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Abstract

We conducted a comparative study of depth-based vs. marker-based registration in 20 phantom and
5 cadaver trials. Metrics included TRE, setup time, and usability scores. Depth-based registration
achieved mean TRE of 1.3 mm, close to marker-based 1.1 mm, but reduced setup time from 21 min
to 8 min. Surgeon surveys rated depth-based usability 30% higher, citing faster workflow integration.
Results confirm depth-based AR as a clinically viable alternative.

Keywords: comparative study; TRE analysis; usability evaluation; AR surgical navigation;
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1. Introduction

Augmented reality (AR) navigation has developed quickly in surgery, but registration is still the
main source of error and workflow delay. Recent studies have compared vision-based, depth-based,
and optical marker-based methods in phantom, cadaver, and limited clinical settings, showing trade-
offs between target registration error (TRE), setup time, robustness, and cost [1-4]. Marker-based
systems remain accurate but require line-of-sight, rigid markers, and repeated calibration, which
increases preparation and interrupts the operation [5,6]. Depth-based registration reduces manual
steps and aligns directly to surface geometry, but its accuracy can be affected by reflective tools, tissue
motion, partial views, and changes in lighting [7]. EasyREG presented compelling evidence for
depth-based markerless navigation, motivating comparative studies against marker-based systems
to assess clinical viability and adoption [8]. Reviews have pointed out that most studies use small
samples, single-site devices, and inconsistent evaluation metrics, which limit comparison and clinical
transfer [9]. Reported TRE values often reach the clinical threshold but vary with sensor quality,
surface coverage, and registration drift; very few works assess accuracy, setup time, and usability
under the same conditions [10,11]. In addition, direct head-to-head tests of depth-based and marker-
based systems with the same tasks are rare, and surgeon workload or integration cost is seldom
reported [12]. To address these gaps, this study carries out a comparative evaluation of depth-based
and marker-based registration in phantom and cadaver experiments, measuring TRE, setup time,
and structured usability scores. The main innovation is that accuracy, efficiency, and usability are
examined together under one AR navigation workflow, showing that depth-based registration can
approach marker-based precision while reducing setup time and improving user experience, thus
supporting its clinical application.

2. Materials and Methods

2.1. Sample and Study Area Description

This study included 20 phantom trials and 5 cadaver trials in a surgical research laboratory.
Phantom models were 3D-printed skulls with predefined landmarks, while cadaver heads had
preserved soft tissue to simulate real anatomy. Each sample was fixed in a stable frame during the
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experiments. This design ensured that both rigid models and realistic anatomical conditions were
tested for evaluating the registration systems.

2.2. Experimental Design and Control Group

Two registration methods were compared under the same navigation tasks. The experimental
group used depth-based markerless registration with a structured-light depth sensor. The control
group used conventional marker-based registration with rigid optical trackers. Both groups
performed identical procedures, including point alignment and osteotomy line guidance. The control
group was chosen because it represents the current clinical standard and provides a valid reference
to judge whether depth-based registration can achieve similar accuracy while reducing preparation
time [13].

2.3. Measurement Methods and Quality Control

Accuracy was assessed by calculating target registration error (TRE) as the Euclidean distance
between planned and registered landmark points. Setup time was measured from system
initialization to completion of registration, and usability was scored by surgeons on a 5-point Likert
scale. Each trial was measured independently by two observers, and each measurement was repeated
three times. If the difference between observers exceeded 0.5 mm, the data were rechecked. All
equipment was calibrated before experiments, planning procedures were standardized, and
observers were blinded to group assignment to reduce bias.

2.4. Data Processing and Model Formulas

Data analysis was performed with statistical software. Mean values and standard deviations
were calculated, and paired t-tests were used to compare groups, with significance set at p <0.05. A
regression model was used to describe the relation between TRE and setup time [14]:

TRE=y,+y, Tite;
where TRE; is the registration error in trial i, T; is the setup time, v, and vy, are coefficients, and

€; is the residual. In addition, a usability efficiency index was defined as [15]:

VB TREST

where S is the mean surgeon usability score, TRE is the average error, and T is the setup time.
These formulas provided a quantitative assessment of both accuracy and usability.

