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Figure 1: The Future Operating Room: Intelligent Extended Reality—-Based Intraoperative Guidance for Temporal Bone Surgery

ABSTRACT

Temporal bone surgery (TBS) involves complex dissection for
ear pathologies and hearing restoration and demands exceptional
precision because of nearby critical structures such as the facial
nerve, labyrinth, and ossicles. Despite this, intraoperative decision-
making still relies heavily on preoperative planning, surgeon ex-
perience, and indirect cues. Several key steps, including cochlear
electrode insertion, cannot be directly controlled visually or by
touch. Recently, image-based guidance and electrophysiological
monitoring have shown promise, reducing uncertainty in tradition-
ally “blind” steps. At the same time, extended reality (XR) tech-
nologies have rapidly advanced in surgical education and are be-
ginning to enter clinical practice. We argue that the next major
advance in intraoperative guidance for TBS will come from inte-
grated systems that combine imaging and electrophysiological data
with XR-based visualization. This work reviews the current state
of guidance technologies, evaluates existing XR applications, iden-
tifies remaining gaps, and proposes a path toward XR-enabled, in-
traoperative guidance systems for TBS.
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1 INTRAOPERATIVE GUIDANCE IN TEMPORAL BONE
SURGERY

Temporal bone surgery (TBS) involves procedures on the side and
base of the skull to address conditions such as hearing loss, ear in-
fections, tumors, or traumatic injuries. Due to the close proximity
of structures essential for hearing, balance, and facial function, TBS
demands exceptional skill and precision. This challenge is height-
ened by the fact that surgical trauma in this region is frequently
irreversible. For example, injury to the facial nerve can result in
facial paralysis.

Advances in surgical microscopes have contributed significantly
to patient safety and outcomes in TBS by improving visualization,
depth perception, and anatomical precision. However, the view
offered by the surgical microscope is inherently limited, provid-
ing only a surface-level, line-of-sight perspective. Underlying or
obscured structures remain hidden until exposed through drilling.
As such, some risk of surgical trauma remains, particularly in
cases of abnormal anatomy, underlying pathology, or when pro-
cedures are performed by less experienced surgeons. Recent ad-
vances, from electrophysiological monitoring to image-based guid-
ance, have helped to mitigate this risk.

1.1 Image-based Guidance

Image-based guidance assists the surgeon in understanding the lo-
cation of instruments relative to critical structures during the pro-



cedure. Registration of preoperative models to intraoperative im-
ages provides real-time feedback, helping surgeons correlate what
they see in the surgical field with deeper, obscured, or partially ex-
posed structures. In TBS, these capabilities are delivered through a
spectrum of modalities that trade off field-of-view, tissue contrast,
latency, and workflow disruption.

1.1.1  Computed Tomography

Intraoperative computed tomography (CT) and Cone-beam CT
(CBCT) offer one of the most practical mechanisms to “re-anchor”
the surgeon’s spatial understanding to a current 3D dataset once
drilling has altered the operative field [25]. In cochlear implanta-
tion, intraoperative or mobile CBCT is most commonly used to con-
firm electrode position and identify gross malposition that may war-
rant immediate correction. Automated interpretation is also advanc-
ing; for example, detecting electrode tip fold-over directly from in-
traoperative CT/CBCT data [20]. However, intraoperative scanning
interrupts operative flow and introduces ionizing radiation. Further-
more, interpretability can degrade precisely when it is most needed
due to implant-related artifacts and limited soft-tissue contrast.

1.1.2 Projection Imaging

Projection imaging (X-ray/fluoroscopy) remains attractive because
it is fast, widely available, and can provide near-real-time reassur-
ance or early warning during implant insertion [20]. Synchronized
fluoroscopy with intracochlear pressure measurements has helped
characterize the mechanics of tip fold-over and supports the view
that projection imaging can reveal distinctive signatures of malpo-
sition during insertion [17]. However, the core technical ceiling
is geometric: 2D projections are limited for continuous anatomy-
aware guidance in complex 3D spaces and are generally better at
detecting gross malposition than quantifying proximity to hazards
[28]. A recent systematic review [2] found that studies on intraop-
erative X-ray imaging in cochlear implantation were heterogeneous
and included no randomized controlled trials. This indicates that
current practice is guided more by local workflow and risk toler-
ance than by strong outcome-based evidence.

