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Abstract
Depth-only registration may suffer from sparse geometric cues in texture- | Keywords
rich anatomical regions. This study proposes a hybrid RGB—depth ‘
alignment framework that combines geometric depth constraints with | RGB-depth fusion;

photometric consistency optimization. The method jointly minimizes markerless
depth residual error and RGB gradient alignment using a multi-objective registration; AR
optimization scheme. Evaluation included 20 cadaveric craniofacial | Surgical guidance;
datasets and 15 phantom models. The hybrid approach reduced mean mult'i-o‘bje.ctive
registration error from 2.11 mm (depth-only) to 1.29 mm and improved optlmlzatzo.n;
pose stability by 22.4% over 60-second tracking intervals. Integration photqmetr (45
into a head-mounted AR system achieved 36 ms per frame processing consistency

time, supporting real-time surgical visualization.

INTRODUCTION

Augmented reality (AR) surgical navigation has become an increasingly important tool for
providing in situ visualization of patient-specific anatomy, surgical landmarks, and planned
trajectories. This capability is especially valuable in craniofacial and head-and-neck procedures,
where even millimeter-scale deviations may affect not only surgical safety and functional
preservation but also postoperative cosmetic outcomes. By projecting virtual anatomical
information directly into the surgeon’s field of view, AR systems can reduce attention shifts
between the patient and external monitors and improve spatial understanding during complex
procedures [1]. Recent clinical studies have shown that head-mounted AR platforms can enhance
intraoperative orientation and workflow continuity. At the same time, these studies consistently
indicate that image-to-patient registration remains the central factor governing overlay accuracy,
tracking stability, and overall clinical reliability [2]. In craniofacial applications, this challenge is
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further intensified by irregular surface geometry, partial visibility of anatomical regions, frequent
occlusion from hands and instruments, and continuous changes in illumination and head position
throughout the intervention [3,4]. Markerless registration has therefore attracted growing interest
because it reduces dependence on external fiducials and simplifies intraoperative workflow. With
the availability of RGB-D cameras and depth-enabled AR devices, intraoperative surface data can
be aligned directly with preoperative CT- or MR-derived models, creating a more compact and
flexible navigation pipeline. Recent work has demonstrated that depth-based markerless
registration and tracking can be implemented directly on AR devices for surgical guidance,
supporting the feasibility of lightweight and wearable image-guided systems in practical settings
[5]. Several studies have also reported promising results in neurosurgical and orthopedic scenarios,
indicating that markerless depth-guided alignment can achieve clinically meaningful performance
under selected conditions [6,7]. Despite this progress, depth-only registration still faces substantial
practical limitations. Consumer-grade or embedded depth sensors may produce noisy and spatially
inconsistent measurements, especially near reflective surfaces, occlusion boundaries, or steep
viewing angles [8]. Surface overlap may also be limited in regions with weak curvature or reduced
geometric distinctiveness. Outliers introduced by hair, drapes, specular reflections, blood
contamination, or temporary instrument interference can further degrade registration stability and
convergence reliability [9,10]. These issues are particularly pronounced in craniofacial anatomy,
where some facial regions contain rich visual appearance but only modest geometric variation,
making purely geometric alignment less stable during continuous tracking. To improve robustness,
several studies have attempted to incorporate additional priors or sensing cues beyond raw depth
alignment. Learning-based depth completion and surface reconstruction approaches have been
used to densify geometry when active depth sensing becomes sparse or unreliable [11]. Other work
has introduced anatomy-aware segmentation, task-specific masking, or procedure-oriented
filtering strategies to suppress outliers and improve repeatability [12]. These methods have shown
useful improvements in controlled experimental settings, yet their broader clinical applicability
remains uncertain. Many evaluations are based on small datasets, restricted viewing conditions, or
highly specific procedures, which makes it difficult to determine whether the reported gains can
generalize across diverse anatomical structures, surgical scenes, and hardware platforms [13]. In
addition, methods that rely heavily on task-specific priors may become less effective when
anatomical exposure, imaging quality, or surgical setup differs from the training or validation
environment. A related body of research in robotics, AR/VR tracking, and visual localization
suggests that pose estimation can be improved by combining geometric and photometric
constraints rather than relying on geometry alone [14]. Modern SLAM and visual-inertial
odometry systems frequently integrate RGB-D information to reduce drift, improve robustness to
