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Figure 1: Virtual Bronchoscopy: a Segmentation and Planning Approach.

ABSTRACT

Bronchoscopic procedures targeting peripheral lung lesions pose
significant challenges due to patient-specific airway anatomy, un-
certainty in lesion accessibility, and high cognitive demands on
clinicians. While Artificial Intelligence (AI) has enabled reliable
segmentation of the bronchial tree from computed tomography (CT)
data, and commercial systems provide intraoperative navigation sup-
port, current workflows remain fragmented and offer limited assis-
tance for pre-procedural planning and spatial reasoning, motivating
us to frame bronchoscopy as a spatial and topological reasoning
problem and to propose immersive XR combined with assistive Al
as cognitive infrastructure in the operating room (Figure 1). In this
paper, we argue that bronchoscopy should be viewed as a spatial
and topological reasoning problem and that Extended Reality (XR),
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combined with assistive Al, can act as cognitive infrastructure in the
operating room. We outline how immersive, patient-specific XR en-
vironments can support bronchoscopic planning, lesion localization,
and procedural rehearsal while preserving clinical decision-making
authority and maintaining a low cognitive load. We further identify
open research challenges and opportunities for integrating XR and
Al into bronchoscopic workflows to improve procedural confidence,
safety, and effectiveness.

Index Terms: Bronchoscopy, Operating Room, Extended Reality,
Artificial Intelligence

1 INTRODUCTION

Lung cancer remains the leading cause of cancer-related mortality
globally, driving a critical clinical imperative for early diagnosis
through minimally invasive interventions [3]. Consequently, modern
flexible bronchoscopy has evolved to target increasingly periph-
eral pulmonary lesions, which, while offering the highest potential
for curative treatment, present significant accessibility challenges
due to the intricate and variable nature of patient-specific airway
anatomy [9]. The efficacy of these procedures is fundamentally
constrained by the high cognitive demands placed on the clinician,
who must navigate a complex bronchial “maze” where segments



often appear visually indistinguishable [7]. Traditionally, this task re-
quires the bronchoscopist to mentally reconstruct three-dimensional
(3D) anatomical structures from two-dimensional (2D) CT slices, a
process that relies heavily on spatial ability and experience and is
prone to interpretation errors [9]. This disconnect between the 2D
planning data and the dynamic 3D operative environment contributes
to inter-operator variability and limits diagnostic completeness, even
among experienced practitioners [7].

While technological advancements such as electromagnetic nav-
igation and robotic-assisted bronchoscopy have provided valuable
intraoperative guidance, a critical distinction must be drawn between
navigation and spatial planning. Current commercial systems pri-
marily function as execution aids, offering turn-by-turn guidance
during the procedure, yet they often fail to support the pre-procedural
cognitive process required to fully comprehend the topology of the
patient’s specific anatomy [9, 11]. Navigation assists in following a
path, whereas planning involves the strategic assessment of lesion
accessibility, the identification of anatomical barriers, and the selec-
tion of optimal approaches before the procedure begins. Existing
workflows remain fragmented, frequently isolating these planning
phases from the operative context and providing limited support for
the spatial reasoning required to effectively target distal airways.

We are implementing a modular XR system that integrates Al-
driven bronchial-branch segmentation with interactive visualization
on head-mounted displays. The pipeline consists of three key com-
ponents: (1) CT data preprocessing and segmentation via pre-trained
foundation models[14] on annotated airway datasets; (2) automatic
inference of lesion-to-trachea paths using graph traversal over fused
segmentation and voxel evidence, explicitly designed to tolerate
missing airway segments; and (3) immersive visualization within
Unity3D. Al algorithms now enable robust, automated segmentation
of the bronchial tree from CT data, creating detailed anatomical
maps that can be visualized immersively through XR devices to
enhance depth perception and spatial understanding beyond what
standard monitors allow [6]. However, segmentation alone is insuffi-
cient in distal and pediatric airways, where limited spatial resolution,
respiratory motion, and partial-volume effects frequently break topo-
logical continuity precisely in the regions most critical for lesion
targeting. In such cases, planning fails not because anatomy is
absent, but because connectivity is uncertain. We therefore argue
that bronchoscopic planning requires task-conditioned topological
inference: the ability to reason about plausible anatomical paths
between a lesion and the central airway tree, even when explicit
airway segments are missing. These limitations are particularly
acute in pediatric bronchoscopy, where airway diameters approach
imaging resolution limits and missing segments are common rather
than exceptional.