1.1.3 Optical Coherence Tomography

Optical coherence tomography (OCT) addresses a different gap by
providing depth-resolved images of soft-tissue microstructure at
the point of care. This raises the possibility of intraoperative tis-
sue characterization rather than purely coordinate-based navigation.
Recent work has aligned middle-ear OCT with temporal bone CT
in both normal and pathological ears. These studies show that CT
provides global bony anatomy, while OCT reveals local soft-tissue
details that are often difficult to see on CT, supporting the feasibility
of multimodal data fusion [50]. Contemporary clinic-facing OCT
studies (including volumetric OCT and OCT angiography through
the tympanic membrane) further indicate a broadening translational
base for middle-ear pathology assessment [39]. However, OCT has
a limited field of view and penetration depth, and remains sensitive
to blood, fluid, and probe geometry.

1.1.4 Endoscopy

Endoscopy and image-based augmentation are increasingly used to
overcome microscope line-of-sight constraints. Recent work has
explored the feasibility of linking endoscopic video to preoperative
CT through robust registration so that subsurface anatomy can be
projected onto the surgeon’s view. Taleb et al. [44] proposed a fully
automatic 2D registration pipeline between preoperative temporal
bone CT and otoendoscopic video, explicitly targeting elimination
of fiducials and manual landmarking that slow adoption and intro-
duce errors. Challenge of using endoscopy include loss of depth
perception, limited views, sensitivity to viewpoint changes, and in-
strument crowding.

1.2 Electrophysiological Monitoring

Electrophysiological monitoring serves as the functional counter-
part to image-based structural guidance in TBS. It fulfills three pri-
mary objectives: localization of neural structures obscured by com-
plex anatomy or pathology [26], real-time detection of iatrogenic
stress to prevent permanent injury [1], and prognostication of post-
operative functional outcomes [12]. By translating physiological
activity into audible or visual feedback, these systems allow sur-
geons to map the course of the facial nerve during dissection and
assess cochlear integrity during implant insertion. However, cur-
rent standards remain largely reactive rather than predictive and are
frequently limited by signal artifacts, latency, and the requirement
for expert interpretation.

1.2.1 Auditory Pathway Monitoring

Monitoring the functional integrity of the auditory system is criti-
cal during procedures involving the inner ear and cerebellopontine
angle. While Auditory Brainstem Response (ABR) and Cochlear
Nerve Action Potential (CNAP) monitoring remain the standard
for detecting retrocochlear pathway compromise, they are often
limited by averaging delays that prevent true real-time feedback
[37]. Consequently, electrocochleography (ECochG) has emerged
as the primary tool for guiding intracochlear steps, particularly dur-
ing cochlear implant electrode insertion. Intraoperative drops in
the amplitude of the cochlear microphonic, a potential generated
by outer hair cells, are significantly correlated with intracochlear
trauma and the subsequent loss of residual hearing [9]. To over-
come the latency and noise inherent in raw electrophysiological
signals, advanced model-based signal processing is being deployed.
Recent research has demonstrated the ability to extract actionable
signal trends related to trauma events without the delays associated
with traditional averaging [5]. Furthermore, automated systems can
now classify trauma patterns with high sensitivity, potentially cre-
ating an automated early warning system [30, 52].

1.2.2 Facial Nerve Monitoring

Facial nerve monitoring via electromyography (EMG) is the estab-
lished standard of care for preventing iatrogenic injury to the facial
nerve during surgery [26]. Artificial intelligence (Al) is increas-
ingly employed to enhance the specificity and spatial context of fa-
cial nerve monitoring. Al models have demonstrated superior per-
formance over traditional threshold-based methods in distinguish-
ing true nerve responses from artifacts caused by electrocautery or
anesthesia [54]. Emerging Al models are also enabling objective,
automated grading of facial nerve function from surface EMG data,
facilitating more consistent intraoperative assessments [34].

