Cureus

Part of SPRINGER NATURE Open Access Review Article

Ear Surgery Training: A Comprehensive Review

Mara Tanase !, Mihai I. Tanase 2, Marcel Cosgarea !, Alma A. Maniu !, Doinel G. Radeanu 5,
Mirela C. Stamate 3, Constantin Stan , Cristina Blebea >, Maximilian Dindelegan °, Violeta Necula >
Review began 04/27/2026

Review ended 05/12/2026

1. Department of Otolaryngology, “Iuliu Hatieganu” University of Medicine and Pharmacy, Cluj-Napoca, ROU 2.
Published 05/19/2026 p ryngology; tieg: versity i y, j-Nap:

Department of ENT, University of Alba Iulia "1 Decembrie 1918, Alba Iulia, ROU 3. Department of ENT, "Iuliu
© Copyright 2026 Hatieganu” University of Medicine and Pharmacy, Cluj-Napoca, ROU 4. Research Centre in the Medical-
Tanase et al. This is an open access article Pharmaceutical Field, Faculty of Medicine and Pharmacy, “Dunarea de Jos” University of Galati, Galati, ROU 5.

distributed under the terms of the Creative Department of Surgery - Practical Abilities, "Iuliu Hatieganu" University of Medicine and Pharmacy, Cluj-Napoca, ROU
Commons Attribution License CC-BY 4.0.,

which permits unrestricted use, distribution,
and reproduction in any medium, provided Corresponding author: Mara Tanase, dr.maratanase@gmail.com
the original author and source are credited.

DOI: 10.7759/cureus.109175
Abstract

The technical complexity of otologic procedures, such as mastoidectomy and ossiculoplasty, necessitates
high-fidelity training to navigate intricate temporal bone anatomy safely. This review evaluates the
transition from traditional surgical pedagogy to high-tech simulation. We synthesized current data on
cadaveric dissection, 3D-printed models, and virtual reality (VR) platforms, assessing their impact on haptic
proficiency and clinical skill transfer. Beyond traditional methods, we examine how exoscopic and robotic-
assisted systems are reshaping the learning curve by providing enhanced magnification and tremor filtration.
However, the integration of these tools faces hurdles, including high capital costs and the challenge of
replicating the varied pathologies encountered in live patients. Our analysis highlights that while emerging
technologies offer scalable alternatives to human tissue, traditional mentorship remains the benchmark for
haptic feedback. A comprehensive, multimodal training framework is essential to bridge the gap between
simulation and the operating room, ultimately optimizing patient safety and surgical precision.

Categories: Medical Education, Medical Simulation, Otolaryngology
Keywords: 4k-3d exoscope, haptic trainer, otolaringology, skill training, virtual reality (vr)

Introduction And Background

The technical complexity of otologic procedures -- including mastoidectomy, tympanoplasty, and
ossiculoplasty -- presents unique challenges due to the intricate temporal bone anatomy and the proximity
of vital neurovascular structures. Traditionally, surgical training has centered on cadaveric temporal bone
dissection and mentorship, providing trainees with invaluable tactile experience and a deep understanding
of spatial relationships. However, the field is evolving to incorporate modern modalities such as virtual
reality (VR) simulation and 3D-printed models, which offer safe, repeatable environments for skill
acquisition without the limitations of specimen availability. Emerging technologies, including exoscopic and
robotic systems, further refine the learning curve by enhancing magnification and dexterity. This systematic
review evaluates these diverse training modalities, assessing their anatomical accuracy, haptic feedback, and
cost-effectiveness to define a multimodal framework for modern surgical pedagogy [1].

Ear surgery, an intricate surgical specialty, demands exceptional precision and expertise due to the ear's
complex anatomy and the presence of numerous vital structures. The successful outcome of ear surgery is
highly dependent on the surgeon's skill and understanding of this anatomical region. Traditionally, ear
surgery training has centered around cadaveric temporal bone dissection, providing aspiring surgeons with
invaluable hands-on experience and a profound understanding of the ear's complex anatomy. This method
allows for the development of essential surgical skills, such as drilling, dissecting, and suturing, in a safe and
controlled environment [2].

Modern ear surgery training has evolved to incorporate various approaches, including VR simulation and
3D-printed models. VR simulators offer a safe and repeatable environment for practicing surgical
techniques, enhancing depth perception and spatial orientation. These simulators can be customized to
replicate different ear pathologies and surgical scenarios, providing a comprehensive training experience.
Three-dimensional-printed models offer a tangible and realistic representation of the ear's anatomy,
allowing surgeons to practice surgical procedures and improve their understanding of spatial relationships

3.

In addition to the training methods mentioned above, ear surgery training also encompasses mentorship
and hands-on experience in the operating room. Mentorship provides guidance and feedback from
experienced surgeons, while hands-on experience allows trainees to apply their knowledge and skills in a
real-world setting. As technology advances, ear surgery training is likely to incorporate more innovative
methods, such as exoscopic and robotic surgery. Exoscopic surgery utilizes a high-definition camera to
provide a magnified view of the surgical field, enhancing precision and ergonomics. Robotic surgery, while
still in its early stages, offers the potential for minimally invasive procedures with increased dexterity and
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precision [4].

