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Abstract. Depth-enhancement techniques can improve perception of
isolated vascular renderings, but their benefit in anatomically contextu-
alized mixed reality (MR) remains unclear. We present an MR visualiza-
tion that embeds patient-specific cerebral vasculature within surrounding
brain anatomy and evaluate three established depth-enhancement tech-
niques: Phong shading, aerial perspective (Fog), and pseudo-chromadepth.
In a within-subject study with 12 participants, users completed vessel
depth-selection and surface-placement tasks while objective performance
and subjective workload were recorded. No technique significantly im-
proved selection accuracy, placement accuracy, or task completion time,
although pseudo-chromadepth was preferred by participants. These re-
sults suggest that anatomical context combined with stereoscopic viewing
and natural motion parallax may reduce the contribution of additional
depth cues. While our exploratory design cannot isolate these factors,
the findings highlight the importance of evaluating surgical visualiza-
tion techniques in perceptually realistic MR environments rather than
isolated vascular renderings.
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1 Introduction

Neurovascular procedures such as aneurysm clipping, arteriovenous malforma-
tion (AVM) resection, and the treatment of arteriovenous fistulae (AVFs) require
surgeons to reason about the complex three-dimensional relationships between
cerebral vessels and the surrounding brain anatomy [14]. Unlike many other
image-guided procedures, vessels are rarely viewed in isolation. Instead, they are
partially occluded by surrounding tissue and visualized through narrow surgical
corridors, making accurate depth perception important for surgical planning and
intraoperative navigation [10].

To improve the perception of vascular anatomy, numerous visualization tech-
niques have been proposed over the past two decades. Classical approaches such
as aerial perspective (fog), chromadepth colour mapping, illustrative rendering,
and enhanced surface shading have consistently been shown to improve depth
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judgements of vascular datasets displayed on conventional desktop systems [15, 9,
3]. Building on these approaches, Drouin et al. [5] demonstrated that interaction-
driven visualization, in which depth cues dynamically adapt relative to a tracked
instrument, significantly improved local depth perception while preserving users’
global understanding of angiographic volumes. More recently, these visualiza-
tion techniques have been investigated in immersive virtual reality (VR), where
stereoscopic viewing and motion parallax provide strong natural depth cues [8].
Several studies have reported that once these natural cues are available, differ-
ences between visualization techniques become substantially smaller or disappear
entirely, suggesting a ceiling effect in immersive environments [7, 17, 12].

An important limitation of many previous works is that neurovascular per-
ception has been studied largely outside its anatomical context. Evaluations
typically present isolated vascular trees or angiographic volumes against simple
backgrounds, deliberately removing the surrounding brain anatomy to isolate
visualization effects [9, 7, 17]. While appropriate for understanding individual
depth cues, these experimental paradigms differ substantially from how surgeons
perceive anatomy during interventions, where vessels are interpreted together
with surrounding tissue while continuously exploring the scene through natural
head movement.

Recent mixed reality (MR) head-mounted displays (HMDs) employing video
passthrough provide stereoscopic viewing, natural motion parallax, and regis-
tration of virtual anatomy within the user’s physical workspace, making them a
promising platform for surgical visualization. At the same time, video passthrough
introduces its own perceptual challenges, including reduced image quality, im-
perfect depth perception, limited occlusion handling, and competition between
virtual anatomy and the real environment [1, 13, 4]. Although MR has received
increasing attention for IGS and neurovascular visualization [14, 11], it remains
unclear whether visualization techniques developed for isolated vascular render-
ing continue to provide measurable benefit once vessels are viewed within a richer
anatomical context.

In this work, we introduce an anatomically contextualized MR visualization
platform that embeds patient-specific cerebral vasculature within surrounding
brain anatomy rather than presenting the vasculature in isolation. Although
not intended to reproduce the exact intraoperative view, the platform more
closely reflects the spatial reasoning required during neurovascular procedures
while maintaining experimental control over visualization conditions, providing
a controlled yet perceptually richer testbed for evaluating neurovascular visu-
alization techniques in MR. Using this platform, we compare three established
depth-enhancement techniques, Phong shading, aerial perspective (Fog), and
pseudo-chromadepth, during a depth-selection and placement task. Objective
performance is evaluated using selection accuracy, depth and lateral placement
error, task completion time, and head movement, complemented by subjective
workload and user preference measures.



Title Suppressed Due to Excessive Length 3

2 User Study

2.1 MR Visualization Environment

A standalone mixed reality (MR) application was developed in Unity for the
Meta Quest 3. The application displays a patient-specific cerebral vascular model
embedded within surrounding anatomical brain tissue, providing anatomical con-
text while maintaining full experimental control over the visualization. Unlike
previous studies that present isolated vascular structures, participants viewed
the vasculature within the surrounding anatomy while freely exploring the scene
using natural head movement.

