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Abstract. Pedicle screw placement requires accurate reasoning about
complex three-dimensional anatomy. While virtual reality has become a
promising platform for surgical planning and guidance, existing systems
typically communicate only a single recommended trajectory, providing
limited information about the confidence associated with that recommen-
dation. As artificial intelligence (AI) becomes increasingly integrated into
surgical navigation, communicating confidence may improve human—AlI
collaboration. We compare conventional deterministic guidance with two
uncertainty-inspired guidance corridors that communicate confidence us-
ing blur and colour. As a proof of concept, we conducted a user study
to evaluate performance, user perception, and visualization preference
using parameterized rather than model-derived confidence. No signifi-
cant differences were observed in entry-point error, tip-point error, task
completion time, or screw adjustments between guidance representations.
Angular deviation differed significantly, with deterministic guidance pro-
ducing the smallest deviation. Subjective trajectory-understanding rat-
ings showed the largest numerical difference across conditions, although
this difference was not statistically significant. Nevertheless, 11 of 14
participants preferred a confidence-aware representation. These findings
support further investigation of confidence-aware visualization for future
Al-assisted surgical navigation systems.

Keywords: Virtual reality - Image-guided surgery - Pedicle screw place-
ment - Al-assisted surgical guidance - Uncertainty visualization

1 Introduction

Pedicle screw fixation is the standard technique for stabilizing the spine in the
treatment of trauma, deformity, degenerative disease, and spinal instability. Ac-
curate screw placement is essential, as cortical breach may compromise fixation
or result in neurological or vascular injury [1,2]|. Achieving accurate placement
requires surgeons to reason about complex three-dimensional vertebral anatomy
while selecting a safe and biomechanically appropriate screw trajectory [3].
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Computer-assisted planning and navigation have substantially improved pedi-
cle screw placement through patient-specific planning and trajectory guidance [4].
Recently, virtual and mixed reality (VR/MR) systems have emerged as promising
platforms for surgical planning, navigation, and education by enabling immer-
sive visualization and intuitive interaction with patient-specific anatomy [5-8].
Despite these advances, existing systems almost universally communicate guid-
ance using a single recommended trajectory [9]. As surgical planning becomes
increasingly data-driven, communicating confidence alongside a recommended
trajectory may become essential for Al-assisted guidance [10].

Artificial intelligence (AI) is rapidly being integrated into surgical planning,
navigation, and clinical decision support. Al-based systems are increasingly be-
ing used to recommend surgical trajectories, implant positioning, and operative
plans. However, these recommendations inevitably contain uncertainty arising
from medical imaging, segmentation, registration, tracking, and planning algo-
rithms [11]. Improving predictive accuracy alone is therefore insufficient; clini-
cians must also develop an appropriate level of trust in Al-generated recommen-
dations. Overtrust may encourage automation bias and inappropriate reliance,
whereas undertrust may cause clinicians to disregard useful guidance [12]. Conse-
quently, Al-assisted navigation systems need to communicate not only a recom-
mended trajectory but also the confidence associated with that recommendation.

Visualization research has shown that uncertainty can be effectively commu-
nicated using visual encodings such as colour, transparency, blur, and probabilis-
tic representations, improving users’ understanding of system reliability without
substantially increasing cognitive workload or degrading task performance [13—
15]. More recently, uncertainty visualization has been shown to improve trust
calibration in Al-assisted decision making by helping users appropriately inter-
pret model confidence and limitations [16,12]. However, most prior work has
focused on medical image analysis, visualization, or diagnostic decision support,
while comparatively little is known about how uncertainty should be communi-
cated during immersive surgical guidance. Before uncertainty estimates can be
effectively incorporated into Al-assisted surgical guidance, it is important to un-
derstand how different visualization strategies influence user perception, trust,
and decision making during interactive guidance.

In this work, we investigate confidence-aware visualization for pedicle screw
guidance in VR. Specifically, we compare conventional deterministic guidance
with two uncertainty-inspired representations that communicate confidence us-
ing blur and colour. Through a controlled within-subjects user study, we examine
their effects on objective performance, trust, confidence, and perceived under-
standing of the range of acceptable trajectories. The study provides an initial
empirical characterization of how alternative confidence visualization strategies
are perceived and used during an immersive surgical guidance task.
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2 Methods

A VR environment was developed in Unity and deployed on a Meta Quest 3
head-mounted display. The system enables users to inspect patient-specific ver-
tebral anatomy and position a virtual pedicle screw using natural mid-air hand
interaction. Figure 1 provides an overview of the system and the three evaluated
guidance representations.