The choice of training method depends on various factors, including cost, accessibility, and the specific skills
being taught. Cadaveric dissection remains the gold standard for developing haptic feedback and anatomical
understanding. However, VR simulation and 3D-printed models offer valuable alternatives, particularly for
repetitive practice and the development of specific surgical skills [5].

Despite the numerous advantages, there are some limitations to consider. The texture and consistency of
3D-printed models may not perfectly replicate real tissue, which could affect the tactile feedback during
simulated procedures. Additionally, the accuracy of the models depends on the quality of the imaging data
used for their creation [6].

The application of VR simulation in ear surgery training is still in its early stages, but the potential benefits
are significant. As technology continues to evolve, we can expect even more realistic and sophisticated
simulations that will further enhance the training experience and improve surgical outcomes [7].

Review
Methods

This study was conducted as a systematic review to evaluate the current landscape of ear surgery training
modalities. A comprehensive literature search was performed across the PubMed, Scopus, and Web of
Science databases, utilizing search terms including "otologic surgery training," "temporal bone simulation,"
"virtual reality in ENT," and "3D printing mastoidectomy." The search was limited to peer-reviewed articles
published in English between 2000 and 2026 to ensure the inclusion of recent technological advancements.
Following the PRISMA framework (Figure 1), an initial pool of 372 records was identified. After removing
duplicates and screening for relevance to surgical pedagogy, 133 reports were assessed for eligibility.
Ultimately, 110 studies were included based on their focus on anatomical accuracy, haptic feedback, cost-
effectiveness, and clinical skill transfer. Studies involving ineligible populations or irrelevant outcome
measures were excluded to maintain a focused analysis of training efficacy.
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FIGURE 1: PRISMA Flowchart

Review

Challenges in ear surgery

Ear surgery, also known as otologic surgery, focuses on the surgical treatment of ear diseases and disorders.
Due to the intricate anatomy of the ear and its proximity to critical structures like the facial nerve, inner ear,
and brain, ear surgery presents unique challenges, demanding specialized training and expertise from ear
surgeons to ensure successful outcomes and minimize complications [8].

The ear comprises three main parts: the outer ear, middle ear, and inner ear, each with unique anatomical
structures and functions. Ear surgeons must have a thorough understanding of these structures to perform
successful surgeries. The middle ear houses the ossicles, the smallest bones in the human body, responsible
for transmitting sound vibrations to the inner ear. The inner ear contains the cochlea, a spiral-shaped
structure that converts sound vibrations into electrical signals sent to the brain [9].

One of the primary challenges in ear surgery is preserving the ear's function, particularly hearing and
balance. The structures of the inner ear, responsible for hearing and balance, are highly susceptible to
damage during surgery. Ear surgeons must exercise extreme caution and precision to avoid causing any
functional impairment [10].

The field of ear surgery has witnessed significant technological advancements, including new surgical tools
and techniques, leading to improved surgical outcomes and reduced complication rates. However, these
advancements also pose challenges for ear surgeons, who must stay abreast of the latest developments and
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acquire the necessary skills to utilize these new technologies effectively [11].

Preserving the ear's function, especially hearing and balance, is a significant challenge. Hearing depends on
the elaborated interplay of various structures within the ear. Sound waves are collected by the pinna, travel
through the ear canal to reach the tympanic membrane (TM), and the vibrations are transmitted through the
ossicles to the cochlea. Inside the cochlea, these vibrations stimulate hair cells that convert the mechanical
energy into electrical signals, which are then sent to the brain via the auditory nerve [12].

Balance is maintained by the vestibular system in the inner ear, consisting of three semicircular canals and
two otolith organs, which detect head movements and provide information to the brain about the body's
position and orientation. Any damage to these internal structures during surgery can result in hearing loss,
tinnitus, or balance problems like vertigo. Therefore, it is important to exercise extreme caution and
precision to avoid any inadvertent injury to these critical structures [13].

Anatomical Complexity and Functional Preservation

The surgical management of otologic disease is defined by high anatomical density and the proximity of
vital neurovascular structures within the temporal bone [14,15]. Mastery of this compartmentalized
architecture, spanning the external auditory canal (EAC), the ossicular chain, and the sensorineural
components of the inner ear, is the fundamental prerequisite for achieving therapeutic goals while
minimizing iatrogenic trauma [16-18]. Clinically, it is essential for trainees to distinguish between the
meatus (the visible lateral opening) and the EAC (the full tube leading to the TM) to ensure precise
instrument orientation [19,20].

A primary challenge in ear surgery is the preservation of hearing and balance, as the structures responsible
for these senses are highly susceptible to surgical injury [21]. Hearing relies on the elaborate interplay
between the TM, the ossicles, and the hair cells of the cochlea [22]. Simultaneously, balance is maintained by
the vestibular system, where the semicircular canals and otolith organs act as primary sensors. High-fidelity
training must emphasize the role of the vestibulospinal reflex (VSR) and vestibulo-ocular reflex (VOR),
which translate head movements into motor responses, as these systems are at risk during complex
neurotologic procedures [23,24].