local ambiguity, and stabilize pose estimation under challenging scene conditions [15]. More
recent RGB-D odometry studies have further shown that the joint optimization of point-based
structure, edge information, and direct image alignment can improve performance under varying
texture distributions and incomplete geometric coverage [16]. These findings are highly relevant
to surgical navigation. Depth residuals provide metric consistency and anatomical shape
correspondence, whereas photometric cues provide dense directional information that can remain
informative when geometric structure is sparse, locally repetitive, or partially degraded [17]. In
principle, the two modalities offer complementary constraints, and a hybrid formulation may
therefore produce more stable alignment than either modality alone. Photometric optimization has
already been incorporated into a variety of bundle adjustment, direct registration, and geometric
matching frameworks. Several recent methods have introduced joint geometric—photometric
objective functions to improve alignment accuracy in RGB-D and LiDAR-based systems [18].
Even so, direct translation of these techniques to surgical navigation is not straightforward.
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Intraoperative lighting conditions are highly variable. Surface appearance may change because of
blood, moisture, shadowing, soft-tissue deformation, or instrument interaction. Depth sensing
itself may also be degraded by reflective materials or rapid motion [19]. Moreover, large and well-
annotated RGB-D surgical datasets remain limited compared with the datasets available in
mainstream computer vision, robotics, and autonomous navigation research [20]. These
constraints reduce the practicality of methods that depend on highly stable photometric
assumptions or extensive data-driven tuning. As a result, purely photometric and purely geometric
strategies both face limitations when deployed in realistic AR-guided surgery. Current research
therefore still leaves several important gaps. Many markerless AR studies report encouraging
registration accuracy, but they often involve relatively small cohorts, short tracking intervals, or
controlled acquisition conditions that do not fully represent the demands of continuous
intraoperative use [21]. Depth-only methods remain sensitive to sparse geometry, partial overlap,
and measurement outliers [22]. Existing hybrid approaches, although conceptually attractive, often
lack validation under clinically realistic conditions while also meeting the strict latency
requirements of head-mounted AR systems [23]. For craniofacial and head-and-neck navigation
in particular, the need is not only for accurate initial registration but also for stable continuous
alignment under changing viewpoints, partial occlusion, and heterogeneous local texture. This
makes computational efficiency as important as geometric precision, since excessive optimization
cost can undermine the real-time usability required in surgical environments. In view of these
limitations, a practical registration framework for AR surgical navigation should satisfy several
conditions simultaneously. It should exploit the metric reliability of depth observations without
being overly dependent on strong geometric curvature. It should also use photometric information
in a way that improves alignment sensitivity in visually informative regions while remaining robust
to lighting variation and transient appearance disturbance. At the systems level, it must maintain
sufficiently low computational overhead to support continuous tracking on wearable or compact
AR hardware. These requirements are particularly relevant in craniofacial surgery, where exposed
anatomy often includes both geometrically smooth regions and visually distinctive local structures,
and where navigation errors can have direct consequences for reconstruction accuracy, implant
placement, and postoperative symmetry. Motivated by these considerations, this study proposes a
hybrid RGB—depth markerless registration framework for AR surgical navigation. The proposed
method jointly minimizes depth residual error and RGB gradient misalignment within a multi-
objective optimization formulation, allowing geometric shape consistency and appearance-based
alignment cues to contribute simultaneously to pose estimation. This design is intended to improve
registration robustness in regions where geometric structure alone provides insufficient
constraints, while preserving the computational efficiency required for real-time deployment on
head-mounted AR systems. The framework is evaluated on cadaveric craniofacial datasets and
phantom models to assess registration accuracy, pose stability during continuous tracking, and
end-to-end system latency in a practical AR environment. The significance of this study lies not
only in improving numerical registration performance, but also in providing an efficient and
clinically relevant strategy for more reliable markerless AR guidance in anatomically complex and
high-demand surgical scenarios. By demonstrating the value of integrating geometric and
photometric constraints within a real-time navigation pipeline, this work aims to advance the
development of wearable AR systems that are more stable, accurate, and applicable to practical
surgical workflows.

