensional = PPT, monoscopic three dimensional VR = M3D, and stereoscopic 

three-dimensional VR = S3D). The questionnaires used in the pilot study were analysed for difficulty 

and effectiveness in discriminating participants’ knowledge. In the absence of a standardised 

curriculum, selected questions which showed adequate difficulty and discrimination ability were 

collated to form questionnaires used in the subsequent studies. In this study there was a pre-, post-

tutorial and 6 week retention anatomy questionnaires in addition to a subjective experience survey. 

There were 47 participants included in the study. The temporal bone anatomy module was found to 

be effective, with a large effect size (p = <0.005, Cohen’s d 1.41). This improvement was maintained 

at the 6 week mark (p=<0.005, Cohen’s d 0.83). The students showed improved confidence in 

understanding of 3D temporal bone anatomy (p = 0.001), felt better prepared for a clinical rotation 

in otolaryngology (p = 0.006), and were more interested in otolaryngology as a career pathway (p = 

0.017).  

While the anatomy module was clearly effective for the whole group, the display technology used 

had less consistent benefits and did not affect the majority of the knowledge learning outcomes. The 

S3D display demonstrated significant benefit compared to the PPT display for clinical and spatial 

relation domain questions in the immediate period (p = 0.01). However, this benefit was not 

sustained to the retention test at 6 weeks. Despite these mixed results, the two 3D groups were 

found to be subjectively superior in perceived effectiveness (p = 0.004), ease of use (p = 0.024) and 

usability (p = <0.005). 

In summary, the clinically oriented temporal bone anatomy module developed was effective as a 

self-directed teaching module. It was also effective as an educational tool for the alternative 

outcomes of anatomy education such as interest and preparedness for clinical work in 
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otolaryngology. The subjective experience of this module delivered with a 3D display was superior to 

that of the 2D version, however both were appropriately effective for imparting anatomical 

knowledge.  

We envision that this would become the first module in a series of training in otolaryngology. Once 

familiar with the VR simulation set-up, the student could revisit the module as required during 

medical school and return to use the same simulator set up for the more advanced modules 

discussed forthwith. Its content could even be adapted to form an assessment for potential 

candidates applying for surgical training, where basic anatomic competency is assured prior to 

commencement of training.  

The display modality to apply to this module in practice would depend on the resources available at 

a given medical school and the desired outcomes of the module. Alternatively, in a resource poor 

setting, the anatomy module could be displayed in a 2D format and still provide an effective learning 

tool.  

Following the success of the temporal bone anatomy module and given the positive participant 

feedback, a further module for training advanced temporal bone surgery was developed (Chapter 3). 

We identified and reiterated the efficacious components used in the first module such as visual and 

auditory feedback, pre-tutorial simulation orientation and a step-by-step instruction which was 

assessed using a pre and post-test assessment design. The assessment tool used in this study 

replicated the step-by-step design with a task based checklist as well as a global rating scale. Other 

components of the module were novel, we provided performance goals by combining concurrent 

and terminal feedback so that the participant’s end product was automatically compared to the 

same temporal drilled by an expert otologist. To avoid participant reliance on feedback for 

performance, we also enabled more user preferences by integrating both an “instruction” mode 

where feedback was given and a “practice” mode without feedback.  

In the assessment, the registrars completed the dissection of a virtual temporal bone from the stage 

of cortical mastoidectomy through to drilling of a cochleostomy or preparation of the round window. 

There was a significant improvement with a large effect size in global rating scales between the 

baseline assessment and both post-tutorial dissections (Pre-Test to Post-Test1 p=0.026, r = 0.642), 

(Pre-Test to Post-Test 2 p = 0.003, r=0.848). There was also a significant Improvement in the total 

scores of the task-based checklist with large effect sizes (Pre-Test to Post-Test 1 p= 0.008, r =0.77; PT 

to PT2 p = 0.027, r =0.638). In addition, a significant reduction in inadvertent anatomic structural 

damage with a large effect sizes (Pre-Test to Pre-Test 1 p=0.023, r=0.657; Pre-Test to Post-Test 2 

p=0.010, r=0.747) was observed. The steps of the checklist that showed greatest improvement were 

removing bone anterior to the fallopian canal, visualisation of the round window niche through the 

facial recess and drilling of the antero-inferior cochleostomy. One step that showed little 

improvement throughout this study was the step of preservation of bone over the facial nerve and 

chorda tympani.  

The findings of this study encourage the use of virtual reality simulation for training the advanced 

temporal bone procedure of preparation for cochlear implantation. Furthermore, automated 

guidance was successfully used to approximate the participant’s surgical technique to that of an 

expert. The findings suggest that the methodology of using a dataset of experts performing a 

surgical procedure could be used for other advanced temporal bone procedures.  