Preserving these functions requires extreme caution and precision, particularly during procedures like
mastoidectomy or stapedotomy. The proximity of the facial nerve to the surgical field, specifically near the
oval window and the mastoid air cells, represents a significant risk for iatrogenic injury, which can result in
permanent facial paralysis [25,26]. Consequently, surgical pedagogy must utilize a combination of
anatomical study and simulated practice to prepare trainees for the high-stakes environment of the
operating suite, where anatomical variations such as a high-riding jugular bulb or an exposed facial nerve
may be encountered [27,2.8].

Technological Advancements in Training

The field of ear surgery has witnessed remarkable technological growth, offering new possibilities for
improved patient care through enhanced precision [29]. However, the integration of these advancements
into standardized training curricula presents significant challenges, particularly regarding high capital costs
and the necessity for continuous adaptation. Rather than replacing traditional training, these technologies
should be used to standardize exposure, quantify progression, and identify performance gaps before
supervised operating-room participation [30].

Exoscopic systems have emerged as a significant advancement, providing a shared high-definition view for
trainees and improving surgical ergonomics by reducing neck strain [31]. However, their implementation
requires a distinct learning curve and may induce visual fatigue or eye strain during prolonged use. While
they facilitate a deeper understanding of anatomical relationships, trainees must familiarize themselves
with the technology to optimize its benefits in a clinical setting [32].

Similarly, VR simulators and 3D-printed models allow for risk-free, repetitive practice of complex
procedures such as mastoidectomies and stapedotomies [33]. These high-fidelity models enable surgeons to
anticipate anatomical challenges and reduce operative time in a risk-free environment. Despite these
benefits, a persistent "haptic gap" remains, as digital simulations often fail to perfectly replicate the nuanced
tactile resistance and bone-drilling characteristics of live biological tissue [34].

Ultimately, the future of otologic surgical education relies on a multimodal framework that integrates
simulation, augmented reality, and Al-assisted assessment with structured mentorship. Such a
comprehensive approach ensures that while simulators refine manual dexterity, the irreplaceable role of
expert clinical judgment is preserved. This integration is essential to bridge the gap between simulation and
the operating room, optimizing both patient safety and surgical precision [35].

2026 Tanase et al. Cureus 18(5): e109175. DOI 10.7759/cureus.109175 40f15


javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)

Cureus

Part of SPRINGER NATURE

Types of ear surgery

Otologic surgery constitutes a multifaceted discipline requiring both exhaustive anatomical knowledge and
microscopic precision. The surgical spectrum is remarkably diverse, ranging from reconstructive procedures
for hearing restoration and the management of chronic inflammatory pathologies to the complex excision of
skull-base tumors and the correction of congenital aural atresia. This clinical breadth necessitates a
versatile surgical skillset capable of addressing both functional impairment and life-threatening disease
[36,37].

Mastoidectomy and Complications

Mastoidectomy focuses on the mastoid part of the temporal bone, which forms the posteroinferior portion
of the skull base just behind the auricle [38]. The procedure is necessitated by chronic infections or
cholesteatoma that invade the honeycomb-like network of air cells within the bone [39]. This surgery carries
a variable complication profile depending on the pathology and patient factors, with overall complication
rates ranging from 10% to 45%. Radical mastoidectomy typically carries the highest risk of adverse events
[40].

The proximity of the facial nerve is the most significant challenge, as injury to this nerve during bone
removal can lead to permanent paralysis. To mitigate this, intraoperative facial nerve monitoring is used to
locate and protect the nerve during the procedure [41]. High-resolution CT scan remains the undisputed
gold standard for pre-operative planning, providing a mandatory roadmap of the temporal bone's
pneumatization and facial nerve topography [42].

Tympanoplasty and Myringoplasty

Tympanoplasty is categorized by the extent of middle ear reconstruction required to repair a

perforated TM [43]. Type 1 tympanoplasty, often more accurately referred to as myringoplasty, is limited to
repairing the TM when the ossicular chain is intact. The surgical goal is to restore the eardrum's integrity
and vibration capability to improve conductive hearing [44].

The procedure typically involves raising a tympanomeatal flap (TMF) through radial and circumferential
incisions lateral to the tympanic annulus [45]. The edges of the perforation are meticulously freshened,
rather than simply elevated, to prepare the tissue for grafting. Surgeons employ either an onlay or underlay
technique, positioning the graft -- often autologous fascia or cartilage -- to bridge the defect and ensure
proper healing [46].

Stapes Surgery: Stapedotomy vs. Stapedectomy

Stapes surgery is the primary intervention for otosclerosis, a condition where the stapes bone becomes fixed
and prevents sound transmission to the inner ear [47]. While stapedectomy is the older technique involving
the removal of the entire footplate, modern surgical pedagogy emphasizes stapedotomy as the current gold

standard. This transition reflects a shift toward more conservative, precise interventions in otologic surgery
[48].