The cerebral vasculature was reconstructed from anonymized time-of-flight
magnetic resonance angiography (TOF-MRA) data and rigidly registered to an
anatomical brain model based on the ICBM-152 template. Because the vascu-
lature is patient-specific while the surrounding brain is a population template,
the environment provides a simplified, template-based anatomical context rather
than a fully patient-specific or intraoperative representation. Both models were
rendered at anatomical scale and rigidly anchored to a fixed location in the
user’s physical workspace. Participants interacted with the visualization using
the Quest controller, represented as a virtual probe. A localized clipping window
centred on the probe tip dynamically revealed the embedded vasculature while
preserving the surrounding anatomy (Fig. 1).

2.2 Task

Participants completed a depth perception task under each visualization con-
dition. Three candidate target points were displayed at different depths within
the vascular tree, and participants identified the point located at the interme-
diate depth using the virtual probe. They then placed a virtual fiducial on the
outer brain surface directly above the selected vessel while avoiding excessive
penetration into the model.

Each visualization condition consisted of five depth-selection trials followed
by five surface-placement trials. A sixth trial set was administered but excluded
from analysis, yielding 180 trials per task across the 12 participants and three
conditions (12 × 3 × 5). Participants were free to naturally move their head
and body throughout the experiment, allowing unrestricted use of stereoscopic
viewing and motion parallax while exploring the anatomy.

2.3 Depth Visualization Techniques

Three commonly studied depth-enhancement visualization techniques were eval-
uated in the study (see Fig. 1):

– Phong shading: Standard diffuse and specular surface shading served as
the baseline condition.
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– Fog: Vessel colour and opacity gradually attenuated with increasing distance
from the probe tip, providing a proximity-based depth cue through aerial
perspective.

– Pseudo-chromadepth: Vessel surfaces were coloured using a red-to-blue
colour gradient according to their distance from the probe tip, adapting the
chromadepth concept to the anatomically contextualized visualization.

Fig. 1. The three depth-enhancement visualizations (Phong, Fog, and pseudo-
chromadepth) with candidate depth points in cyan.

For both Fog and pseudo-chromadepth, depth was encoded relative to the
probe tip, allowing the visualization to update continuously as participants ex-
plored the anatomy. All other rendering parameters remained identical across
conditions.

2.4 Study Design

The study (approved by the Concordia REB) employed a within-subject design
in which each participant completed the task under all three visualization con-
ditions. The order of the visualization conditions was counterbalanced across
participants to reduce ordering effects. Prior to data collection, participants
completed a brief familiarization session to become comfortable with the MR
environment and interaction technique.

2.5 Outcome Measures

Objective measures included target selection accuracy, selection time, surface-
placement time, fiducial placement error, and head movement throughout each
trial. Placement error was decomposed into components parallel and perpendic-
ular to the viewing direction to separately quantify depth and lateral accuracy.
Following each visualization condition, participants completed the NASA Task
Load Index (NASA-TLX) questionnaire [6] and rated the perceived usefulness
and overall preference of each visualization technique. Each NASA-TLX subscale
was rated on a raw, unweighted 7-point ordinal scale; we report the per-subscale
raw ratings rather than the weighted 0–100 score of the original instrument, as
no pairwise weighting procedure was administered.
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3 Results

3.1 Participants

Participants were recruited from a non-clinical population because the task eval-
uates fundamental depth perception, and previous work reported similar depth
cue rankings between novices and experts [9]. Twelve participants (9 female,
3 male) completed the study, while two participants withdrew due to motion
sickness and were excluded from the analysis. Five participants were graduate
students, one was a medical professional, and the remaining participants repre-
sented a range of professions. Seven participants reported using VR less than
once per year, and eight reported little or no familiarity with neuroanatomy.

3.2 Objective Performance

Table 1 summarizes the objective performance measures across the three visual-
ization techniques. No significant differences were observed in selection accuracy,
unsigned or signed depth error, lateral error, or task completion time. Likewise,
no pairwise comparison survived Holm correction, indicating that none of the
evaluated visualization techniques measurably improved objective depth percep-
tion within the anatomically contextualized MR environment.

Table 1. Objective outcomes (per-participant means, n = 12, 180 trials). Errors are
reported in cm and time in seconds. Depth and lateral errors include only correct target
selections. No significant differences were observed.

Outcome Phong Fog Chromadepth Friedman

Selection accuracy 0.867 0.850 0.900 χ2 = 1.53, p = 0.466
Depth error, unsigned 0.315 0.368 0.322 χ2 = 0.50, p = 0.779
Lateral error 0.204 0.228 0.261 χ2 = 2.00, p = 0.368
Depth error, signed −0.069 −0.167 −0.036 χ2 = 1.17, p = 0.558
Time to place (s) 6.85 8.98 7.71 χ2 = 1.17, p = 0.558
Time to select (s) 21.57 20.13 26.57 χ2 = 2.67, p = 0.264

A null result is only informative if the task itself requires participants to make
meaningful depth judgements. To verify this, we decomposed each placement
error into a view-aligned orthonormal coordinate frame and compared the RMS
error along the viewing direction with the two lateral directions. This analysis
requires no distributional assumptions.