BASELINE HEATMAP

Table Handle

Fig. 1. Overview of the VR user study and the three guidance representations: deter-
ministic (Baseline), Blur Corridor, and Heatmap Corridor.

2.1 VR Environment

Segmented vertebrae (L1, L2, and T10) from a single CT scan of a real patient
from the Cancer Imaging Archive [17] were imported into Unity as anatomical-
scale 3D meshes. A virtual pedicle screw was represented as a rigid-body object
that could be grasped and manipulated using the Quest 3’s built-in hand track-
ing. Two reference points located at the screw entry and tip recorded the final
screw position and orientation for subsequent analysis.

2.2 Guidance Representations

Pedicle screw guidance was based on a reference trajectory connecting a pre-
defined entry point and target point within the vertebral body. The trajectory
was generated offline using anatomical heuristics based on pedicle geometry and
accepted surgical planning guidelines [4, 18]. The entry point was selected on the
posterior elements of the vertebra, while the target point was positioned within
the vertebral body to maximize screw purchase while avoiding cortical breach.
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Three guidance representations were evaluated (Fig. 1). The deterministic
condition represented conventional surgical guidance using a single line indicat-
ing the recommended screw trajectory. The remaining two conditions represented
the recommendation as a guidance corridor inspired by uncertainty visualization
techniques, with confidence encoded around the reference trajectory. To evalu-
ate the visualization independently of a specific uncertainty-estimation method,
the displayed confidence was intentionally parameterized rather than estimated
from an underlying model and should be interpreted as a representative visual-
ization rather than a measure of true planning uncertainty. The corridor radius
was selected empirically to remain clearly visible while minimizing occlusion of
the vertebral anatomy and was held constant across both corridor conditions.

In the Blur Corridor, confidence was communicated using image blur, with
sharper regions indicating higher confidence and progressively blurred regions
indicating lower confidence. The corridor was wider at the entry point and the
target point and narrower at the pedicle, allowing participants to explore the
range of acceptable trajectories by varying the angular deviation while remaining
within the constrained pedicle region. In the Heatmap Corridor, confidence was
communicated using colour, with warmer colours indicating higher confidence
and cooler colours indicating lower confidence. Blur- and colour-based encodings
were selected because they are widely used techniques for visualizing uncertainty
while preserving spatial context [11,13,15].

2.3 Study Design

A within-subjects study compared three guidance representations: deterministic,
Blur Corridor, and Heatmap Corridor. Participants completed 18 pedicle screw
placement trials (three vertebrae x two pedicles X three guidance representa-
tions). Guidance representation order was counterbalanced, while vertebral level
and pedicle side followed a fixed sequence within each condition.

2.4 Procedure

Participants first signed a consent form and completed a pre-questionnaire. The
researcher then explained the study objectives before providing a tutorial in-
troducing pedicle screw placement, the VR environment, and the guidance rep-
resentations, followed by a practice trial. Participants subsequently completed
the experimental trials for each guidance representation. After each condition,
they completed a questionnaire assessing confidence in their placement, trust in
the guidance, visualization clarity, understanding of the recommended trajec-
tory, and understanding of safe screw placement. Following all three conditions,
a post-test questionnaire was completed.

2.5 Measures

Objective measures included entry-point error, tip-point error, angular devia-
tion, task completion time, and the number of screw readjustments. Subjective
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Table 1. Participant demographics and prior experience. Experience ratings were col-
lected on a 7-point Likert scale (1 = none/not at all familiar, 7 = extensive/extremely
familiar).

Demographics Value ‘Experience /Familiarity Value
Participants 14 VR/MR experience 4.64 +2.06
Age (years) 27.1 = 4.1|Video game experience 5.36 £ 1.74
Female / Male 6/8 Spinal anatomy familiarity 2.43 +1.60
Medical background 1 / 13 Pedicle screw familiarity 1.86 + 1.03
AT familiarity 5.71+0.83

Image-guided surgery familiarity 2.57 £+ 1.60

measures included confidence, trust, visualization clarity, subjective trajectory
understanding, and understanding of safe screw placement corridors, each rated
on a 7-point Likert scale. The post-study questionnaire additionally assessed
overall preference, perceived usefulness for learning, communication of confi-
dence, and qualitative feedback.