In a stapedotomy, a small calibrated fenestra (approximately 0.6-0.8 mm) is created in the footplate using a
microdrill or laser to house a piston prosthesis [49]. This approach is preferred because it offers superior
high-frequency hearing gains and carries a lower risk of severe complications, such as sensorineural hearing
loss or perilymph gushers. Proper placement of the prosthesis is critical to avoid displacement, which can
compromise long-term hearing outcomes [50].

Ossiculoplasty

Ossiculoplasty aims to reconstruct the ossicular chain using prosthetics or autologous tissue to restore
efficient sound transmission to the oval window [51]. This surgery requires high dexterity, as the surgeon
works with the smallest bones in the human body within a constrained surgical field. Success is contingent
upon the meticulous placement of the prosthesis to avoid extrusion or displacement [52].

One of the main challenges is achieving optimal hearing outcomes. Factors such as the extent of ossicular
damage, the type of prosthesis used, and the condition of the middle ear structures can all influence the final
hearing result [53,54].

Ossiculoplasty also carries the risk of complications, including prosthesis displacement, extrusion, or failure,
as well as persistent or recurrent conductive hearing loss. Careful surgical technique, appropriate prosthesis
selection, and careful postoperative care are essential to minimize these risks [55].

Cochlear Implantation
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Cochlear implantation is a surgical procedure that involves implanting a small electronic device into the
inner ear to provide a sense of sound to individuals with severe to profound sensorineural hearing loss. This
procedure is often recommended for those who do not benefit from traditional hearing aids [56].

The cochlear implant has two main components: an external portion that sits behind the ear and an internal
portion that is surgically placed under the skin. The external portion contains a microphone, a speech
processor, and a transmitter. The internal portion consists of a receiver and an electrode array [57].

Access to the middle ear is achieved via a postauricular incision, followed by a cortical mastoidectomy to
expose the antrum. A posterior tympanotomy is then performed through the facial recess to provide a direct
line of sight to the round window or a cochleostomy site. The multi-channel electrode array is subsequently
threaded into the scala tympani of the cochlea, facilitating direct electrical stimulation of the remaining
spiral ganglion neurons [58].

The electrode array stimulates the auditory nerve, bypassing the damaged hair cells, and sends electrical
signals to the brain, which are interpreted as sound. The external portion of the implant captures sound
waves and transmits them to the internal receiver, which then sends signals to the electrode array [59].

Cochlear implantation is a technically demanding microsurgical procedure where the margin for error is
minimized by the proximity of inner ear architecture. Achieving optimal electrode placement while
preserving intracochlear structures requires a high degree of surgical precision and specialized neurotologic
expertise. To attain this level of proficiency, rigorous training on high-fidelity models, such as 3D-printed
temporal bones and virtual reality (VR) simulators, is essential for mastering the spatial constraints of the
facial recess and cochleostomy. While the procedure serves as a transformative intervention for severe-to-
profound sensorineural hearing loss, it functions as a sensory bypass rather than a biological cure, requiring
extensive neural plasticity to interpret the synthesized signal. Ultimately, clinical success is multifactorial,
contingent not only on the atraumatic execution of surgery but also on patient-specific variables such as age
at implantation and duration of auditory deprivation [60,61].

Training modalities for ear surgery

Training modalities for ear surgery have evolved significantly, encompassing a range of approaches to equip
surgeons with the necessary skills and knowledge. Traditional methods, such as cadaveric temporal bone
dissection and mentorship, provide hands-on experience and anatomical understanding. However, with
advancements in technology, modern approaches like VR simulation and 3D-printed models offer a safe and
repeatable environment for practicing surgical techniques and refining dexterity. These modern methods
allow surgeons to hone their skills without the limitations of cadaver availability or the pressures of the
operating room. As technology continues to advance, emerging technologies like exoscopic and robotic
surgery are likely to play an increasingly important role in ear surgery training, further enhancing precision
and minimizing invasiveness [62].

Traditional Methods

Traditional methods of training in ear surgery have long relied on two key approaches: cadaveric temporal
bone dissection and mentorship. These time-tested methods provide a foundation for understanding the
complexities of ear anatomy and surgical techniques. Cadaveric temporal bone dissection offers a unique
opportunity for surgeons to explore the intricate anatomy of the ear in a hands-on, 3D manner. Working
with real specimens allows trainees to develop a deeper appreciation for the spatial relationships between
various structures, including the ossicles, facial nerve, and inner ear components. The tactile feedback
gained from dissecting cadaveric bones helps surgeons refine their dexterity and precision. However, the
availability of cadaveric temporal bones can be limited, and ethical considerations must be considered. Due
to these limitations, animal models, such as sheep temporal bones, have been explored as alternatives for
surgical training due to their anatomical similarities to human temporal bones. They offer a valuable
opportunity for surgeons to practice surgical techniques and gain experience in a setting that resembles
human anatomy. Mentorship also plays a crucial role in ear surgery training, providing guidance and support
from experienced surgeons. Mentors offer valuable insights into surgical techniques, decision-making, and
patient management. They observe trainees during procedures, provide constructive feedback, and help
them navigate the challenges of ear surgery. The one-on-one interaction with a mentor allows for
personalized instruction and fosters the development of surgical judgment and confidence [62,653].