This educational module was effective in training particular steps of cochlear implant surgery such as 

opening the facial recess to visualise the round window membrane niche, removing bone from the 
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fallopian canal and drilling of an antero-inferior cochleostomy. These particular steps are pertinent 

in reducing surgical trauma, and for preparing the temporal bone for a cochlear implantation that 

preserves residual hearing. This module has the potential to improve a surgeon’s confidence in 

skeletonising the facial recess while minimising damage to structures such as the facial nerve. It also 

has the potential to be nuanced further, to integrate other particular areas of surgical technique 

important for hearing preservation cochlear implantation. This could include a visual guide of the 

areas within the facial recess that provide an acceptable virtual electrode insertion as described in 

Chapter 4. The limitation of the simulator with regards to the limits of exposure of the facial nerve 

and chorda tympani also raised a broader discussion on the necessity of complete skeletonisation of 

the facial recess. This was also explored in Chapter 4, along with an investigation of the relationship 

of a virtual electrode trajectory to both the chorda tympani and facial nerve.  

The application of this module also lends itself to the training of both otolaryngology trainees, as 

well as a platform for otolaryngology surgeons for the use of mastering specific skills (preparing the 

temporal bone for cochlear implant surgery). Furthermore, given the terminal feedback comparing 

the user’s performance to an expert performance and task-based assessment on surgical steps, this 

module could also be used as an accreditation tool to define scope of practice.   

Finally, to explore the use of the simulation data in providing practical guidance to surgeons during 

cochlear implant surgery, a study using the segmented anatomy of micro computed tomography 

scans of eight human cadaveric temporal bones was performed. A program was devised where a 

virtual electrode with various diameters was applied to the simulation platform data. Acceptable 

insertion vectors were calculated, and heat maps were used to display the areas within the facial 

recess that provided acceptable insertion vectors into the initial segment of the basal turn of the 

cochlea. For round window membrane approaches, the acceptable trajectories generally intersected 

the facial recess at its superior aspect, with a close relationship to the facial nerve. For the 

cochleostomy approaches, the acceptable trajectories were most likely to intersect the facial recess 

at its inferior aspect, with a close relationship to the junction of the facial nerve and chorda tympani. 

The degree of facial recess preparation had a greater impact on the availability of acceptable 

trajectories via a cochleostomy than a round window membrane approach. An initial stage of facial 

recess preparation was described as the removal of bone within the facial recess sufficient to 

visualise the round window membrane. This stage of exposure was successful in all eight temporal 

bones. This initial stage of exposure was sufficient to expose acceptable trajectories for all seven 

bones where any acceptable trajectories were possible with a round window membrane approach. 

Comparatively, when a cochleostomy approach was used, only two temporal bones allowed 

acceptable insertion trajectories with the initial stage facial recess preparation. The remainder of the 

temporal bones required an expert performed skeletonised facial recess to provide access for 

acceptable electrode trajectories. It was also found that the variation in width of the virtual 

electrode between 0.4mm and 0.8mm had minimal effect on the presence of acceptable electrode 

trajectories. Variation of electrode width between 0.8mm and 1.2mm had more impact on 

electrodes inserted via cochleostomy than round window membrane approaches.  

This data can be used to inform surgical technique with the aim of minimising insertion trauma for 

cochlear implantation. We envision that the visual display of this data could be implemented in a 

virtual reality simulator cochlear implantation module for training electrode insertion technique. 

Further directions for future studies are discussed forthwith. 
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Implementation of novel virtual reality educational modules 
The efficacy of novel simulator modules in virtual reality education forms only part of the evidence 

for the implementation of virtual reality platforms in anatomy and/or surgical training. Despite a 

growing evidence body of the benefits of simulation based training in surgical and anatomy 

education, these technologies have been slow to be adopted into mainstream medical education 

(142, 230, 231). While cadaveric temporal bone dissection courses remain the main modality for 

temporal bone education, virtual temporal bone simulators are increasingly available to surgical 

trainees (158, 159). However, the presence of these simulators does not guarantee their effective 

use (232). Chang et al. assessed utilisation of a laparoscopic simulator after an initial introductory 

session and found only 31% of trainees returned within a 3 month period despite granting after-

hours access (233). They concluded that participation should be made mandatory or at least 

protected teaching time should be afforded to residents for the purpose of simulation training. The 

effect of combining a mandatory training requirement was assessed by Frendo et al. who found that 

a convenient, de-centralised VR temporal bone simulator was better utilized when combined with 

mandatory training requirements than on a volunteer basis. Furthermore, the study suggested that 

motivating factors for using simulation training were the participant understanding the positive 

benefits of the VR training as well as a subjective awareness of skill progression (232).  Based on the 

findings of a literature review, Fischer et al. have suggested the integration of a step-wise approach 

to temporal bone surgical training where simulation training is undertaken with intermittent 

structured assessments (234) . Further studies to outline the overall value of these temporal bone 

simulators could also include investigations of the benefits to patient care and the applicability to 

ongoing learning for established surgeons.  