3 Results

The guidance representations were evaluated through objective performance
measures, post-condition questionnaires, and post-study preference rankings.

3.1 Participants

A priori power analysis (G*Power) for a repeated-measures ANOVA (« = 0.05,
f = 0.40, three conditions) indicated a minimum sample size of 12 participants.
Fourteen participants (age: 27.1 + 4.1 years; 8 male, 6 female) were recruited.
One participant had a medical background, while the remaining participants
were recruited from computer science and related disciplines. All participants
provided informed consent under institutional ethics. Participant demographics
and prior experience are summarized in Table 1.

3.2 Objective Performance

Performance measures were averaged across the six trials for each guidance rep-
resentation. Table 2 summarizes the performance measures. Performance did
not differ significantly across guidance representations for task completion time
(x%(2) = 4.43, p = 0.109), entry-point error (x%(2) = 1.29, p = 0.526), tip-
point error (F(2,26) = 1.70, p = 0.203), and the number of screw adjustments
(x2(2) = 3.37, p = 0.185). Guidance representation significantly affected angu-
lar deviation (yx?(2) = 13.0, p = 0.002, W = 0.46). Post hoc Durbin-Conover
comparisons with Holm correction showed that the Heatmap Corridor differed
significantly from both the Blur Corridor (p = 0.011) and the deterministic rep-
resentation (p < 0.001). However, no significant difference was found between
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Fig. 2. Distribution of objective performance measures across the three guidance rep-
resentations.

the Blur Corridor and the deterministic representation (p = 0.057), with the de-
terministic representation yielding the lowest median angular deviation (2.20°),
followed by the Blur Corridor (3.88°) and the Heatmap Corridor (5.15°).

3.3 Perception of the Guidance

Following each guidance representation, participants rated confidence in their
final screw placement, trust in the guidance, visualization clarity, subjective
trajectory understanding, and understanding of safe screw placement (Table 3).

Several subjective questionnaire measures violated the normality assumption;
therefore, Friedman tests were used to compare ratings across the three guidance
representations. No significant effect of guidance representation was found for
confidence (x2(2) = 0.61, p = 0.739, W = 0.02), trust (x%(2) = 1.00, p = 0.607,
W = 0.04), visualization clarity (x2(2) = 2.00, p = 0.368, W = 0.07), subjective
trajectory understanding (y%(2) = 5.38, p = 0.068, W = 0.19), or perceived safe
screw placement (y2(2) = 0.71, p = 0.701, W = 0.03). Subjective trajectory
understanding showed the largest numerical difference across conditions (W =
0.19), although the omnibus test was not statistically significant (p = 0.068).
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Table 2. Descriptive statistics and repeated-measures test results by guidance repre-
sentation (N = 14). Medians are reported except for Tip Point Error (mean; repeated-
measures ANOVA). Shared superscripts indicate no significant pairwise difference
(Holm-corrected, a = 0.05).

Metric Deterministic Blur Heatmap Test Statistic p

Task Completion Time (s) 23.1¢ 277 24.7° X2(2) = 4.43  0.109
Entry Point Error (mm) 13.4¢ 13.0*  12.6¢ X*(2) =1.29 0.526
Tip Point Error (mm) 9.0¢ 10.5%  10.9*  F(2,26) = 1.70 0.203
Angular Deviation (°) 2.20° 3.88%  5.15° x?(2) =13.0 0.002
Number of Adjustments 0.83 1.42*  1.17¢ x*(2) =3.37 0.185

Table 3. Participant ratings following each guidance representation (mean £ SD, 7-
point Likert scale).

Measure Deterministic Blur Heatmap P

Confidence 550+ 1.16 5.71 +£1.38 5.79 £+ 1.31 0.739
Trust 5.86 £ 0.95 5.78 £ 1.25 6.21 + 1.05 0.607
Clarity 6.29 £ 091 5.64 £ 1.23 6.21 £ 0.93 0.368
Trajectory understanding 464 +1.86 5.93 £0.96 6.21 + 0.86 0.068
Safe placement 5.64 £1.39 6.07 £0.96 5.92 £ 1.22 0.701

3.4 Visualization Preference

Participants completed a post-study questionnaire comparing the three guidance
representations. Consistent with the post-condition ratings, 11/14 participants
preferred one of the confidence-aware guidance representations over the conven-
tional deterministic trajectory representation. The blur corridor was ranked as
the overall preferred representation by 6 participants, followed by the heatmap
corridor (5) and the deterministic representation (3).