Cadaveric dissection: For generations, cadaveric temporal bone dissection has been the cornerstone of ear
surgery training, providing an unparalleled tactile and 3D exploration of human anatomy [64]. By working
with real specimens, trainees gain a deep understanding of the spatial relationships between the ossicles,
facial nerve, and inner ear components. This hands-on approach allows for the refinement of drilling and
dissecting skills in a safe environment, building the dexterity required before operating on live patients [65].

However, this "gold standard" faces significant logistical and financial hurdles. A whole-body cadaver can
cost up to $5,000 in the United States, with single-session surgical simulation costs for a temporal bone
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reaching approximately $2,550. While coordinated multi-department reuse can lower this to $1,375, the
substantial institutional budgeting required remains a barrier compared to animal models (~$550 per use)
[66]. Additionally, cadaveric specimens lack dynamic physiological responses like bleeding and are subject to
complex ethical and religious considerations regarding the use of human tissue [67].

Animal models: Animal models have emerged as valuable adjuncts to cadaveric dissection in ear surgery
training. While human cadaveric temporal bones remain the gold standard, the limited availability and
ethical considerations associated with their use have prompted the exploration of animal models as
alternatives [68].

Various animal species, including sheep, pigs, and goats, have been used for temporal bone dissection
training. Some studies showed that even rats can be used for otologic research or some steps of surgical
procedures, their anatomy being similar to the human one [69]. The choice of animal model depends on
several factors, such as anatomical similarity to the human ear, cost-effectiveness, and ethical
considerations.

Sheep temporal bones, in particular, have gained popularity due to their anatomical similarities to human
temporal bones. They offer a valuable opportunity for surgeons to practice surgical techniques and gain
experience in a setting that closely resembles human anatomy [70].

Animal models provide several advantages in ear surgery training. They offer a more readily available and
cost-effective alternative to human cadaveric specimens. Additionally, the use of animal models allows for a
wider range of training scenarios, including the simulation of specific ear pathologies and surgical
techniques [71].

However, it is essential to acknowledge that animal models are not perfect replicas of human anatomy.
There are anatomical differences between species that trainees must be aware of. Despite these limitations,
animal models provide a valuable adjunct to cadaveric dissection, offering a more accessible and versatile
platform for surgical training [72].

Mentorship: Mentorship is a cornerstone of ear surgery training, providing aspiring surgeons with invaluable
guidance and support from experienced practitioners. The relationship between a mentor and mentee
fosters a dynamic learning environment where knowledge and skills are passed down through generations of
surgeons [73].

Mentors offer more than just technical expertise; they provide insights into the art of surgical decision-
making, patient communication, and ethical considerations. They help trainees navigate the complexities of
ear surgery, offering advice on patient selection, surgical planning, and postoperative care [74].

The benefits of mentorship extend beyond the operating room. Mentors can provide career guidance,
networking opportunities, and support for research and academic pursuits. They inspire trainees to strive
for excellence and instill in them a commitment to lifelong learning [75].

In the rapidly evolving field of ear surgery, mentorship is essential for keeping trainees abreast of the latest
advancements. Mentors introduce new technologies and techniques, helping trainees integrate these
innovations into their surgical practice [76].

Effective mentorship requires a strong commitment from both the mentor and the mentee. Mentors must be
dedicated to teaching and nurturing the next generation of surgeons, while mentees must be eager to learn
and receptive to feedback. The mentor-mentee relationship is built on trust, respect, and a shared passion
for the art and science of ear surgery [77

Modern Approaches

Modern ear surgery training utilizes technological advancements such as VR simulation and 3D-printed
models. These methods offer a safe and effective environment for practicing surgical techniques and
improving anatomical understanding. VR simulation provides a realistic experience, allowing trainees to
interact with anatomical structures and perform procedures without risk to patients. Three-dimensional-
printed models, based on patient-specific imaging data, offer a tangible representation of ear anatomy,
facilitating surgical planning and education [78].

Three-dimensional models: Three-dimensional-printed models have revolutionized surgical education by
offering tangible, customized replicas of patient anatomy generated from high-resolution CT data [79].
These models serve as critical educational benchmarks, allowing trainees to practice manual dexterity and
spatial reasoning in a risk-free setting before progressing to live surgical intervention [80]. They bridge the
gap between theoretical knowledge and practical application by providing a physical representation of the
complex spatial relationships within the temporal bone [81].
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A significant modern advancement is the ability to practice on 3D models that replicate specific pathological
"ears," such as those with chronic otitis media, cholesteatoma, or congenital malformations [82]. By
simulating procedural steps on these patient-specific pathologies, clinicians can anticipate unique
anatomical challenges and mitigate potential iatrogenic complications in a controlled environment. This
transition from passive observation to active tactile manipulation allows for a steepened learning curve,
particularly when dealing with rare or highly variable disease presentations [83].