2 CURRENT RoOLE OoF XR IN TBS
2.1 Training, Preoperative Planning and Rehearsal

In TBS, XR, particularly virtual reality (VR) simulators, has seen
its greatest impact in training and education. The face, content, and
construct validity of TBS simulators are well established [11, 38].
Their ability to improve objective performance metrics such as
drilling economy, anatomical landmark identification, and injury
avoidance, as well as reduction of operating time is also well sub-
stantiated [4, 14, 47]. The integration of automated feedback,
procedural guidance, and objective assessment within simulation-
based training has enabled the development of self-directed systems
that can be used independently, without the need for continuous ex-
pert supervision [51, 53, 27, 42, 52].

The development of patient-specific models, derived from pre-
operative patient imaging, has enabled the use of these training
systems for surgical planning and rehearsal. The utility of VR in
planning TBS has been established [46, 13], while early feasibility



studies have shown that case-specific rehearsal is technically feasi-
ble and is regarded highly by participants for its ability to improve
surgical planning and confidence [6, 32].

Although these systems validate XR’s capacity to represent
complex anatomy and surgical sequences accurately, they remain
largely disconnected from the realities of live surgery: real-time
patient-specific challenges, dynamic tissue behavior, stresses of op-
erating on real patients, and complexities of human interaction in
the operating theatre.

2.2 Intraoperative Guidance

While VR is well suited for training, preoperative planning, and
surgical rehearsal, it is not appropriate for intraoperative guidance
because it occludes the surgeon’s view of the operative field. In
contrast, augmented reality (AR) and mixed reality (MR) integrate
virtual content with the real world along the “virtuality continuum”
[36], making them more suitable for intraoperative use.

High-fidelity head-mounted displays (HMDs), particularly those
that support AR, allow for the projection of internal anatomical
structures directly onto the patient’s body by anchoring digital pre-
operative models and plans within the physical operative space [40].
Alternatively, AR projections can be integrated into real-time mi-
croscopic views or exoscopic video.

XR guidance systems typically follow a pipeline comprising im-
age acquisition, 3D reconstruction, registration, and tracking. Al
plays a central role in several stages of this pipeline. Volumetric
preoperative CT and/or magnetic resonance imaging (MRI) scans
are processed with Al models to automatically segment critical
anatomical structures and generate virtual representations. Al mod-
els can also predict safe surgical corridors and generate preoperative
plans. During surgery, registration and tracking algorithms, often
incorporating Al, align these virtual models with the patient’s phys-
ical anatomy in real time. Al can further enhance tracking robust-
ness by compensating for tissue deformation, instrument-induced
motion, or partial occlusions.

2.3 Early Prototypes

Research into XR-guided intraoperative TBS remains in its early
stages, with several notable examples reported.

Tsuchida et al. [48] investigated the use of AR in transcanal en-
doscopic ear surgery for treating middle ear cholesteatoma. AR was
employed to project the lesion onto the intraoperative endoscopic
view, helping surgeons estimate how much external auditory canal
bone needed removal and choose the optimal surgical approach.
Their findings suggested that AR guidance can enhance intraopera-
tive assessment and technique selection in cholesteatoma surgery.

Hussain et al. [22] evaluated the performance of a vision-based
AR system for middle ear surgery by integrating real-time video
from an operating microscope with virtual images generated from
preoperative CT scans. Results demonstrated high clinical preci-
sion while maintaining stability even when the field of view was
partially obstructed by bleeding or surgical instruments.

In a randomised controlled trial, Hadida et al. [19] investi-
gated whether AR guidance could improve mastoidectomy perfor-
mance on 3D-printed models in novice surgeons. Those using AR
achieved significantly higher proficiency scores, demonstrating bet-
ter margin definition, exposure of key anatomy, and preservation of
critical structures compared with the control group.

Ito et al. [23] evaluated a novel AR system that integrated 3D
holographic models directly into live exoscopic surgical footage in
cochlear implant (CI) and Bonebridge surgeries. They found that
the 3D graphical guides significantly improved performance met-
rics for CI by reducing mental, physical, and temporal demands
as well as lowering frustration levels. However, for Bonebridge
implantation traditional 2D guides performed better. The system
demonstrated high stability with an imperceptible video latency.