Our approach spans the full procedural continuum, from train-
ing to planning to intraoperative assistance. In the training phase,
we aim to enhance spatial reasoning and anatomical familiarity
through immersive, patient-specific simulations that allow trainees
to explore airway structures and practice navigation strategies in
a risk-free environment. In the pre-operative planning phase, our
focus is on reducing inter-operator variability and improving le-
sion targeting accuracy by enabling clinicians to assess accessibility,
identify anatomical challenges, and rehearse procedures within a
high-fidelity XR interface. Finally, while still under development,
our vision for intraoperative assistance includes real-time, heads-up
visualization of segmented anatomy and Al-suggested pathways,
designed to integrate seamlessly into the clinical workflow with-
out disrupting the sterile field. By addressing all three phases as
part of a unified cognitive support framework, we aim to standard-
ize performance, improve safety, and accelerate learning curves in
bronchoscopy [8, 12]. Finally, we outline key challenges and op-
portunities for embedding this cognitive infrastructure into clinical
workflows to improve effectiveness, and clinician confidence.

2 BACKGROUND AND CURRENT PRACTICE

Al advancements have revolutionized medical imaging by enabling
deep learning algorithms to rapidly convert CT data into high-fidelity
“digital twins” of patient anatomy, including bronchial trees and pul-
monary vasculature [11, 13]. In practice, this data is operationalized
through robotic platforms and electromagnetic navigation systems,
which provide virtual pathways to guide clinicians toward periph-
eral nodules [6, 1]. However, a significant disconnect persists; the
pre-procedural planning phase remains decoupled from these in-
traoperative tools, forcing clinicians to rely on the manual mental
reconstruction of 3D relationships from 2D slices [11, 6].

This fragmentation is exacerbated by the fact that current commer-
cial systems prioritize trajectory execution over genuine cognitive
support. Much like a GPS, they offer turn-by-turn guidance with-
out enhancing the clinician’s intrinsic topological understanding of
the anatomy [12]. Furthermore, these visualizations often ignore
critical factors like tissue deformation and the divergence between
static pre-operative images and the dynamic operative environment,
potentially leading to navigational errors due to a lack of real-time
uncertainty estimation [5].

3 BRONCHOSCOPY AS A SPATIAL REASONING PROBLEM

Navigating the tracheobronchial tree requires intense spatial and
topological reasoning, as clinicians must correlate a limited en-
doscopic view with complex, bifurcating anatomy susceptible to
respiratory deformation. The procedure’s success depends on main-
taining a robust mental model of sequential bifurcations to reach
peripheral targets [4]. Currently, the “mental reconstruction” of 2D
CT slices into a 3D path imposes a high cognitive load, forcing op-
erators to shift focus between the patient and multiple 2D monitors
[6]. This format necessitates constant mental rotation to align exo-
centric planning models with the egocentric operative view, creating
a spatial reasoning bottleneck [9, 11].

XR and advanced HCI paradigms address this by externalizing
spatial reasoning through Head-Mounted Displays (HMDs), merg-
ing anatomical maps directly with the operative field [6]. This shift
provides intuitive depth perception and anatomical clarity unattain-
able via 2D screens [9]. Supported by Al-driven segmentation, the
system functions as a "cognitive scaffold,” offloading the burden of
tracking airway segments. By transforming bronchoscopy from a
memory-intensive mapping task into a supported navigational pro-
cess, this integration standardizes performance and allows clinicians
to prioritize procedural safety and diagnostic accuracy [1].