From a logistical standpoint, 3D-printed models are highly cost-effective and readily accessible compared to
traditional specimens. While a single cadaveric session can cost over $2,500, certain 3D-printed training
models can be produced or acquired for significantly less, making them a sustainable alternative for high-
volume residency programs [84]. Despite these advantages, the accuracy of the models remains dependent
on the quality of the initial imaging data, and ongoing research is required to ensure that the texture and
consistency of printing materials perfectly replicate the tactile feedback of real human bone [85].

VR simulation: VR simulation has emerged as a groundbreaking technology in surgical education, offering a
realistic and immersive training experience that complements traditional methods. By creating a digital
environment that mimics the operating room, VR simulation allows trainees to refine their microsurgical
skills and practice complex procedures, such as mastoidectomies and stapedotomies, without the risks
associated with operating on live patients [86]. These systems provide immediate performance analysis and
allow for high-volume repetition of specific surgical steps, which is essential for mastering the spatial
constraints of the temporal bone [87].

Despite these benefits, the widespread adoption of VR is often hindered by significant financial barriers and
technical limitations. While individual sessions are cost-effective once the system is in place, the initial
capital investment is substantial, with acquisition costs reaching approximately $80,000 and annual
maintenance fees ranging from $8,000 to $15,000. In comparison, animal models or single-use 3D models
present much lower upfront financial burdens for training institutions [88].

Furthermore, a persistent "haptic gap" remains a primary critique of current VR platforms. Digital
simulations often fail to fully replicate the nuanced tactile resistance and specific bone-drilling
characteristics encountered when working with real biological tissue. While high-resolution graphics and
haptic feedback systems enhance engagement, the lack of realistic tactile feedback may limit the realism of
the training and affect the transfer of skills to the operating room [89].

Emerging Technologies

Emerging technologies such as exoscopic and robotic surgery are poised to revolutionize ear surgery training
by offering enhanced precision, improved ergonomics, and minimally invasive capabilities. Exoscopic
surgery, with its magnified and high-definition view of the surgical field, allows for greater accuracy and
control in otosurgery procedures. This technology also improves ergonomics for surgeons, reducing physical
strain and fatigue. Robotic surgery, while still in its early stages in ear surgery, offers the potential for even
greater precision and minimally invasive approaches. Robotic systems, with their miniature instruments

and high-definition cameras, can access and manipulate structures within the ear with unparalleled
dexterity. These emerging technologies not only enhance surgical precision but also provide a valuable
platform for surgical training, allowing trainees to practice complex procedures in a simulated environment
and refine their skills before operating on live patients [90].

Exoscopic surgery: Exoscopic surgery has emerged as a cutting-edge technology in otology, utilizing high-
definition camera systems to project a magnified, 3D view of the surgical field onto high-resolution
monitors [91]. This technology provides significant ergonomic benefits by allowing surgeons to maintain a
comfortable, upright posture, which reduces the physical strain and neck fatigue commonly associated with
prolonged use of traditional operating microscopes [92]. By eliminating the need to hunch over oculars,
exoscopes promote a more sustainable surgical practice and reduce the risk of musculoskeletal injuries for
the surgeon [93].

From an educational perspective, exoscopes offer a more immersive and interactive training environment
than traditional methods [94]. Because the trainee observes the surgical field from the exact perspective of
the operating surgeon with the same level of detail, it facilitates a deeper understanding of complex
anatomical relationships and surgical techniques. This shared visual experience improves communication
within the operating room and allows for real-time guidance, making it a powerful tool for surgical pedagogy
[95].

Despite these advantages, the integration of exoscopic surgery into training programs faces practical
hurdles, primarily the substantial capital investment required for equipment acquisition and maintenance
[96]. Furthermore, there is a clear learning curve associated with transitioning from a direct ocular view to a
monitor-based interface, requiring trainees to adapt their hand-eye coordination. Concerns also persist
regarding visual fatigue and eye strain during extended procedures, which may necessitate adjustments to
traditional surgical workflows to optimize safety and performance [97].
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Robotic surgery: Robotic integration within ear surgery, though still in its beginning stages, offers
significant promise for enhancing procedural precision and standardizing surgical education [98]. By
utilizing miniature instruments and motion-scaling technology, robotic systems can manipulate delicate
structures within the middle and inner ear with a degree of dexterity that exceeds the natural capabilities of
the human hand. This augmented dexterity is particularly valuable in high-stakes procedures like cochlear
implantation, where the goal is to achieve an atraumatic insertion of the electrode array [99].