3. Results and Discussion
3.1. Comparison of Registration Accuracy (TRE)

Figure 1 shows that in phantom trials, marker-based registration achieved a mean TRE of ~1.1
mm (0.2 mm), while depth-based registration had mean TRE ~1.3 mm (+0.4 mm). In cadaver trials
the marker-based TRE remained around 1.2 mm, whereas depth-based TRE increased slightly to ~1.5
mm. The trends show that depth-based registration is slightly less accurate under more realistic
anatomy (as in cadavers), but still within a clinically acceptable range (often considered <2 mm).
These findings match observations in Groenenberg et al. (2024), which reported similar small
differences between marker-based and markerless errors for phantom specimens [16,17].
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Figure 1. Box plots show target registration error (TRE) for depth-based and marker-based registration in

phantom and cadaver trials.

3.2. Setup Time and Usability

According to Figure 2, depth-based registration reduced average setup time from about 21
minutes (marker-based) to 8 minutes (depth-based). Usability scores also favored depth-based
methods: surgeons rated depth-based workflow integration higher by ~30% over marker-based
workflows. This supports that not just accuracy but also operational efficiency and user satisfaction
are significantly improved with depth-based methods. Comparisons with studies show that depth,
optical, or image-based AR systems often prioritize reducing setup time and improving ease of use,
though seldom do they report both metrics together [18].

Figure 2. Bar charts compare setup time and surgeon usability scores between depth-based and marker-based

registration methods.

3.3. Regression and Correlation of TRE vs. Setup Time

We performed regression analysis between TRE and setup time over all trials. The model:
TRE=a+p-Time+e
yielded (3 = 0.03 mm/min, with intercept & = 0.9 mm, and R? = 0.78. The positive slope implies
that longer setup times tend to favour lower TRE, but with diminishing returns beyond ~15 min. The
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residuals show increasing variance in cadaver trials, indicating that anatomical complexity (e.g., soft
tissue, surface irregularity) contributes to reduced consistency. These findings echo results from more
recent ART (augmented reality tracking) studies, which observe that improvements in registration
accuracy require longer calibration or more precise sensors, but that gains plateau after a certain point
[19].

3.4. Limitations, Implications, and Comparison with Prior Work

While depth-based registration came close to marker-based in phantom settings, the increase in
TRE and variance in cadaver trials signals limitations. For example, depth sensors are sensitive to
surface reflectance, occlusion, and soft-tissue deformation, which degrade performance in real
anatomy. Prior studies (e.g., depth-based ARCUS) similarly noted that despite instant and markerless
alignment, the error in cadaver trials edges closer to or slightly exceeds 2 mm in some cases. Also,
usability surveys may be biased by user familiarity. Nonetheless, the combined improvements in
setup time and user satisfaction suggest depth-based registration is a viable alternative in many
surgical scenarios. For clinical translation, more trials on live patients, evaluation over longer surgery
durations (to assess drift), and integration of soft-tissue feedback will be necessary.

4. Conclusion

This study compared depth-based markerless registration with conventional marker-based
registration for AR-assisted surgical navigation in phantom and cadaver experiments. The results
showed that depth-based registration achieved a mean TRE close to marker-based accuracy while
reducing setup time by more than half and receiving higher usability scores from surgeons. The
innovation of this work lies in evaluating accuracy, efficiency, and usability together under the same
experimental conditions, which provides a comprehensive understanding of the clinical value of
markerless systems. The findings indicate that depth-based registration is a scientifically sound and
clinically relevant alternative that can streamline workflow and enhance user experience without
compromising precision. These results suggest strong potential for translation into real surgical
environments and broader adoption in computer-assisted interventions. However, the study is
limited by its small sample size and preclinical setting, and further research with larger patient
cohorts and longer intraoperative evaluations will be required to confirm the robustness and clinical
reliability of this approach.
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