4 OPEN RESEARCH CHALLENGES

Despite promising advances in integrating XR and Al into bron-
choscopic workflows, key research challenges remain before these
technologies can become part of routine clinical care. A central tech-
nical limitation is the inadequate handling of anatomical uncertainty,
as current navigation systems rely on static pre-operative models
that do not reflect respiratory motion or tissue deformation caused by
bronchoscope interaction [5]. This discrepancy creates a false sense
of security, necessitating the development of probabilistic visualiza-
tion models that can communicate registration errors and potential
anatomical shifts to the clinician in real-time, effectively mitigat-
ing the risks associated with "’brain shift” phenomena observed in
other neurosurgical contexts [5]. Furthermore, robustly linking this
3D anatomical model with the live endoscopic video feed presents
significant computer vision challenges. While techniques like Simul-
taneous Localization and Mapping (SLAM) and Neural Radiance
Fields (NeRF) show promise for markerless tracking [15], main-
taining accurate registration in the presence of visual artifacts such
as mucus, blood, or bubbles remains an open problem [2]. Future
work must develop Al-driven registration resilient to intraoperative
occlusions, ensuring alignment between the anatomical “map” and
operative “territory”.



Beyond technical accuracy, the integration of XR introduces com-
plex human factors that require rigorous evaluation, particularly
regarding cognitive load. While the goal of XR is to function as
cognitive infrastructure, there is a risk that overlaying excessive
information can lead to “crowding” of the visual field or “attention
bias,” in which the operator focuses more on the digital interface
than on the patient [5]. More granular, real-time assessment meth-
ods—potentially leveraging eye-tracking or biometric sensors—are
needed to ensure that these systems reduce rather than exacerbate
mental demand during critical procedural steps. Concurrently, evalu-
ation metrics must move beyond diagnostic yield or procedure time.
Recent studies highlight process-oriented measures, such as Struc-
tured Progress (SP) and Mean Intersegmental Time (MIT), which
capture the efficiency and systematic quality of navigation rather
than only final outcomes [3]. Adopting such metrics in clinical trials
will be essential to demonstrate that AI and XR not only help reach
the target but also standardize the navigation.

Finally, the widespread acceptance and adoption of these tech-
nologies hinge on overcoming practical implementation barriers.
Ergonomic limitations, such as the weight of HMDs causing dis-
comfort during prolonged procedures, and the limited battery life of
current hardware, continue to hinder routine use [6]. Moreover, the
high cost of advanced XR equipment and the steep learning curve
associated with mastering gesture or voice-controlled interfaces
present significant hurdles for resource-limited settings [12]. Future
work must prioritize the development of lightweight, cost-effective
hardware and intuitive user interfaces that integrate seamlessly into
the sterile operating room workflow, ensuring that the cognitive
benefits of XR and Al are accessible to a broader range of clinicians
and institutions [1],

5 DIScUSSION AND OUTLOOK

The position’s relevance to the XR4OR community lies in refram-
ing bronchoscopy as a challenge of spatial reasoning rather than
just manual dexterity. By replacing 2D cross-sections with 3D
holographic structures, we align the operative interface with innate
spatial cognition, reducing the mental effort required to translate
radiological data into motion [9]. This establishes XR as a criti-
cal bridge between preoperative planning and intraoperative reality,
enabling clinicians to identify targets more accurately and refine
surgical strategies in real time [11].

The success of this paradigm depends on the intersection of Al
and HCI. AI acts as the computational engine, automating the seg-
mentation of complex airways to create “digital twins” that standard-
ize performance across experience levels [3]. However, adoption
relies on HCI designs that respect the sterile field and ergonomic
constraints; while HMDs allow hands-free interaction, barriers such
as weight, battery life, and visual fatigue must be addressed to ensure
routine clinical viability [6].

Future research must pivot toward the dynamic intraoperative
environment, specifically addressing tissue deformation caused by
respiration and instrument contact [11]. Developing real-time, Al-
driven registration algorithms is essential to keep the 3D “map”
aligned with the changing “territory” [15]. Furthermore, evaluation
must move beyond diagnostic yield to quantify cognitive load reduc-
tion and situational awareness [1]. By fostering collaboration and
open-source validation protocols, we can transform Al and XR into
essential cognitive infrastructure that democratizes advanced surgi-
cal skills and enhances clinical precision [5, 15, 10]. By shifting the
focus from complete anatomical reconstruction to task-conditioned
topological reasoning, XR systems can better reflect how broncho-
scopists think under uncertainty, rather than forcing them to adapt to
brittle computational models.
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