Beyond clinical applications, robotic platforms serve as sophisticated training tools that provide objective
data for skill assessment [100]. The ability to record and analyze surgical movements allows for continuous
performance feedback, enabling trainees to identify specific areas for improvement and build confidence in a
simulated environment. Robotic systems also hold the potential for developing minimally invasive ear
surgery techniques, utilizing smaller incisions and natural orifices to promote faster patient recovery and
reduced scarring [101].

However, the widespread adoption of robotics in otologic training is significantly limited by high costs and
technical complexity [102]. Establishing a robotic curriculum requires a substantial financial commitment
from training institutions, as well as specialized instruction to help trainees master the complex interface.
Surgeons and residents must undergo extensive training to adapt their techniques to the robotic system,
representing a steep learning curve that must be balanced with traditional hands-on experience to ensure
comprehensive surgical proficiency [103].

Discussion

Comparing training modalities

The diverse training modalities available for ear surgery each offer unique advantages that must be balanced
against significant logistical and financial constraints. While cadaveric dissection remains the gold standard
for haptic realism and anatomical understanding, its utility is increasingly limited by high specimen costs,
reaching up to $5,000 per whole-body cadaver, and the lack of dynamic physiological responses such as
active bleeding or tissue swelling [104]. Conversely, animal models, such as the ovine model, provide a more
cost-effective alternative for refining microsurgical handling, though trainees must engage in "translational
calibration" to account for species-specific anatomical discrepancies in temporal bone pneumatization and
facial nerve topography [105].

Modern simulation technologies, including VR and 3D printing, have successfully bypassed many ethical and
logistical barriers associated with human tissue, yet they introduce a persistent "haptic gap". VR platforms
facilitate high-volume repetition and objective performance analysis but require substantial upfront
investments of approximately $80,000, alongside annual maintenance fees exceeding $8,000 [106]. Three-
dimensional-printed models offer the unique advantage of practicing on patient-specific pathological "ears,"
but their effectiveness remains contingent on the quality of imaging data and the ability of synthetic
materials to replicate the tactile resistance of real bone [107].

Emerging technologies like exoscopic and robotic surgery further expand the training landscape by
enhancing visualization and precision. Exoscopes improve ergonomics and facilitate a shared teaching
environment, though they may induce visual fatigue and require significant capital for equipment
acquisition. Robotic surgery, while offering unparalleled dexterity and motion scaling, presents a steep
learning curve and high technical complexity that requires specialized training and a complete adaptation of
traditional surgical techniques [108].

Ultimately, the apprenticeship model of mentorship remains the irreplaceable cornerstone of otologic
education, synthesizing technical repetition into sound surgical judgment. A mentor provides the tacit
knowledge necessary to navigate unexpected intraoperative complications, such as a high-riding jugular
bulb or dehiscent facial nerve, which digital algorithms cannot currently codify. The ideal pedagogical
approach is therefore a multimodal framework that utilizes simulators to standardize early technical
exposure and quantify progression, thereby optimizing patient safety before a trainee enters the high-stakes
environment of the operating suite [109].

Despite the comprehensive nature of this review, several limitations must be acknowledged. The transition
from simulation-based training to clinical proficiency remains difficult to quantify, as there is a lack of
longitudinal studies confirming the direct transfer of skills from high-tech platforms to improved patient
outcomes. Furthermore, the rapid pace of technological advancement means that many emerging tools, such
as robotic systems, lack the widespread validation and standardized curricula necessary for universal
adoption. Finally, the high cost of advanced simulators and exoscopic equipment creates a disparity in
training access, potentially limiting these educational benefits to well-funded academic institutions while
traditional, specimen-dependent methods remain the only option for many global programs [110].

Advantages and disadvantages

Each training modality for ear surgery presents its own set of advantages and disadvantages that we
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Training
Modality

Cadaveric
dissection

Animal
models

Mentorship

VR
simulation

3D-printed
models

Exoscopic
surgery

Robotic
surgery

summarized in Table 1.

Advantages

Unparalleled realism and tactile feedback. Deep understanding of ear
anatomy. Opportunity to practice on real tissue. Exposure to anatomical
variations. Development of surgical skills in a safe environment [64].

More accessible and cost-effective alternative to cadavers. Wider range
of training scenarios. Simulation of specific ear pathologies. Opportunity
to practice on tissue with closer resemblance to human anatomy [70].

Guidance, support, and personalized instruction from experienced
surgeons. Insights into surgical techniques, decision-making, and
patient management. Fosters development of surgical judgment and

confidence. Provides career guidance and networking opportunities [75].

Safe and immersive environment for practicing complex procedures.
Eliminates risk to live patients. No need for cadaveric specimens. Easily
updated to incorporate the latest techniques. Provides immediate
feedback and performance analysis. Cost-effective and accessible [88].

Tangible and customized representation of patient anatomy. Facilitates
surgical planning and preoperative practice. Safe and controlled
environment for practicing techniques. Cost-effective and readily
accessible. Can simulate various surgical scenarios [84].

Enhances visualization and improves ergonomics. Offers a more
immersive training experience. Reduces physical strain and fatigue for
surgeons. Facilitates a deeper understanding of surgical techniques and
anatomical relationships [92].