Guigou et al. [18] evaluated the feasibility of an AR system to
guide transmodiolar auditory implantation. They integrated preop-
erative CT scan data with real-time video from the surgical field
for 3D resin models. The study concluded that AR can provide the
sub-millimetric accuracy necessary to identify the extremities and
axis of the cochlear modiolus intraoperatively, potentially leading
to improved frequency stimulation and reduced electrode interfer-
ence compared to standard cochlear implantation.

Bautista et al. [8] developed a visualization system to support CI
surgery that integrated a semi-autonomous handheld surgical tool
with an optical tracking system and an operating microscope. The
microscope’s live view was augmented with AR-based guidance
to assist surgeons in positioning the tool and maintaining align-
ment during insertion. Their approach demonstrated promising tool
alignment performance, comparable to state-of-the-art methods.

Tian et al. [45] investigated the feasibility and accuracy of using
an HMD to guide the placement of bone-anchored hearing aid im-
plants. They projected 3D holographic models highlighting critical
anatomical features derived from preoperative CT scans onto the
surgical field of cadaveric heads to assist implant positioning. Re-
sults showed that the preoperative digital models corresponded well
with the actual implant positions reconstructed postoperatively.

Ito et al. [24] introduced a MR platform for lateral temporal bone
resection. Using patient-specific 3D models derived from preoper-
ative contrast-enhanced CT scans, they visualized holographic ren-
derings of critical anatomy directly superimposed on the surgical
field via a HMD. The authors concluded that using 3D holograms
with HMDs provides a revolutionary tool for assisting in the naviga-
tion of complex otologic and skull base surgeries where traditional
2D monitors lack sufficient intuitive depth perception.

MclJunkin et al. [35] developed a MR platform using a HMD
to visualize interactive 3D holograms of temporal bone anatomy
derived from CT scans projected onto physical cadaveric models.
The platform generated accurate, interactive representations of soft
tissue, bony landmarks, and internal ear structures to assist in lateral
skull base surgery. However, the registration error remained too
high for precise intraoperative use.

Hoing et al. [21] utilized digital microscopes with Picture-in-
Picture (PiP) displays to directly display intraoperative ECochG
potentials in the surgeon’s field of view. The study demonstrated
a positive effect of intraoperative ECochG visualization on residual
hearing preservation outcomes compared to those without PiP.

Eichler et al. [16] showed that digital visualization of intraoper-
ative ECochG in the surgeon’s field of view can facilitate real-time
feedback during CI insertion. In addition, simplified semantic visu-
alizations, such as color-coded arrows indicating signal health, have
proven to be as effective as complex raw graphs. This suggests that
XR overlays can effectively convey critical functional data without
distracting from the surgical task.

Shah et al. [43] and Saadya et al. [41] demonstrated how AR is
addressing the spatial uncertainty of the facial nerve’s course. Holo-
graphic overlays of the facial nerve, segmented from preoperative
imaging, were successfully projected onto the patient’s anatomy in
pilot studies, improving surgical confidence by providing a form of
”X-ray vision” and providing an effective tool for surgical planning
and education. Complementing these digital overlays, novel molec-
ular contrast agents like bevonescein are enabling fluorescence-
guided surgery, illuminating the nerve structure to provide visual
confirmation independent of electrical function [29].

3 FUTURE OF XR ENABLED INTRAOPERATIVE GUIDANCE
3.1 Vision

While important research has been conducted on intraoperative
guidance in TBS, a major limitation of current systems is that crit-
ical data streams remain siloed, requiring surgeons to mentally in-
tegrate information from electrophysiological monitoring, imaging,



and preoperative planning. Although Al models already exist that
process individual modalities (for example, for electrocochleogra-
phy analysis, anatomical segmentation, and preoperative-to-real-
time image alignment) these approaches largely operate in isola-
tion. Al-based fusion models that integrate multimodal data into
unified, intuitive AR overlays, combined with real-time microscope
views, could enable faster interpretation and more effective intra-
operative decision-making. Moreover, predictive models leverag-
ing multiple modalities could provide early warnings and introduce
non-intrusive redundancy by cross-validating spatial, imaging, and
physiological signals, thereby enhancing surgical safety. Intelli-
gent, real-time path planning could further assist surgeons in adapt-
ing to unforeseen challenges encountered in the operating room.