Error along the viewing axis was 0.429 cm compared with a per-axis lateral
RMS error of 0.193 cm, corresponding to a ratio of 2.37 (median 2.41). The
effect was consistent across all participants: every participant exhibited greater
depth than lateral error (Wilcoxon signed-rank W = 0, p = 0.00049). These
findings indicate that depth judgement was approximately 2.4× more difficult
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than lateral positioning, consistent with previous 3D pointing studies [16, 2]. The
task therefore contained a substantial depth-specific component that could have
benefited from improved depth visualization. Signed depth error was slightly
negative across all visualization techniques (grand mean −0.088 cm), consistent
with the depth compression commonly reported for HMDs, although the bias
was not significantly different from zero (t = −1.45, p = 0.174). Time usage was
fairly consistent across participants, who took considerably longer to select the
correct point (mean 22.75 s) than to place the fiducial marker (mean 7.84 s). This
suggests that participants often struggled to judge the correct depth initially;
once the depth of the vasculature became apparent, placing the fiducial marker
was straightforward.

3.3 Head Movement and Viewing Behaviour

As the availability of motion parallax depends on how much participants actu-
ally moved, we logged the head pose throughout every trial. Participants made
extensive use of natural viewing behaviour rather than adopting a single fixed
viewpoint: the median head-position range during a session was 2.08× the full
spatial extent of the vascular model, meaning that participants translated their
viewpoint across a volume roughly twice the size of the anatomy under inspec-
tion. This exploration was sustained over time, with individual selection trials
lasting up to 235 s while participants repositioned to disambiguate depth. Be-
cause participants freely selected and continuously changed their viewpoints, the
effective depth separation between the three candidate points varied from 0.2 to
18.9 cm across trials (median 4.0 cm). The magnitude of this movement indi-
cates that participants continuously exploited stereoscopic viewing and motion
parallax while interpreting the vasculature. This behavioural evidence supports
our interpretation that strong natural depth cues were available in every condi-
tion, offering a plausible mechanism for why the additional artificial depth cues
conferred no measurable objective benefit.

3.4 Subjective Evaluation

Although objective performance did not differ between visualization techniques,
subjective responses showed a clear preference for pseudo-chromadepth. Of the
ten participants who selected a single preferred visualization, seven chose pseudo-
chromadepth and three chose Phong, while none selected Fog (binomial test
against 1/3 chance, p = 0.020). Including the two participants who selected
multiple techniques, pseudo-chromadepth was chosen by nine of the twelve par-
ticipants. This result should be interpreted cautiously. The response options
were modified during data collection, requiring one visualization condition to
be merged across two labels, and participants were permitted to select multiple
preferred techniques. We therefore consider this finding suggestive rather than
confirmatory.

NASA-TLX responses showed a similar trend (Table 2). Phong received the
highest (worst) ratings on all six workload subscales, with Effort approaching
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Table 2. NASA-TLX subscale scores (per-participant means, n = 12; higher scores
indicate greater workload). Phong received the highest workload ratings on all six
subscales, although no comparison reached statistical significance.

Subscale Phong Fog Chromadepth Friedman

Mental Demand 4.33 3.50 3.42 χ2 = 1.37, p = 0.505
Physical Demand 3.75 3.33 3.58 χ2 = 2.70, p = 0.260
Temporal Demand 2.25 1.92 1.50 χ2 = 3.56, p = 0.168
Performance 3.83 3.42 3.50 χ2 = 1.15, p = 0.562
Effort 4.17 3.50 3.42 χ2 = 5.52, p = 0.063
Frustration 3.83 2.75 2.75 χ2 = 3.71, p = 0.156

significance (p = 0.063). Although none of the workload measures reached sta-
tistical significance, the consistent direction across all subscales suggests that
participants perceived pseudo-chromadepth and Fog as requiring slightly less
effort than the baseline visualization.

4 Discussion

The primary finding of this study is that established depth-enhancement visual-
ization techniques did not measurably improve objective depth perception when
cerebral vasculature was viewed within an anatomically contextualized MR envi-
ronment. Previous work has consistently demonstrated benefits of chromadepth,
aerial perspective, and interaction-driven visualization for isolated vascular ren-
derings viewed on conventional displays [15, 9, 3, 5]. In contrast, none of the evalu-
ated visualization techniques significantly affected selection accuracy, placement
accuracy, or task completion time in our study. Rather than contradicting pre-
vious findings, we believe these results demonstrate that the effectiveness of
depth-enhancement techniques depends strongly on the perceptual context in
which they are evaluated.