Standardised anatomy curriculum 
There is currently no standardised anatomy curriculum in Australia (230) and in Chapter 2, the 

anatomy module was developed by compiling clinically oriented anatomy material to an appropriate 

standard as indicated by an expert otolaryngologist. Integral to the ongoing development and 

application of temporal bone simulators into medical education in Australia is the development of a 

standardised curriculum for temporal bone anatomy. While there may be varying opinion as to what 

would be considered core content for pre-clinical education (235), a curriculum could be developed 

with content of graduating levels of difficulty. This would lend itself to delivery of modules that could 

be used at progressive levels of trainee education (this has previously been referred to as a vertical 

approach) (236). Alternatively, a foundation anatomy curriculum could be developed with the option 

of specialty-specific advanced anatomy courses as proposed by Wong et al. (237). 

Patient specific rehearsal and automatic segmentation 
The currently available temporal bone simulators are based on a set of cadaveric temporal bones 

(238). While there has been a push to include anatomic variation in the dataset available for trainees 

(53), there have been few studies evaluating patient-specific rehearsal in VR temporal bone 

simulation. Patient-specific rehearsal using a virtual reality platform has been shown to reduce intra-

operative errors in endovascular aortic aneurysm repairs (239). Preliminary experience with a 

patient specific skull base VR simulator has demonstrated excellent correlation to intraoperative 

findings as  well as  positive subjective evaluation(240).  In the field of otology, Locketz et al. have 

shown the improved confidence of trainees who undertook cadaveric specific virtual rehearsal (241). 

To the author’s knowledge there are currently no temporal bone simulators capable of integrating 

patient-specific datasets.  
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The limited development in this area is presumed related to the challenges in automatic 

segmentation of temporal bone images. The aforementioned patient-specific simulators used in 

vascular, skull base and temporal bone simulators to date remain dependent on at least partial 

manual segmentation. However, manual segmentation of a temporal bone is time inefficient and 

impractical for routine use. There have been preliminary studies in otology with promising results 

with regards to time taken to segment the temporal bone, but these simulators are limited in face 

validity, especially for inner ear and soft tissue structures (242, 243). The complex anatomy of the 

temporal bone in a small contained region presents a further challenge for automated segmentation 

algorithms compared to other anatomic structures. Despite this, there have been recent advances in 

this arena. A recent study describes the algorithms for automatic segmentation of high resolution 

micro-computed tomography scans, with promising results of facial nerve segmentation (244).  

A further limiting factor inhibiting the development of patient specific training modules is the 

transferability of automated feedback systems. At the moment, these are mapped for each 

individual temporal bone module, and further work is required to attempt to develop generalised 

algorithms for automated feedback (245). Once these issues are addressed, patient specific 

rehearsal would have the potential to revolutionise surgical training. Not only would there be the 

capacity for educational modules with a large range of anatomic variations, but educators could in 

addition use VR simulation to ensure trainee competence prior to the commencement of operative 

training.  Further studies in this area could then determine effectiveness of patient specific training 

on patient outcomes.  

 

 

Conclusion to Thesis 
In this thesis, we explored the further use of virtual simulation in temporal bone anatomy and 

surgery by developing and validating two novel virtual reality simulator modules. We found that the 

clinically oriented temporal bone anatomy module improved medical students’ subjective and 

objective understanding of temporal bone anatomy and clinical understanding. The advanced 

temporal bone surgery module improved trainee performance to both a previously encountered 

temporal bone and also a novel temporal bone dissection. The simulator data was also found to be 

useful in modelling acceptable virtual electrode trajectories into the cochlea, findings that provide a 

practical guide for cochlear implant surgeons.  

These insights encourage the ongoing use of virtual reality simulation in temporal bone education. 

Furthermore, these findings suggest that the VR temporal bone simulator has application to multiple 

stages of medical education and is of benefit to medical students, junior doctors and surgeons alike. 

This VR temporal bone simulator would therefore be appropriately used in a vertical style approach 

to learning where the simulator is revisited during training of foundation anatomy, specialty-specific 

anatomy, basic and advanced temporal bone procedural training. 
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