2.Materials and Methods

2.1 Sample and Study Setting

The study included 20 cadaveric craniofacial specimens and 15 rigid phantom head models used
for navigation validation. Cadaveric specimens were obtained through an institutional body
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donation program and preserved under standard laboratory conditions. Each specimen underwent
preoperative CT scanning with isotropic voxel spacing below 0.6 mm. The phantom models were
produced using industrial 3D printing based on anonymized craniofacial CT data and contained
predefined anatomical landmarks for accuracy evaluation. All experiments were performed in a
surgical simulation laboratory equipped with a head-mounted augmented reality (AR) device and
an integrated RGB-D sensor. Lighting conditions were adjusted to resemble those in an operating
room. Each dataset included multiple head poses and partial occlusions to reflect typical
intraoperative situations.
2.2 Experimental Design and Control Setup
A comparative experimental design was used to assess registration accuracy and tracking stability.
The experimental group applied the proposed hybrid RGB—depth registration method. The control
group used a depth-only iterative closest point (ICP) surface alignment method with the same
initialization and preprocessing steps. For each specimen and phantom model, five independent
trials were performed with random initial offsets ranging from 10 to 15 mm in translation.
Continuous tracking performance was evaluated over 60-second intervals while controlled head
movements were introduced. This design allowed evaluation of the additional contribution of
photometric constraints under identical geometric input data, hardware conditions, and evaluation
procedures.
2.3 Measurement Methods and Quality Control
Registration accuracy was evaluated using target registration error (TRE) calculated at predefined
anatomical landmarks distributed across the craniofacial surface. Reference landmark coordinates
were extracted from CT-based 3D models and verified by two independent observers. During AR
visualization, projected landmark positions were recorded and compared with reference
coordinates using an external optical tracking system with submillimeter precision. Tracking
stability was assessed by calculating the variance of transformation parameters across consecutive
frames. Each experiment was repeated three times to ensure repeatability. Sensor calibration was
performed before each session using a checkerboard pattern and a depth calibration target. Frames
affected by temporary occlusion or sensor signal loss were identified using predefined statistical
thresholds and excluded according to a consistent protocol.
2.4 Data Processing and Model Formulation
RGB and depth streams were synchronized before processing. Depth data were filtered using
bilateral smoothing, and surface normals were estimated for point cloud alignment. Voxel grid
down-sampling was applied to reduce computational load while preserving geometric structure.
The hybrid optimization minimized a combined objective function defined as
E:}"dEd—"_}"pEp
where E4 denotes the depth residual term and E, represents the photometric alignment term. The
depth residual was calculated as
% ,
E=y; ) 1Tpq)
i=1

where p, and g, are corresponding points and T is the rigid transformation matrix. The photometric
term was computed using gradient differences between projected model points and RGB image
observations. Parameter estimation was performed using an iterative Gauss—Newton method until
convergence criteria were satisfied.

Performance metrics included mean TRE, root mean square error (RMSE), and a pose stability
index (PSI), defined as
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where Tjrepresents the transformation at frame j and T denotes the mean transformation over time.

2.5 Statistical Analysis

Statistical analysis was conducted to compare the hybrid and depth-only methods. Normality of
the error data was examined using the Shapiro—Wilk test. For normally distributed variables, paired
t-tests were applied to compare mean TRE and RMSE values. When normal distribution was not
satisfied, the Wilcoxon signed-rank test was used. Effect size values were calculated to indicate
the magnitude of differences. Statistical significance was defined as p < 0.05 with a 95%
confidence interval. Results are reported as mean + standard deviation across repeated trials.
3.Results and Discussion

3.1 Registration accuracy across cadaveric and phantom datasets

Across the cadaveric and phantom datasets, the hybrid RGB—depth method produced lower target
registration error (TRE) than the depth-only approach. The improvement was more evident in areas
with low surface curvature or partial occlusion. These regions usually provide limited geometric
constraints, which increases the risk of unstable alignment when only depth information is used.
Similar observations have been reported in recent marker-less mixed-reality navigation studies,
where incomplete or noisy depth data reduced alignment reliability. For example, improved
surface representation has been shown to enhance landmark-based registration performance in
mixed-reality surgical navigation [24,25]. Fig.1. Depth-quality differences that affect registration
robustness. The present findings indicate that integrating photometric constraints compensates for
weak geometric features. The combined optimization improves convergence stability and reduces
sensitivity to local surface ambiguity. This behavior is consistent with established principles in
multi-sensor alignment, where complementary information improves solution robustness under
imperfect sensing conditions.