A key difference between our work and previous studies is that participants
viewed cerebral vessels embedded within surrounding brain anatomy rather than
as isolated vascular trees or angiographic volumes. In addition, participants were
free to naturally explore the scene using stereoscopic viewing and unrestricted
head movement, allowing continuous motion parallax while interpreting vessels
relative to neighbouring anatomical structures. Together, these cues likely re-
duced reliance on artificial depth enhancements. This interpretation agrees with
previous immersive VR studies showing that the benefits of depth-enhancement
techniques diminish once binocular disparity and motion parallax become avail-
able [7, 17, 12]. Our findings suggest that this ceiling effect extends beyond im-
mersive VR to anatomically contextualized MR visualization, where anatomical
context itself becomes an additional source of spatial information.

Beyond the findings for the three visualization techniques evaluated here, the
proposed MR platform provides a controlled evaluation environment for studying
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future neurovascular visualization methods under conditions that more closely
resemble surgical perception than conventional desktop experiments. Such a
testbed may help bridge the gap between visualization techniques developed
in isolation and their eventual application within computer-assisted surgical sys-
tems. Importantly, this does not imply that depth visualization techniques are
no longer useful. Rather, it suggests that visualization methods developed using
simplified experimental paradigms should be re-evaluated in environments that
more closely resemble how surgeons actually perceive anatomy. Much of the vas-
cular visualization literature intentionally removes surrounding anatomy to iso-
late perceptual effects. While this approach has produced valuable insights into
individual visualization techniques, our results indicate that conclusions drawn
from isolated vascular renderings may not directly translate to clinically relevant
MR visualization systems, where surgeons simultaneously exploit anatomical
context, stereopsis, and motion parallax.

Interestingly, subjective responses diverged from objective performance. Par-
ticipants consistently preferred pseudo-chromadepth, and NASA-TLX scores
showed a similar trend toward reduced perceived workload despite no measur-
able improvement in task performance. This partially contrasts with interaction-
driven visualization work, where chromadepth both improved performance and
was preferred by users [5], again suggesting that the perceptual context substan-
tially influences the effectiveness of depth-enhancement techniques. Our findings
indicate that visualization techniques may still improve confidence or perceived
ease of interpretation even when objective performance is unchanged. For surgi-
cal visualization systems, this distinction is important: techniques that improve
user experience may still be valuable, but they should not necessarily be inter-
preted as improving perceptual accuracy.

Several limitations should be considered when interpreting these findings.
First, we evaluated three representative depth-enhancement visualization tech-
niques adapted for interactive MR exploration. Other visualization strategies,
including alternative implementations of chromadepth, illustrative rendering, or
interaction-driven techniques, may exhibit different behaviour in anatomically
contextualized MR environments. Consequently, our conclusions apply specifi-
cally to proximity-based depth encodings and do not exclude potential benefits
of alternative visualization strategies in MR. Second, participants were allowed
unrestricted viewpoint changes and unlimited exploration time. Although this
reflects natural interaction with MR systems, it also maximized the availability
of motion parallax and may therefore represent a best-case scenario for natu-
ral depth perception. Third, because anatomical context, stereoscopic viewing,
and motion parallax were present simultaneously in every condition, our design
cannot attribute the absence of a visualization effect to any individual factor.
Isolating their contributions would require a factorial design that varies anatom-
ical context and viewing mode independently; we therefore present the roles of
context, stereopsis, and parallax as plausible explanations rather than demon-
strated causes. Finally, this exploratory study included a relatively small sample
of participants, and we did not conduct an a priori power or equivalence anal-
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ysis. The non-significant results should accordingly be read as an absence of
a detectable difference in this sample rather than as evidence that the tech-
niques are equivalent. While the depth-specific error analysis demonstrated that
the task itself was sufficiently sensitive to reveal performance differences, fu-
ture studies involving clinicians, more realistic surgical tasks, and varying levels
of anatomical context will be necessary to determine under which conditions
depth-enhancement techniques provide measurable benefit.

5 Conclusion

We presented an anatomically contextualized mixed reality platform for evalu-
ating neurovascular visualization techniques and used it to compare three estab-
lished depth-enhancement methods. Although pseudo-chromadepth was consis-
tently preferred by participants, none of the evaluated techniques significantly
improved objective task performance. These findings suggest that anatomical
context, stereoscopic viewing, and natural motion parallax may reduce the con-
tribution of additional artificial depth cues compared with previous studies using
isolated vascular renderings, though our exploratory design cannot separate their
individual contributions. Beyond these findings, the proposed platform provides
a controlled testbed for evaluating future MR visualization techniques within a
perceptually realistic neurovascular context.

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