The confidence-aware representations were preferred for different reasons.
The Heatmap Corridor was most often selected as best communicating confi-
dence in the guidance (7/14), inspiring confidence in screw placement (5/14),
and supporting learning of pedicle screw placement (5/14). In contrast, the Blur
Corridor was most often preferred for pedicle screw guidance (6/14) and for
understanding where screws could be safely placed (6/14).

Qualitative feedback highlighted complementary strengths of the two confidence-
aware representations. Participants described the Blur Corridor as intuitive be-
cause it clearly conveyed the region surrounding the recommended trajectory,
whereas the Heatmap Corridor effectively communicated gradual changes in con-
fidence along the trajectory. In contrast, the deterministic representation was ap-
preciated for providing a precise reference path but was frequently criticized for
conveying little information beyond the recommended trajectory. Several par-
ticipants suggested combining the Blur and Heatmap Corridors, indicating that
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future confidence-aware guidance may benefit from simultaneously communicat-
ing a clear reference trajectory and confidence information.

4 Discussion

This work serves as a proof-of-concept investigation of how confidence-aware vi-
sualization influences pedicle screw placement in virtual reality. Confidence was
intentionally parameterized rather than derived from an Al planning algorithm,
allowing the visualization strategies to be evaluated independently of a specific
uncertainty-estimation method. The findings therefore do not demonstrate how
confidence-aware guidance would behave with real Al-derived uncertainty (e.g.,
from segmentation, registration, tracking, or planning algorithms), but provide
initial insight into visualization designs that future Al-assisted navigation sys-
tems might build upon.

Subjective ratings did not differ significantly across guidance representations,
including for subjective trajectory understanding. While not statistically sig-
nificant, trajectory understanding showed the largest numerical difference be-
tween conditions. Post-study preferences further indicated that most partici-
pants (11/14) favored one of the confidence-aware representations. Together,
these findings motivate further investigation of whether corridor-based confi-
dence visualization can help users interpret the flexibility of guidance.

No significant differences were observed for entry-point error, tip-point error,
task completion time, or number of screw adjustments across guidance represen-
tations. The deterministic representation produced significantly smaller angular
deviations than the confidence-aware conditions. As participants were instructed
to align with the recommended trajectory rather than to explore the guidance
corridor, this larger deviation is best interpreted as reduced adherence to the
recommended trajectory rather than deliberate, acceptable exploration. Because
direct safety outcomes (e.g., cortical breach, minimum cortical distance) were not
assessed, we cannot determine the clinical consequence of this reduced adherence.

This study has several limitations. The design does not isolate confidence
encoding from the effect of displaying a spatial corridor, as both experimental
conditions differed from the deterministic baseline in geometry as well as confi-
dence encoding; future work should include a uniform corridor control to separate
these effects. Confidence was parameterized rather than estimated from an Al
planning algorithm, allowing the visualization strategies to be evaluated indepen-
dently of a specific uncertainty-estimation method. Future work should derive
confidence from sources such as segmentation, registration, tracking, or Al-based
planning uncertainty. Direct safety outcomes (e.g., cortical breach, minimum cor-
tical distance) were not reported, limiting interpretation of the observed angular
deviation; future work should incorporate such measures. In addition, the study
was conducted in a virtual environment with primarily non-expert participants
using vertebral models from a single patient, and did not include a detailed
usability analysis (e.g., workload, system latency). Evaluating confidence-aware
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guidance with surgeons and residents, larger cohorts, more diverse anatomy, and
detailed usability measures will be important for assessing clinical applicability.

5 Conclusion

As Al-assisted surgical planning and navigation become increasingly common,
future guidance systems will need to communicate not only recommended tra-
jectories but also the confidence associated with those recommendations. This
proof-of-concept study identifies confidence-aware visualization as a promising
direction for immersive surgical navigation, with most participants favoring
confidence-aware representations. Establishing whether confidence-aware visual-
ization improves trajectory understanding, and whether these findings generalize
to calibrated Al-derived uncertainty, expert users, and safety-relevant outcomes,
will require further study with a uniform-corridor control and clinically repre-
sentative participants and anatomy.

Disclosure of Interests. The authors have no competing interests to declare that
are relevant to the content of this article.
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