(a) RGB Image (b) Croped Original Depth Image (c) 3D Geometry Mesh

(d) Reprojected Depth Image (e) Interpolated Depth Image (f) NeRF-Rendered Depth Image

Fig.1.Effect of depth data quality on registration stability in marker-less mixed-reality surgical navigation.
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3.2 Pose stability during continuous tracking

During 60-second tracking intervals, the hybrid framework demonstrated lower transformation
variance compared with the depth-only pipeline. Reduced frame-to-frame fluctuation indicates
improved pose stability, particularly under moderate head motion and short occlusion events. In
clinical AR systems, small pose deviations can lead to visible overlay drift, which may decrease
user confidence and interrupt workflow. Previous reports on AR navigation in head and neck
surgery have identified drift and sensitivity to environmental changes as persistent limitations
[26,27]. The current results suggest that adding RGB gradient alignment provides additional
directional information when depth measurements become unstable. This supplementary
constraint reduces pose jitter and supports smoother visualization. The improvement is not limited
to static accuracy but extends to temporal consistency, which is essential for real-time surgical
guidance.

3.3 Runtime performance and real-time feasibility

The proposed system achieved an average processing time of 36 ms per frame, meeting real-time
requirements for head-mounted AR devices. Maintaining low latency is critical because excessive
delay may cause misalignment between user motion and visual feedback. Several marker-less
surgical navigation studies have emphasized that computational efficiency is necessary for clinical
adoption [28,29]. In this framework, the photometric term was implemented using gradient-based
residuals, which require limited additional computation. The optimization strategy preserved
efficient convergence while maintaining metric accuracy through the depth residual term. These
results demonstrate that combining geometric and photometric information does not necessarily
compromise processing speed when the objective function is properly structured.

3.4 Comparison with existing clinical workflows and implications

Compared with previously reported AR navigation workflows in craniomaxillofacial and head-
and-neck surgery, the hybrid method offers improved alignment robustness without requiring
external markers. Many existing systems rely on point-based initialization or manual refinement
steps. Although effective, such procedures increase preparation time and introduce operator-
dependent variability. Fig.2. AR navigation workflow commonly used in clinical-style systems,
highlighting registration and intraoperative refinement steps.The present results indicate that joint
RGB-depth optimization strengthens constraint diversity while maintaining workflow simplicity.
The approach is particularly relevant for craniofacial applications, where noninvasive and
repeatable registration is preferred. Improved temporal stability and reduced alignment error may

enhance practical usability in high-precision surgical scenarios.
(A) 1 (B) =

Generate Virtual Upload to AR . .
Surgical Plan ) | oadset ™= AR Registration

Fig.2.Standard augmented reality surgical navigation workflow showing registration and intraoperative
adjustment steps.
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4.Conclusion

This study presented a hybrid RGB—depth markerless registration method for augmented reality
surgical navigation and evaluated its performance using cadaveric craniofacial specimens and
phantom models. The findings showed that combining depth-based geometric alignment with
RGB gradient information reduced registration error and improved pose stability compared with a
depth-only approach. The method maintained real-time processing on a head-mounted AR system.
The joint objective improved alignment reliability in areas with weak geometric features and
during short periods of occlusion or lighting change. These results indicate that integrating
complementary visual cues enhances spatial consistency in surgical AR systems. The proposed
framework may support craniofacial and head-and-neck procedures that require high accuracy
without external markers. However, the experiments were conducted in a controlled laboratory
environment and did not fully represent clinical conditions such as bleeding, tissue deformation,
or complex lighting. Although the dataset size exceeded that of many preliminary studies, broader
anatomical variation was not covered. Further studies should include clinical validation,
assessment under deformable tissue conditions, and additional optimization to ensure stable
performance during longer surgical procedures.
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