Enhanced precision and minimally invasive capabilities. Valuable
training platform for complex procedures. Potential for smaller incisions,
reduced scarring, and faster recovery times [98].

TABLE 1: Comparison of Training Modalities in Ear Surgery

Future directions

The future of ear surgery training holds exciting possibilities with the continued development of innovative

Disadvantages

Limited availability of specimens. Ethical
considerations and costs associated with using
cadavers. Lack of dynamic physiological
responses. Time-consuming and require
specialized facilities [67].

Anatomical differences between species. Ethical
considerations regarding animal use [72].

Effectiveness can vary depending on the mentor's
teaching style and the mentee's learning
preferences [77].

The cost of VR equipment can be a barrier. Lack
of tactile feedback may limit realism [89].

Texture and consistency may not perfectly
replicate real tissue. Accuracy depends on the
quality of imaging data [85].

The cost of exoscopic equipment can be
substantial. Potential for visual fatigue and eye
strain. Requires adaptation of surgical techniques
[95].

High cost and technical complexity. Requires
specialized training and adaptation of surgical
techniques [102].

technologies and training approaches that we discussed in Table 2.
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Future
Direction

Enhanced
simulation

Augmented
reality (AR)

Hybrid
simulation

Personalized
training
programs

Global
collaboration

Focus on
human factors

Ethical
considerations

Description

Incorporating haptic feedback and
artificial intelligence (Al) algorithms into
VR platforms to provide a more
immersive and personalized training
experience [87].

Overlaying digital information, such as
3D anatomical structures, onto the real-
world surgical field [90].

Combining VR and AR technologies
with traditional methods, such as
cadaveric dissection and mentorship
[62].

Utilizing Al-powered platforms to
analyze individual trainee performance
and tailor training programs to specific
needs and learning styles [86].

Facilitating collaboration and knowledge
sharing among surgeons and trainees
worldwide through online platforms and
virtual reality environments [107].

Greater emphasis on non-technical
skills, such as communication,
teamwork, and decision-making [65].

Addressing the ethical implications of
new training modalities, such as patient
safety, data privacy, and equitable
access [63].

Potential Benefits

More realistic and engaging
simulations. Personalized feedback
and guidance. Improved skill
acquisition and retention [31,108].

Real-time guidance during
procedures. Enhanced visualization
of anatomical structures. Improved
precision and safety [30].

Comprehensive training experience
that leverages the strengths of
different modalities. Optimized
learning process [110].

Optimized learning process.
Accelerated skill acquisition.
Improved training efficiency [31].

Democratized access to surgical
training. Dissemination of best
practices. Global exchange of
knowledge and expertise [89].

Holistic training approach that
prepares trainees for the cognitive
and interpersonal challenges of
surgery. Improved patient safety and
outcomes [13].

Responsible and ethical
implementation of new technologies.
Promotion of trust and transparency
in surgical training [110].

TABLE 2: Future Directions in Otologic Surgical Education

Challenges

Developing sophisticated haptic
feedback systems and Al algorithms.
Ensuring the accuracy and reliability of
Al-powered feedback [89].

Developing robust AR systems that
seamlessly integrate with surgical
workflows. Ensuring accurate
registration and tracking of digital
information [95].

Integrating different training modalities
effectively. Balancing the use of
technology with traditional hands-on
experience [109].

Developing sophisticated Al algorithms
that can accurately assess trainee
performance and personalize training
programs [104].

Addressing logistical and technological
challenges associated with global
collaboration. Ensuring equitable
access to training resources [73].

Developing effective training methods
for non-technical skills. Integrating
human factors training with technical
skills development [109].

Developing ethical guidelines and
frameworks for the use of emerging
technologies in surgical training.
Ensuring equitable access to training
resources [90].

Conclusions

Ear surgery training demands a comprehensive and adaptable approach that respects the intricate anatomy
and functional sensitivity of the temporal bone. Traditional methods, including cadaveric dissection and
mentorship, continue to provide the fundamental basis for anatomical knowledge and the development of
surgical judgment. These time-tested approaches are now being effectively augmented by modern
simulations that offer a safe and repeatable environment for refining technical skills without the limitations
of specimen availability or risks to live patients.

The integration of emerging technologies, such as exoscopic and robotic systems, holds potential for further
enhancing surgical precision and ergonomic safety. These tools allow for greater magnification and tremor
filtration, which are essential for the microscopic scale of otologic interventions. However, their widespread
adoption remains contingent upon future validation, the reduction of capital costs, and the development of
structured, evidence-based curricula that can effectively bridge the gap between simulation and the

operating room.

In summary, the future of otologic education lies in the balanced integration of high-fidelity simulation, AI-
assisted assessment, and traditional mentorship. By embracing innovation while acknowledging the
technical and financial hurdles of new modalities, training programs can ensure that surgeons acquire the
necessary proficiency in a standardized manner. This multimodal evolution is essential for maintaining the
highest standards of patient safety and surgical excellence in an increasingly complex technological

landscape.
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