3.2 Challenges and Potential Solutions

Despite its conceptual promise, intelligent XR-based intraoperative
guidance has not yet achieved widespread clinical adoption in TBS.
This gap reflects not a lack of technical feasibility, but the conver-
gence of unresolved challenges, both general to surgical guidance
and specific to the high-stakes nature of TBS, which demands ex-
ceptional levels of validation, reliability, and trustworthiness. Ad-
dressing these challenges is essential to enable safe and effective
intraoperative use.

3.2.1 Challenges Common to Multiple Surgical Domains

Intraoperative guidance systems must operate under strict latency
constraints to ensure that visual overlays, warnings, and navigation
cues remain perceptually aligned with the surgeon’s actions. How-
ever, many state-of-the-art Al models are computationally intensive
and ill-suited for low-latency inference in resource-constrained en-
vironments. Achieving real-time deployment necessitates the use
of techniques such as model optimization and pruning, knowledge
distillation, and compact architectures, all while maintaining a bal-
ance between performance, efficiency, and robustness.

Furthermore, real-time guidance pipelines should be structured
hierarchically, with lightweight models providing immediate alerts,
coarse tracking, and safety warnings, and more computationally de-
manding models running asynchronously for higher-level reason-
ing, uncertainty estimation, or post hoc analysis. Additionally, edge
and embedded inference performed directly on devices integrated
into the surgical microscope or HMD, supported by dedicated on-
board parallel processing, can mitigate latency and reliability issues
and ensure consistent performance under high computational load.

Long-duration surgical procedures impose significant physical
and cognitive demands on surgeons, and current HMDs are of-
ten perceived as bulky and heavy, leading to neck strain and fa-
tigue [15, 10]. Consequently, hardware design should prioritize
lightweight, ergonomic HMDs with balanced weight distribution
and adjustable support systems to minimize physical strain during
extended use. At the same time, intraoperative guidance must be
presented in an intuitive and contextually relevant manner to avoid
information overload, distraction, and errors. Interfaces should
be designed using principles from human—computer interaction
and human—computer integration such as hierarchical information
layering, context-aware alerts, adaptive display prioritization, and
gaze- or gesture-based interaction.

Beyond physical and interface considerations, psychological
barriers, particularly trust, remain a major challenge for clinical
adoption. While Al assurance mechanisms addressing explainabil-
ity, transparency, accuracy, and reliability [7] are essential, educa-
tion, training, and familiarity also play a critical role in enabling
acceptance and effective use [3].

Effective integration of XR-based guidance into the surgical
workflow is critical to avoid disrupting sterile technique or re-
stricting surgeon movement. HMDs, microscope adapters, and
additional cabling can interfere with instrument handling and the

overall ergonomics of the operating room. To address these chal-
lenges, AR displays can be incorporated directly into existing sur-
gical microscopes or eyepieces, minimizing additional hardware in
the field. Lightweight, ergonomically designed HMDs and ster-
ile draping solutions will reduce physical and sterility-related con-
straints. Wireless, low-latency data links will eliminate cumber-
some cables, while gesture- and eye-tracking interfaces, already
available in some HMDs, enable intuitive, hands-free control of
AR content, allowing surgeons to interact with guidance systems
without breaking focus or compromising sterility.

A recent systematic review highlighted several ethical challenges
associated with the intraoperative use of AR in surgery, includ-
ing the “datafication” of patients and potential erosion of the pa-
tient—physician relationship [49]. These concerns can be mitigated
through robust data governance frameworks, strict ethical stan-
dards, and clear communication with patients. The review also em-
phasized the risk of “negative training,” whereby surgeons may in-
advertently acquire inappropriate behaviors through over-reliance
on digital overlays. This can be addressed by ensuring AR com-
plements rather than replaces core surgical skills and by reinforc-
ing training through structured curricula and simulation without
AR [49]. In addition, the high cost of AR hardware, software li-
censes, and tracking infrastructure may limit adoption and exacer-
bate inequities in surgical care [33], motivating the development
of cost-effective, modular systems, shared institutional resources,
open-source platforms, and cloud-based or federated approaches.

Finally, regulatory approval requires clear evidence of patient
safety and clinical benefit, necessitating structured and robust val-
idation frameworks that demonstrate reliability, transparency, and
explainability before routine clinical adoption.

3.2.2 Specific Challenges for TBS

While data requirements and validation are challenges for intraop-
erative guidance systems in general, the specific technical and clin-
ical demands of TBS, (such as the small operating space, limited
maneuverability, and proximity to critical anatomy and microstruc-
tures, where even minor errors can be catastrophic) introduce addi-
tional constraints that must be addressed.

Data quality remains a critical challenge, particularly given the
sub-millimeter precision required in TBS. Many current intraoper-
ative modalities lack sufficient spatial resolution for accurate seg-
mentation, registration, and tracking. Although super-resolution
techniques may partially compensate, they are not substitutes for
true high-fidelity sensing, underscoring the need for parallel ad-
vances in acquisition hardware. Noise further complicates intra-
operative data use, for example, in electrophysiological modalities,
where signal quality varies across systems and conditions. While
preprocessing and denoising can offer partial mitigation, long-term
solutions will require hardware-level improvements and standard-
ized acquisition pipelines.

Most Al approaches require large, well-annotated datasets, yet
surgical data remain scarce, expensive to label, and highly hetero-
geneous. For example, standard practice varies across countries
and centers, with some requiring both CT and MRI imaging for
TBS, while others rely solely on CT. Both the spatial resolution of
these image datasets and the quality of electrophysiological mea-
surements vary considerably. Multi-center data consortia with stan-
dardized acquisition protocols, shared open benchmarks, and high-
fidelity simulated datasets could enable more robust training and
evaluation. Federated learning further supports collaborative model
development without direct data sharing, while annotation burdens
can be reduced through semi-supervised and active learning strate-
gies, as well as automated detection of noisy or inconsistent labels.

Robust validation is essential for the safe deployment of Al- and
XR-based intraoperative guidance systems, yet it remains largely
lacking in TBS. For instance, a recent review by Liu et al. [31],



which evaluated the quality of AI models in head and neck surgery
using the Al assurance framework introduced by Batarseh et al. [7],
found that most intraoperative Al models in TBS fail to meet these
standards, often lacking external validation, prospective testing, and
clinically meaningful performance metrics.

While multimodal data fusion can enhance robustness and pre-
cision through cross-validation and redundancy, integrating differ-
ent modalities for TBS (for example, electrophysiological mea-
surements with preoperative imaging and real-time microscopic
data) introduces additional complexities that necessitate rigorous
testing. Future validation efforts should adopt standardized, task-
specific evaluation protocols that reflect real-world surgical con-
straints. This includes benchmarking against expert performance,
assessing robustness to noise and anatomical variability, and per-
forming external validation across institutions and devices. Con-
tinuous post-deployment monitoring and model-updating pipelines
are also critical for detecting performance drift and maintaining
safety over time.

XR-based guidance introduces additional validation require-
ments beyond algorithmic performance. They should be evalu-
ated not only for spatial accuracy and registration fidelity, but also
for perceptual reliability, depth consistency, occlusion handling,
and temporal stability. Human-in-the-loop validation should assess
whether the displayed information is interpretable, actionable, and
non-distracting under realistic surgical conditions.

Finally, validation should follow a staged, risk-aware deploy-
ment pathway tailored to TBS. Initial testing on synthetic data and
cadaveric specimens can establish baseline performance under con-
trolled conditions. This should be followed by restricted studies in
the operating room, where the system operates in an observational
or advisory capacity without influencing surgical decisions. Only
after demonstrating safety, robustness, and clinical utility should
randomized controlled trials be conducted.

4 CONCLUSION

The future of intraoperative guidance in TBS lies in the conver-
gence of XR, Al, low-latency networks, advanced data acquisition,
and improved XR hardware. As Al models become more precise
and capable of fusing multimodal data, intelligent XR platforms
will provide unified, intuitive AR overlays that integrate micro-
scope views, imaging, and physiological signals. Predictive models
will deliver early warnings and real-time surgical planning, simul-
taneously cross-validating multiple modalities to introduce non-
intrusive redundancy. Coupled with advances in high-resolution,
low-noise data acquisition and lightweight, ergonomic HMDs, XR
may evolve into an almost invisible yet indispensable layer of the
surgical workflow. This has the potential to redefine the boundaries
of human precision and patient safety in TBS.
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